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Abstract

A simple and sensitive liquid chromatographic method for the separation and quantification of mono- and disaccharides
in raw- and processed-milk is described. Samples of cows’, buffalos’, sheeps’ and goats’ milk were analyzed upon clar-
ification and appropriate dilution for the quantification of lactose, galactose, glucodd-acetylglucosamine (GIcNAc).

The separation was accomplished by high-performance anion-exchange chromatography with pulsed amperometric detection
(HPAEC-PAD), using a gold working electrode and dilute alkaline eluents modified by a millimolar concentration of barium
acetate. The eluent composition employed was designed to provide optimum separation with respect to the selected sample,
without interference from the matrix components. The analytical method was successfully employed for the determination of
mono- and disaccharides naturally occurring in dairy milk, mozzarella cheese and whey samples, with high sensitivity and
accuracy.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction milk along with its quality control[1-3]. Carbohy-
drates are water-soluble compounds, and generally,
Quality control of milk and its derivatives is a they lack groups which are necessary for UV and
very demanding field and the need for sensitive, fluorescence detection. The various low and high
time-saving and accurate analytical methods to be cost analytical methods used for carbohydrate anal-
developed is pressing. Among the relevant number of ysis are mass spectromefd], *H-nuclear magnetic
compounds present in whole milk (e.g. proteins, fats, resonance (NMR) spectroscofy], polyacrylamide
vitamins, hormones, etc.), it is desirable to character- gel electrophoresis (PAGEJ6], along with gas-
ize the sugar profile of naturally occurring compounds chromatography[7-9] and high-performance liquid
both to augment the knowledge of their physiological chromatography10] upon precolumn derivatization.
and biochemical functions in different mammalian  In the last two decades, the elevated capabilities
species, and to optimize the industrial processes of of high-performance anion-exchange chromatography
(HPAEC) in the separation of polar aliphatic com-
"+ Corresponding author. Tek+39-0971-202228; pou_nds (e.g. alditols, sugars, aIkanoIamines, amines,
fax: +39-0971-202223. aminoacids, etc.) have been well established and con-
E-mail address: cataldi@unibas.it (T.R.l. Cataldi). solidated[11-17] HPAEC allows high resolution of
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closely related carbohydrates, and in conjunction with 98% were from Sigma Chemical Co. (Steinheim, Ger-
pulsed amperometric detection (PAD) is one of the many). Other chemicals were from Carlo Erba (Milan,
most suitable methods for carbohydrates analysis be-Italy). All reagents were used as received. Doubly dis-
cause it is quantitative and does not need pre- or tilled deionized water was used throughout for prepar-
postcolumn derivatization. Both these last issues rep- ing solutions. Sodium hydroxide solutions used as elu-
resent the major advantages of PAD over other detec- ents were prepared by dilution of a carbonate-free 50%
tion methods, such as differential refractometric and (w/w) NaOH solution in water, previously filtered with
evaporative light scattering (ELSD). Indeed, refrac- 0.45um membrane and degassed with helium. The
tive index (RI) measurement lacks sensitivity, more- exact concentration of hydroxide ions in the mobile
over depends on temperature and flow-rate, and it phases was determined by titration against a standard
is incompatibile with gradient elution. As far as the solution of hydrochloric acid.
ELSD, it is strongly affected by the sample matrix.
PAD allows very high signallresponse reprodupibility, 2.2. Apparatus
using well-designed potential waveforms which are
suitable to detect electroactive compounds, along the
cleaning and reactivation of the electrode surfd&3.
HPAEC-PAD fundamentals and applications has been
extensively reviewed12,14,17,19,2Q]In a previous
paper, we reported a very effective and accurate quan-
titative determination of lactulose in heat-treated milks
by HPAEC in conjunction with pulsed amperometry
[21]. However, no simple and sensitive methods are as
yet available to detect the presence of natural minor
sugars in raw- and processed-milk.

Here, we demonstrate the usefulness of HPAEC—
PAD for characterizing the mono- and disaccharide
profile of milk relevant to some common mammalian

All experiments were performed using a Dionex
system (Dionex, Sunnyvale, CA, USA) composed of
a metal-free isocratic pump Model IP20 with on-line
degas and a pulsed amperometric detector (Model
ED40). Compounds under investigation were in-
jected with a metal-free rotary injection valve Model
RH9125 (Rheodyne, Cotati, CA, USA) equipped with
a 10ul injection loop and separated with a CarboPac
PA1 column (250 mmx 4 mm i.d.) coupled with a
guard column (50 mnx 4 mm i.d.). The flow-through
detection cell (Dionex) is made from a 1.0 mm di-
ameter gold working electrode and a pH-Ag|AgCI
species. Although cows’ milk is the predominant type combination reference electrode; the titanium body

' of the cell served as the counter electrode. The chro-

are 5o consumed. The presence of galactose in moy MELOUraPHIC system was interfaced, via proprietary
zarella and mozzérella surrogate samples was alsonetwork chromatograph|_c software (I_DeakWét toa
evaluated. The alkaline eluent composition employed persc_)n_gl computer, for |nstrum_entat|on control, d&.lta
was desig-ned to provide optimum separation with re- acquisition and processing (Dionex). The poten_t al
spect to the selected sample matrix and to match thewaveform parqmetgrs applied at the gold working

. . . . electrode are given ifiable 1 As column temperature
requirement for direct electrochemical detection at a

gold working electrode.

Table 1
. Details of the potential waveform used in this study for carbohy-
2. Experimental drate detection by HPAEC—PAD
. Time (s) Potential (V) vs. Ag|AgCI Current integration
2.1. Chemicals
0.00 EpeT +0.05
0.24 +0.05 Start

Sodium hydroxide, 50% solution in water (1.5159/ ', +0.05 End
ml), Ba(OAc) 99%, 2-deoxyp-glucose (dGIc) 99%, ¢4s5

Eox +0.80
p-galactose 99%m-glucose 99.5%, lactose monohy- 0.63 +0.80
drate 97%, were purchased from Aldrich Chemical Co. 0.64 Erep  —0.22
(St. Louis, MO, USA), NaN, N-acetylp-glucosamine ~ 1-00 —0.22

(GIcNACc) 98%, N-acetylp-galactosamine (GalNAc) aGold working electrode in alkaline solution.
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influences the anion-exchange separation, the col-

umn was kept at a constant temperaturé Qusing

a home-made water jacket coupled with a circulat-
ing water bath model WK4DS from Colora (Colora,

Messtechnik GmbH, Germany). A centrifuge model
ALC Refrigerated Centrifuge PK 120 R (ALC Interna-

tional, Milan, Italy) was used for sample preparation.

2.3. Eluent preparation

The alkaline eluents were prepared by following
the procedure developed in this laboratory. Briefly,

45
3. Results and discussion
3.1. Quantitative determination of milk sugars

The use of dilute alkaline eluents (e.g. 10-20 mM
NaOH) in anion-exchange chromatography suffers
from a continuous shortening of retention time on
consecutive injections. As already demonstrated, this
is an effect of carbonate uptakes and its interferences
during chromatographic elutidi24]. For this reason,
the analytical column needs to be repeatedly flushed
with a 0.1 M NaOH and then equilibrated after each

pure water for the eluent preparation was degassedchromatographic run. In previous works, it has been

before use by flushing helium for about 20 min. Bar-
ium acetate was dissolved and, upon addition of the
proper amount of labeled carbonate-free 50% (w/w)
NaOH, the eluent solution was kept in plastic bot-

shown[25,26] that the separation of closely related
monosaccharides is possible using 10-12 mM NaOH
modified with barium acetate 1-2 mM.

Fig. 1 shows typical chromatograms obtained

tles and a Dionex eluent organizer (EO1) was used to in HPAEC—PAD of four raw milk samples from

saturate it with N gas to minimize C@ adsorption.
Elution was performed isocratically at a flow-rate of
1.0 ml/min. The analytical column was periodically
regenerated (usually every 2-3 weeks) by pumping
5% 103 M HCI, water, 200 mM NaOH and then water,
in that order over a period of 20 min at a flow-rate of
1.0 ml/min.

2.4. Samples

A range of raw samples from cow’s, buffalo’s,

bovine, buffalo, sheep and goat, panels (A)—(D),
respectively, using optimized elution conditions on
an anion-exchange column (CarboPac PAl): 10 mM
NaOH, 1 mM Ba(OAc) eluted at 1.0 ml/min, and
column temperature at 2€. At least four samples of
milk from each animal type from different producers
were examined. As can be seen, these interference-free
chromatographic profiles exhibit significant differ-
ence in terms of sugars content, which are not the
consequence of microbial contamination, seasonal
variations or simple differences in feeding patterns.

sheep’s and goat’s milk were purchased at local farms In addition to lactose (peak 5), at a retention time of
located in the Basilicata region (south of Italy). Sam- ca. 12 min, and except for the internal standard (peak
ples were stored in acid-washed polypropylene con- IS), plot (A) exhibits four well-separated peaks (peaks
tainers without preservatives, and they were frozen 1-4) whose retention times match those of galactose
at —18°C until analysis. All samples were prepared (peak 1), glucose (peak 2)\-acetylgalactosamine

in such a way as to protect the analytical columns. (GalNAc) andN-acetylglucosamine (GIcNAc) (peak
Milk samples were spiked by dGlc used as an internal 3), and fructose (peak 4) along with several other mi-
standard (IS); peak area was used for quantification nor peaks, which have not yet been assigned. As pre-
work. Milk proteins were precipitated by using Carrez viously noted, the present chromatographic conditions
solutions | (2.7 g KFe(CN) in 200ml) and Il (5.5¢ do not allow the separation ®i-acetylhexosamines,
Zn(OAc) in 100ml) [22] and centrifuging the sam-  namely GalNAc and GIcNA§25], and the quantifica-
ples at 4000 rpm for 30 min at°€ in order to remove  tion of peak 3 was accomplished considering it as due
fats [23]. Before column injection the supernatant to GalNAc. For retention times greater than 15 min,
was diluted with water and filtered on Qu2n nylon in each chromatographic profile &ig. 1, some ad-
membranes (Whatman plc, Kent, UK). About 10g ditional peaks were revealed, which still need to be
of milk derivates were weighed, mixed with 10 ml identified. Further investigations in this direction are

water, homogenized, sonicated for 15min and then
filtered on nylon membrane. The peaks identification
was made performing spiking experiments.

currently under way.
The mono- and disaccharide content of whole
milks as determined by HPAEC—PAD is summarized
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Fig. 1. Separation of raw milk samples with HPAEC-PAD: (A)
cow’s, (B) buffalo’s, (C) goat's, and (D) sheep’s milk. All sam-
ples were diluted (1:20); eluent, 10 mM NaGHL mM Ba(OAc)

at a flow-rate of 1.0 ml/min. Column and guard column (Dionex
CarboPac PA1). Peaks: (IS) dGlc; (1) galactose; (2) glucose; (3)
GalNAc + GIcNAc; (4) fructose; and (5) lactose. Column tem-
perature: 20C. Pulsed amperometric detection using the potential
waveform reported ifable 1 Peaks marked with asterisk belong
to unidentified compounds.

in Table 2 While lactose concentrations in milk sam-
ples from goat, buffalo, sheep and cow, ranged from
41 to 52 mg/l, large difference of galactose, glucose

Cataldi et al./Analytica Chimica Acta 485 (2003) 43-49

was made possible only upon dilution 1:100 of the
samples. Indeed, the linear range extends up to two
orders of magnitude above the limit of detection
[25]. Samples from cow’s and buffalo’s milk are not
easily distinguishable, and the same applies when
goat’s and sheep’s milk are compared. Interestingly,
milks from bovine and buffalo contained significantly
more N-acetylhexosamines than other mammals. The
higher content of free GalNAc in these raw milks is
consistent with data reported by Troyano et[al].

A galactose concentration higher than 3 mg/100 ml
was determined in cow’s and buffalo’s milk. More-
over, such milks contained a glucose level lower than
3mg/100ml, a value that was in good agreement
with that reported by Giescke et 428]. We found

a total content of galactose, glucose and GICNAc in
cow’'s milk equal to 11.65mg/100 ml, which is in
good agreement with that stated by Renj28], who
reported a free monosaccharide content not higher
than 12 mg/100 ml. Galactose and glucose were also
detected in goat’s and sheep’s milks but at a much
lower concentration (galactose0.6 mg/100ml and
glucose <1.55mg/100 ml). It is speculated that the
differences between the minor sugars of cows’, ewes’
and goats’ milk may be used as supplementary evi-
dence to determine the composition of milk mixtures.

3.2. Analytical performance of HPAEC—PAD

The above examples illustrate the successful detec-
tion of sugars in milk by HPAEC-PAD. The mean
retention times and the relative standard deviations
(R.S.D.s) evaluated for the selected minor sugars nor-
mally found in milk of the most common mammalian
species are listed iffable 3 There was no nega-
tive or positive trending in the peak area or retention
times over repetitive injections, thus suggesting that
the sample was not fouling either the column or the
working electrode. Reproducibility of the present an-
alytical method applied to real matrices was evalu-
ated by measuring the peak chromatographic area five
times on the same sample of raw cow’s milk. Injec-
tion repeatability was calculated as the R.S.D. of peak
area for each analyte, and the average value for all
compounds was determined to be lower than 4.2%.

and N-acetyl hexosamines can be noted. Due to the The intra-assay precision was estimated with repeated
large amounts of lactose compared with the amount analysis of a sample that has been independently pre-

of the minor milk sugars, accurate quantification

pared, over 1 day, yielding an average R.S.D. of 3.9%
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Table 2

Sugar content (mean value S.D.,n = 3) in whole milk of the most common mammalian species evaluated by HPAEC:-PAD
Galactose (mg/100 ml) Glucose (mg/100 ml) GalNAc (mg/100 ml) Lactose (g/100 ml)

Cow’s milk 4.04+ 0.09 2.52+ 0.07 5.09+ 0.05 41+ 0.1

Buffalo’s milk 3.32+ 0.05 2.72+ 0.07 6.57+ 0.07 4.8+ 0.1

Goat's milk 0.56+ 0.05 1.55+ 0.07 <0.5 5.2+ 0.1

Sheep’s milk 0.31t 0.02 0.32+ 0.05 <0.5 4.1+ 0.1

aDionex CarboPac PA1 plus guard column; eluent, 10mM NaOHmMM Ba(OAc) at a flow-rate of 1.0 ml/min. Sample injection
volume: 10ul.

and the between-day variance was assessed to be 4.6%ence of large amounts of compounds formed as a result
The extent of recovery was determined analyzing three of heat-treatment; for example the furosine content has
samples of cow milk to which standard amounts of to be lower than 12 mg for 100 g of proteif&l]. At
galactose, glucose, GalNAc and lactose were addedthe same time, low levels of galactose are required for
and mixed. After processing the samples were ana- these surrogates, since this monosaccharide, like many
lyzed by HPAEC—-PAD and the average recovery ob- other simple sugars, reacts with ftammino groups

tained from triplicate samples was .88t 2.5%. of lysine-rich proteins during the cooking of pizza
leading to thermally induced non-enzymatic brown-
3.3. Carbohydrate content in milk derivates ing, also known as Maillard reactiofi32—34] Fig. 2

(plot (B)) shows the typical separation obtained in

In recent years, there has been an increasing de-HPAEC—-PAD of mono- and disaccharides occurring
mand for mozzarella and its surrogates having longer in mozzarella surrogate samples. For a direct com-
shelf-lives and decreased costs. The mozzarella sur-parison, plot (A) of the same figure shows the sep-
rogates are low-cost products obtained by blending aration of a standard sugar mixture: IS, galactose,
shredded natural cheeses of different types and de-
grees of maturity, and dairy and non-dairy ingredients

with emulsifying agent$30]. The raw materials used 60
in processed cheese highly affect the course of the
cooking process and main features of the final product, 40
especially its appearance, flavor, texture and keeping
quality. The Italian legislation does not allow the pres- % 20
~
%)
Table 3 go 0
Retention times of sugars occurring in milk as determined by _g 60
HPAEC-PAD &)
Sugar Retention time (min) R.SID(%) 40
IS (dGlc) 5.07 2.2
Galactose 6.62 2.3 20
Glucose 7.43 25 “
GIcNAc 8.53 2.7 0k ] ‘ : iy
GalNAc 8.55 33
Fructose 0.58 29 0.0 5.0 10.0 15.0 20.0
Lactose 12.35 4.1

Time / min

2Dionex CarboPac PA1l plus guard column; eluent, 10 mM
NaOH+ 1 mM Ba(OAc) at a flow-rate of 1.0ml/min. Column Fig. 2. HPAEC-PAD chromatograms obtained for (A) a standard
temperature: 20C. The waveform employed for PAD is described  sugar mixture, and (B) a sample of mozzarella surrogates Pizzot-
in Table 1 tella, Prealpi S.p.A. (Varese, Italy). Peaks: (IS) dGlc; (1) galac-
b Relative standard deviation evaluated from five repetitive in- tose; (2) glucose; (3) GalNAc, (4) fructose; and (5) lactose. Other
jections. conditions are as ifrig. L
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glucose N-acetylgalactosamine, fructose and lactose. : : '

While the chromatographic profile reveals the pres- 40 L J

ence of glucose (peak 2) and lactose (peak 5) in signif- %

icant amounts, no free galactose (peak 1) was found. < 30 } 1
Upon lactose hydrolysis the glucose moiety of lac- :.’n .l 5 ]

tose is metabolized via glycolysis, while galactose is & IS |

released into the external medium as milk microor- © L | 4

ganisms are deficient in the metabolic Leloir pathway

[35,36] The Leloir pathway enzymes are responsi- 0 s L . L i i

ble for the conversion of galactose to glucosef3H. 0.0 5.0 100 150 200 250

Browning in mozzarella surrogate is likely to be due Time / min

to galactose undergoing Maillard reactions. Gopal and

Richardsorj23] reported that grated Parmesan cheese, Fig. 4. Whey permeate liquid sample (diluted 1:80) separated by

manufactured in New Zealand, undergoes a significant '{"AEC-PAD. Peaks: (IS) dGlc; (1) galactose; (2) glucose; and
. . . . (3) lactose. Other conditions are asHig. 1

browning after packaging and over its shelf-life when

the concentration of galactose is greater than 0.08%

(w/w). Fig. 3 shows two chromatograms of aqueous 3.4. Analysis of sugars in bovine whey

extracts from the best selling mozzarella cheeses man-

ufactured in Italy, known as “pasta filata” of bovine’s As the by-product of dairy industry, liquid whey

and buffalo’s milk, plots (A) and (B), respectively. poses serious environmental concerns worldwide be-

Galactose (peak 1) in these samples can be detecteccause of its high biochemical and chemical oxygen

without any interference from coexisting electroactive demand38,39] Whey contains about 50% of the nu-

compounds. Peak identification was confirmed by the trients originally present in milk and whenever possi-

addition of authentic standards. The levels of galac- ble it is processed and used as nutritional ingredient

tose were found between 5 and 7 mg/100 ml of aque- in animal feeds and food products. The use of mod-

ous extract (i.e. approximately 0.007% (w/w)). ern membrane technology offers a means of produc-
ing rich-lactose whey, and this notably holds for a full
’ ‘ ’ (A) utilization of such a productrig. 4 shows the chro-

_ matogram obtained from a sample of liquid whey per-
meate whereby the content of lactose, galactose and
] glucose was found equal to 44.26, 1.05 and 0.58 g/,
respectively. As can be seen the minor sugars profile is
almost similar to that obtained for milk samples, sug-
- gesting the relatively low impact of the cheese-making

‘ ’ B processes, at least when the soluble fraction of milk
! is considered. Interestingly, the possible utilization
of whey will likely attract increasing interest, and

1 HPAEC-PAD may offer a very simple tool for study-
ing changes in the carbohydrate content.

Charge / nC

0.0 5.0 10.0 15.0 20.0 4. Conclusions
Time / min Despite the complexity of milk and the large con-
ntration imbalan ween | nd minor
Fig. 3. HPAEC-PAD chromatograms of two samples of mozzarella centratio bada (;.es | bit lee daclto:e a dd't' 0
from cow’s milk (A) and buffalo’s milk (B). Peaks: (IS) dGlc; (1) ~ >ugar compounds, Tinely balanced elution conditions

galactose: (2) glucose; and (3) lactose. Other conditions are as in (I-€. column, mobile phase composition and temper-
Fig. 1 ature) allow the quantification of minor milk sugars
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by HPAEC-PAD with high sensitivity. A minimum
sample treatment (clean-up, dilution and filtration)
prior to injection is required. The application of this
method to the analysis of milk samples from the most

49

[14] W.R. LaCourse, Pulsed Electrochemical Detection in
High-Performance Liquid Chromatography, Wiley, New York,
1997.

[15] A.P. Clarke, P. Jandik, R.D. Rocklin, Y. Liu, N. Avdalovic,
Anal. Chem. 71 (1999) 2774.

common mammals has been demonstrated. It can be[i6] v.p. Hanko, J.S. Rohrer, Anal. Biochem. 283 (2000) 192.

also employed as a valuable tool to routinely ana-
lyze milk derivates. Further applications may include
raw and commercial processed liquid milk, powdered
milk and sweet whey powders.
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