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Abstract: Lactose is the major disaccharide found in milk, and is catabolized into glucose and
galactose by the enzyme lactase. Lactose is an important energy source and ssometimes it is referred
to simply as milk sugar, as it is present in high percentages in dairy products. Lactose is the primary
source of carbohydrates during mammal development, and represents 40% of the energy consumed
during the nursing period. Lactose-intolerance individuals have a lactase deficiency; therefore,
lactose is not completely catabolized. Lactose intolerance is a significant factor in the choice of diet for
many sick people, therefore its content in foods must be monitored to avoid disorders and illnesses.
This has created the need to develop simple methods, such as polarimetry, gravimetric, middle
infrared, differential pH and enzymatic monitoring, but all these methods are time-consuming,
because they required extensive sample preparation and cannot differentiate individual sugars.
In order to quantify low levels of lactose, new and more accurate analytical methods have been
developed. Generally, they require equipment such as HPLC or High Performance Anion Exchange
with Pulsed Amperometric Detection (HPAE-PAD).
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1. Lactose and Its Peculiar Role Nutrition

Milk and dairy products represent a food category of absolute centrality in the diet of the Italian
population. The Italian Food Pyramid has entered these products at an intermediate level, attributing
to milk, yogurt and cheese a consumption mode in the order of 2–3 servings per day.

Milk is a complex fluid foodstuff secreted by the breast glands of female mammals. It is a complete
food, since it contains nearly all the necessary nutrients to sustain the life and growth of a newborn.

Even if different types of milk can be used for human consumption, such as sheep, goat, donkey
and other infant formula milks, in addition to breast milk, in the first period of life, usually when we
speak of milk we are referring to cow’s milk [1].

Among the nutrients contained in milk, saccharides play a key role. They are present in amounts
of up to ca. 10%, depending on the mammal [2], and they are represented almost exclusively by lactose
(98% of the sugars present in milk), which is not found in any other food, and is important for the
development of the nervous tissue in the first few months of life. The main role of lactose is to provide
the newborn with galactose for the synthesis of the nerve structures (myelin sheaths).

D-lactose is present in milk in two anomeric forms, α-lactose and β-lactose (ratio 2:3), depending
on the pyranose form (α or β) of glucose. Galactose is always present in the β-pyranose form.

These anomers also have different physical properties, such as melting point and, primarily,
solubility in water, as β-lactose is much more soluble than α-lactose [3,4].

Lactose is synthesized in the mammary tissue from the conversion of a part of the glucose present
in the blood to galactose. This synthesis involves the complex lactose synthetase, which is provided by
the galactosyltransferase and α-lactalbumin [5].
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2. Methodologies for the Determination of Lactose

Detection of lactose is very important because of lactose intolerance diseases. Small quantities of
it are present in many foods—not only in milk and dairy products—and therefore, traces of lactose
may be present in food under the following headings: milk solids, whey, curds, skim milk powder,
and skim milk solids, meaning that lactose is present, and must be reported on the food label. Lactose
intolerance is a significant factor in the choice of the diet of people sensitive or intolerant to this sugar,
so its content in foods must be monitored to avoid disorders and diseases [6,7]. It is therefore important
to quantify lactose with precision and accuracy in these products. The chosen method should be one
that is economical, rapid, and sensitive.

A considerable number of methods for determining carbohydrates in milk have been
developed, including older and less sensitive ones, such as gravimetric, polarimetric, enzymatic,
or spectrophotometric analysis, as well as more specific and sensible methods such as HPLC-RI
and HPAEC-PAD.

The most common methods used to quantify lactose in milk are described below:

2.1. Polarimetric

Polarimetric methods are based on the measurement of the specific rotation of polarized light by
chiral molecules such as lactose in a skimmed and deproteinized milk filtrate [8,9].

2.2. Gravimetric

Gravimetric methodologies are founded on the decrease of copper sulfate to cuprous oxide
precipitated by the addition of potassium hydroxide in the presence of aldoses and ketoses. The lactose
content is calculated after weighing the cuprous oxide formed, by using empirical tables that allow the
conversion of the cuprous oxide formed in terms of lactose [8,10].

2.3. Mid-Infrared

Infrared Spectroscopic Methods are based on the absorbance of infrared energy by the hydroxyl
groups (OH) of lactose molecules. Lactose determination in mid-infrared (MIR) spectroscopy is carried
out at 1042 cm−1 [11]. Early instruments were entirely filter-based, using pairs (sample and reference)
of optical filters to select a band of wavelengths for the measurement of fat, protein, and lactose.

Now, more recent instruments utilize an interferometer to acquire complete spectrum information
within the MIR region using Fourier Transform Infrared Spectroscopy (FTIR); in this way, it is possible
to obtain an extensive computing and data manipulation capabilities [12–15].

2.4. Enzymatic

A large number of enzymatic methodologies able to quantify lactose have been reported [16–19].
They have been characterized by the common reaction of enzymatic hydrolysis of lactose to glucose
and galactose, followed by the enzymatic determination of one of the liberated monosaccharides.
The amount of lactose in the sample is given by the difference between monosaccharide content before
and after hydrolysis.

2.4.1. NAD Enzymatic

In my opinion, the most used enzymatic method to measure galactose is based on its oxidation by
β-galactose dehydrogenase to galacturonic acid in the presence of nicotinamide-adenine dinucleotide
(NAD) that is reduced to NADH, as reported by the following reaction:

β-D-Galactose + NAD+ β-D-Galactose Dehydrogenase→ D-Galactono-γ-Lactone + NADH + H+
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Absorbance of NADH at 340 nm is calculated as the difference between the readings before
and after the addition of the enzyme, galactose dehydrogenase [20–22]. Although this UV method is
specific and accurate, as the measurements of NADH require reading in the UV range, replacement
of NAD by thio-NAD and measurement in the visible range at 405 or 415 nm can also be done.
This variation allows the simultaneous quantification of D-galactose concentrations in several samples
using microplate-readers, rather than UV spectrophotometers [16–19].

2.4.2. Differential pH

The differential pH technique for determining of lactose and lactulose in milk samples is based
on changes in the pH owing to enzymatic reactions. Lactose determination is performed by measuring
the pH change caused by the reaction of glucose and ATP in the presence of hexokinase (HK) before
and after treatment of the sample with β-galactosidase. The determination of lactulose is carried
out by treating the sample with a mixture of β-galactosidase and glucokinase in the presence of ATP.
After 3 h, the pH change is measured, HK is added, and the pH change is monitored for 4 h to observe
the d-fructose-6-phosphate formation [23].

2.5. HPLC RI/HPAEC-PAD

HPLC remains as one of the most extensively used techniques. It has been widely used for
separating a large variety of carbohydrates, especially in foods, as it is particularly advantageous
in terms of the speed and simplicity of sample preparation. HPLC allows direct detection of
carbohydrates, as they can absorb low UV wavelengths.

However, detection in this spectrum area (below 200 nm) is difficult due to its low sensitivity
and selectivity; it also requires the use of high-quality and expensive reagents. The most common
sugar-detection system after HPLC separation is the refractive index; however, the response of this
detector is very poor and non-specific, quite sensitive to changes in temperature, pressure, and solvent
composition, and does not allow gradients. If a refractive index (RI) is used for detection, the analysis
is straightforward, but not very sensitive, with a Limit of Detection (LOD) of 250 mg/L and a Limit of
Quantification (LOQ) of 380 mg/L having been reported [24].

Several chromatographic methods are available for the separation of carbohydrates, reverse phase
systems and cation exchange are the most widely used [25–29].

The separation in reverse-phase partition chromatography is based on the principle of
hydrophobic interactions derived from the repulsive forces among relatively polar solvents, nonpolar
analytes, and nonpolar stationary phases. Alkylated and aminoalkylated silica gels are most frequently
used as stationary phases, in combination with aqueous methanol or aqueous acetonitrile as mobile
phases, and the separation is carried out by hydrophobic and polar interactions and partition [24,30,31].

Traditional adsorption chromatography was almost universally replaced by Ion-Exchange
Chromatography (IEC). Carbohydrates are separated by charge differences using two types of
ion-exchanger—anionic and cationic—where the compounds are negatively and positively charged,
respectively [32,33].

Several methodologies based on cationic-exchange HPLC chromatography have been optimized
to quantify carbohydrates in a lot of dairy products, using different stationary and mobile phases,
such as Amine with calcium as counterion, and Sugar Pak [27–29].

A second, more sensitive method is High-Performance Anion-Exchange Chromatography (HPAEC)
with Pulsed Amperometric Detection (PAD). High-performance anion-exchange chromatography (HPAEC)
coupled with PAD is an alternative analytical technique that presents high sensitivity and good resolution
compared with non-derivatized carbohydrates.

Carbohydrate separation and elution order is based on the differences in their pKa values,
in fact HPAEC takes advantage of the weakly acidic nature of carbohydrates to give highly selective
separations at high pH using a strong anion exchange stationary phase. Columns are packed
with poly(styrene-divinylbenzene)-based stationary phases functionalized with alkyl quaternary
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ammonium groups [34]. The possible co-elution of closely related carbohydrates with very similar
retention times represents the main problem of HPAEC-PAD. Cataldi et al. [35] optimized a rapid
and sensitive HPAEC-PAD method using 10–12 mM NaOH modified with 1–2 mM barium acetate in
heated milks; in this way, the separation and quantification of lactulose and lactose along with other
carbohydrates was obtained in milk and milk products [35,36].

In one recent application note, 248, the Dionex Corporation, now part of Thermo Fisher, suggested
using this technique to quantify lactose in lactose-free products, and indicated a LOD lower than
1 mg/L [37,38].

Obviously, all the methods above describe present advantages and disadvantages, but in my
opinion this last method presents a good cost/benefit ratio.

3. Conclusions

Lactose, a very important nutrient during the neonatal years, is not always tolerated in
adults. In this short review, various methods, from the oldest to the more modern and innovative,
for determining lactose in milk have been reported. Considering how widespread lactose intolerance
is, today lactose analysis should be considered as routine analysis. In order to choose the most suitable
method, important parameters such as sensitivity, precision, accuracy, and speed of analysis have been
taken under consideration.

But unfortunately, this is not always possible, because the high cost of scientific instruments, reagents,
laboratories and the adequate training of technicians in some situations, for example, in undeveloped
countries, makes it difficult to perform sophisticated analysis. However, under working conditions,
each operator must choose the best methods available. That is the principal aim of this review.

Conflicts of Interest: The authors declare no conflict of interest.
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