WAGENINGEN

UNIVERSITY & RESEARCH

Influence of Lactose on the Physicochemical Properties and
Stability of Infant Formula Powders : A Review

Food Reviews International
Saxena, Juhi; Adhikari, Benu; Brkljaca, Robert; Huppertz, Thom; Zisu, Bogdan et al
https://doi.org/10.1080/87559129.2021.1928182

This publication is made publicly available in the institutional repository of Wageningen University
and Research, under the terms of article 25fa of the Dutch Copyright Act, also known as the
Amendment Taverne.

Article 25fa states that the author of a short scientific work funded either wholly or partially by
Dutch public funds is entitled to make that work publicly available for no consideration following a
reasonable period of time after the work was first published, provided that clear reference is made to
the source of the first publication of the work.

This publication is distributed using the principles as determined in the Association of Universities in
the Netherlands (VSNU) 'Article 25fa implementation' project. According to these principles research
outputs of researchers employed by Dutch Universities that comply with the legal requirements of
Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online
publication in the original published version and with proper attribution to the source of the original
publication.

You are permitted to download and use the publication for personal purposes. All rights remain with
the author(s) and / or copyright owner(s) of this work. Any use of the publication or parts of it other
than authorised under article 25fa of the Dutch Copyright act is prohibited. Wageningen University &
Research and the author(s) of this publication shall not be held responsible or liable for any damages
resulting from your (re)use of this publication.

For questions regarding the public availability of this publication please contact

openaccess.library@wur.nl


https://doi.org/10.1080/87559129.2021.1928182
mailto:openaccess.library@wur.nl

Taylor & Francis
Taylor & Francis Group

Food Reviews International

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/Ifri20

Influence of Lactose on the Physicochemical
Properties and Stability of Infant Formula
Powders: A Review

Juhi Saxena, Benu Adhikari, Robert Brkljaca, Thom Huppertz, Bogdan Zisu &
Jayani Chandrapala

To cite this article: Juhi Saxena, Benu Adhikari, Robert Brkljaca, Thom Huppertz, Bogdan
Zisu & Jayani Chandrapala (2021): Influence of Lactose on the Physicochemical Properties
and Stability of Infant Formula Powders: A Review, Food Reviews International, DOI:
10.1080/87559129.2021.1928182

To link to this article: https://doi.org/10.1080/87559129.2021.1928182

@ Published online: 19 May 2021.

N
CJ/ Submit your article to this journal

||I| Article views: 43

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=Ifri20


https://www.tandfonline.com/action/journalInformation?journalCode=lfri20
https://www.tandfonline.com/loi/lfri20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/87559129.2021.1928182
https://doi.org/10.1080/87559129.2021.1928182
https://www.tandfonline.com/action/authorSubmission?journalCode=lfri20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=lfri20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/87559129.2021.1928182
https://www.tandfonline.com/doi/mlt/10.1080/87559129.2021.1928182
http://crossmark.crossref.org/dialog/?doi=10.1080/87559129.2021.1928182&domain=pdf&date_stamp=2021-05-19
http://crossmark.crossref.org/dialog/?doi=10.1080/87559129.2021.1928182&domain=pdf&date_stamp=2021-05-19

FOOD REVIEWS INTERNATIONAL 1—a|y|&?r &franus
https://doi.org/10.1080/87559129.2021.1928182 aylor & Francis Group

REVIEW l W) Check for updates |

Influence of Lactose on the Physicochemical Properties and
Stability of Infant Formula Powders: A Review

Juhi Saxena?, Benu Adhikari(®? Robert Brkljaca®, Thom Huppertz“9, Bogdan Zisus,
and Jayani Chandrapala®

aSchool of Science, RMIT University, Bundoora, Melbourne, Australia; "Monash Biomedical Imaging, Monash University,
Clayton, Australia; FrieslandCampina, Amersfoort, The Netherlands; “Wageningen University and Research,
Wageningen, The Netherlands; Spraying Systems, Fluid Air, Melbourne, Australia

ABSTRACT KEYWORDS

Different stages of infant formula (IF) products differ in their composition in lactose crystallisation; Infant
terms of carbohydrate, protein and fat content, which subsequently influ-  formula; Maillard browning;
ences their stability during storage. IF composition and processing condi- caking; Surface free fat

tions influence their physico-chemical properties which can further impact
caking, Maillard browning and release of surface free fat. A good under-
standing of interaction of macronutrients in IF powders during storage is
critical to optimize formulations that result in products with a prolonged
shelf-life and enhanced bio- accessibility. This review focusses on the physi-
cal state of carbohydrates in IF powders and its influence on molecular and
macroscopic changes as well as phase transitions during storage.

Introduction

According to the Codex Alimentarius Commission, infant formula (IF) is defined as a complete or
partial substitute for human milk designed for use by infants as the sole source, if not the major source,
of nutrition during infancy.!! The vulnerability of the consumer makes IF products unique in
comparison to all other processed foods primarily because unlike in mixed diets, nutritional inade-
quacies in IF cannot be compensated for by nutrients in other foods in the diet of the newborn/
toddlers. Furthermore, nutritional deficiencies in infancy may lead to development of serious and
irreversible adverse effects. Hence, the standards and regulations for IF production are much stricter
than other areas of food manufacture.”) Commercially, IF products are available in the form of
powders, concentrated liquids and ready-to-feed products.”® The cost of manufacture as well as the
comparative shelf life of the products makes IF powders dominate the world market.'’

The ingredients in IF are the macro-nutrients, i.e., proteins, fats and carbohydrates, and the micro-
nutrients, such as vitamins and minerals, which are carefully incorporated to result in a product that
mimics human milk composition as closely as possible.””) The composition of IF powders varies
according to the stage of infant growth. These differences in IF composition can influence the physical
stability of the powders during production, storage and distribution.!®® Lactose, and phase transi-
tions therein during handling and storage, can have a large influence on physicochemical properties
and storage stability of IF powders. This review aims to provide a detailed account of the role of
lactose, and its interaction with other constituents, such as fat and protein, on the physico-chemical
stability of IF powders during storage.
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Infant formula composition and ingredient interactions

The composition of IF powders is designed to meet the nutritional needs of the growing infant. Stage 1
of IF products (intended for infants aged 0-6 months) generally contains the highest amount of
carbohydrates (mainly lactose) while stage 3 products (intended for 1-3 year old children) contain
more protein and less carbohydrate than stage 1 products.’”! The variation in the macro-composition
of commercial IF powders, as well as in the main sources of protein and carbohydrates, is shown in
(Table 1). Fat sources in most cases are blends of vegetable oils. Stage 1 IF powders generally contain
lactose as the main carbohydrate fraction and it makes up approximately 55-60% of the dry matter. In
some cases, lactose may be (partially) replaced by maltodextrin, whereas galacto-oligosaccharides
(GOS) or fructo-oligosaccharides (FOS) may also be added to IF products. In some cases, (part of) the
lactose may also be replaced by maltodextrin. Stage 2 IF products typically contain similar carbohy-
drate sources as stage 1 IF products.!”'®"*® The protein content in the IF powders is generally between
10-15% of the total composition and may vary in casein: whey protein ratio, as shown in (Table 1).
[9:16.19) y7ariations may also be observed based on the degree of hydrolysis of whey proteins, when
dealing with IF powders containing partially or extensively hydrolyzed whey protein.!"®2°~2?! The fat
content in IF powders is in the range of 20-26% of the total composition, *'*'*! and decreases with
increasing stage of IF nutrition. Furthermore, vitamins and minerals are vital to meet the specific
nutritional requirements of infants during growth and development. Their presence can also positively
or negatively influence the storage stability of IF powders. This variation in the composition affects
moisture sorption in IF powders which influences the degree of lactose crystallization further
influencing the non-enzymatic browning reactions as well as fat migration. Tham et al.*! and
Thomas et al.**! suggested that the moisture sorption properties of the IF powders is dependent on
the properties of their individual components in the composition, as well as their interactions.

Various ingredient interactions can be distinguished in infant formula products. The fat exists in
emulsion droplets, which are largely stabilized by the proteins present in the wet mix.?***! Some polar
lipids, such as phospholipids may also be present on the emulsion droplet interface. The protein can be
found in various forms. Some protein is present on the emulsion droplet surface, but caseins and whey
proteins are also in suspension in the reconstituted product. Salts are partially present in a dissolved
state in the reconstituted products, however some salts are also associated with the protein, either as
counterions for charged amino acid residues, or in the form of colloidal calcium phosphate nanoclus-
ters present in casein micelles.?®! In reconstituted products, lactose and other carbohydrates are found
in a dissolved state and show little interaction with other constituents. However, in dried products,
lactose and the other carbohydrates typically form an anhydrous matrix in which the other constitu-
ents are dispersed. The nature of the interactions between constituents can be either non-covalent or
covalent. Covalent interactions include the disulphide bonds between denatured proteins®”! and the
interaction of lactose, or other reducing carbohydrates, with the e-amino group of lysine residues in
the early stage of the Maillard reaction.!*®’ Non-covalent bonds are responsible for other protein-
protein, protein-fat, protein-ion and ion-ion interactions. The interactions between lactose in either
an anhydrous or crystalline matrix are also non-covalent.?*>!

Carbohydrates in infant formula powders: physical state and phase transitions
Physical state of carbohydrates in infant formula

Carbohydrates, especially lactose, are an essential component of IF products. Apart from the nutri-
tional aspects, carbohydrates assist in drying and contribute to better physico-chemical and handling
properties of dairy powders containing protein and fat. Lactose in IF powders can be present in two
forms, i.e., the amorphous form or crystalline form, with the former being predominant. During spray
drying of IF, the rapid removal of moisture causes lactose to dry under its saturation point, thus
leading to a rapid increase in its viscosity and hence, forming amorphous lactose.*") Amorphous
lactose is hygroscopic in nature, which makes it prone to plasticization by water.
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Table 1. Concentrations of protein, carbohydrates and fat; and protein and carbohydrate sources listed for commercial infant formula
powders. Where known, the casein: whey protein ratio is included in brackets after the protein content.

Protein  Carbohydrate  Fat

Publication Protein and carbohydrate sources listed (%) (%) (%)
Chévez-Servin et al.'®? Skim milk powder, demineralized whey, lactose 12 (40:60) 58 26
Rodriguez-Alcala Skim milk, demineralized whey, lactose 10.2 55.2 29
et al." Skim milk, demineralized whey, lactose, maltodextrin 15 53.7 25
Chévez-Servin et al.'? Demineralized whey, skim milk, maltodextrin 12 (40:60) 58.7 24
Demineralised whey, skim milk 12.5 58.6 24
Demineralised whey, skim milk 125 58.6 24
Demineralised whey, milk powder (partially demineralised), 1.7 58.6 244
lactose
Demineralised whey, skim milk powder, lactose, 11.6 56.0 28
(40:60)
Demineralised whey, starch, skim milk, corn syrup, 12.5 55.6 24
Skim milk, demineralized whey, maltose, maltodextrin 11.0 59.7 24.5
(60:40)
Skim milk, lactose, starch, demineralized whey 12.8 583 23.1
Skim milk, lactose, maltodextrin, milk proteins, 9.5 58 26
Skim milk, lactose, fractionated milk protein (a-lactalbumin) 11 (40:60) 56 28
Skim milk, whole milk, lactose, milk proteins 11.5 55 27
Skim milk, lactose, glucose syrup 13.9 524 27.5
(70:30)
Lactose, skim milk, maltodextrin, whey protein 10.7 583 26
(40:60)
Lactose, skim milk, whey milk protein concentrate, 11.0 56 29
Lactose, skim milk, whey milk protein concentrate, 1 56 29
Demineralized hydrolysed whey milk protein, corn syrup 11.5 57.7 26
Demineralized hydrolysed whey milk protein, lactose, 11.5 56.4 264
maltodextrin
Whey powder, skimmed milk, lactose 1.3 60.5 28.2
Milk protein, skim milk, whey protein, lactose, carob flour, glucose 11.2 60.0 239
syrup (60:40)
Tham et al.” 134 Skim milk powder, 12 56 29
Skim milk powder, demineralized whey protein 1.8 56.6 28.3
Skim milk powder, whey protein concentrate, a-lactalbumin, 1 58 29
Contreras-Calderén Whey, skim milk, milk proteins, lactose 9.5 57.9
et all’™ Whey, skimmed milk, lactose 12 62.1
Whey, skimmed milk, lactose 12 54,5
Milk proteins, lactose 10.4 55.5
Milk proteins, lactose, maltodextrin 11.6 534
Skim milk, lactose 125 55.9
Skim milk, lactose, maltodextrin 12 57.4
Skim milk, lactose, maltodextrin 14.6 56.5
Partially hydrolyzed whey protein milk, lactose, maltodextrin 11.5 57.7
Partially hydrolyzed whey protein milk, lactose, maltodextrin, 11.5 55
starch
Partially hydrolyzed whey protein milk, lactose, maltodextrin, 12.1 543
starch
Partially hydrolyzed whey protein milk, maltose, maltodextrin 124 54.2
Soy protein isolate, maltodextrin 14.2 52
Saxena et al.®”! Milk, hydrolyzed whey protein 10 59 26
Milk, hydrolyzed whey protein, maltodextrin 9.5-11.5 59-62.5 20-23
Milk, maltodextrin, protein 10.5 56 26
(40:60)
Milk, maltodextrin, protein, galacto-oligosaccharides 14 56 25
Milk, maltodextrin, protein, galacto-oligosaccharides, glucose 15 59 14
syrup solids

While most IF products contain predominantly amorphous lactose, high levels of crystalline lactose
have also been found in some commercial IF powders."”! It is perceivable that these levels were the
result of pre-crystallization of lactose prior to spray drying.!! Lactose pre-crystallization is primarily
applied to reduce the hygroscopicity of amorphous lactose and is mostly used commercially in whey
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powder manufacture. Pre-crystallization of lactose is generally a two-step process that involves
nucleation e.g., by shock cooling the product which is subsequently followed by slow cooling to
allow growth of the crystals.[z’z’3 3l Approximately 28-32% of the lactose was reported to be in crystal-
line form in commercial IF powders also containing hydrolyzed whey protein.””’ This level is lower
than the 50-75% of crystalline lactose observed in whey powders in a commercial setting.!**! Lactose
pre-crystallization has also been explored previously in other dairy powders where stickiness was
reduced and flow properties were improved.!*>*°!

Phase transitions of carbohydrates in IF

Glass transition behaviour

The glass transition temperature (T) is the key factor influencing the physical stability of commercial
IF powders. The glass transition occurs over a temperature range, where amorphous lactose undergoes
transformation from ‘glassy’ (solid-like) to a ‘rubbery’ (fluid-like) state.!®*”**) When stored at
temperatures below the T, the powders remain stable without any significant visual changes in the
product. However, storage at temperatures above the T, increases molecular mobility, thus decreasing
the viscosity of the amorphous lactose matrix, which can result in sticking and caking. Enhanced
mobility in the (highly concentrated) lactose matrix can also promote the development of ordered
crystalline structures, with simultaneous liberation of moisture, 1037 which is described further in
section 3.2.3. In general, T, is well above the normal storage temperature for most commercial IF
powders'>**l; however, water sorption can drastically reduce the T, to values below the storage
temperature of powders.

T, is also strongly affected by product composition. The presence of low molecular weight
compounds or shorter chain length carbohydrates reduce the overall T, of the powders,*” whereas
high molecular weight carbohydrates and proteins have a higher Tj. -3 Hence, the presence of
higher molecular weight compounds such as maltodextrin in powders can increase their Ty, 7] and
can enhance product stability on exposure to high temperatures and relative humidity (RH). The effect
of maltodextrin on the T, of lactose-maltodextrin systems has been well established.!">*>~*¢ [n
a recent study, Masum et al."*l showed that replacing 15 or 30% of lactose by maltodextrin in
a model IF powder increased Ty by ~3 or ~8°C, respectively. The use of maltodextrin in IF powders
is primarily to retard crystallization and reduce hygroscopicity of powders in addition to assist
drying.”**) The T, of maltodextrin is 1nﬂuenced by its dextrose equivalent (DE) value, which also
determines its m01sture sorption behaviour.*”) Monosaccharides like glucose and fructose reduce the
T, of a system even when mixed in a 1:1 ratio with casein.[*"!

It has also been demonstrated that amorphous carbohydrates undergo changes in the mechanical
moduli and dielectric properties around their Ty, which reflects the spontaneous approach of the
material towards equilibrium.!*"** Several studles have been conducted to understand the dielectric
and mechanical relaxation in systems containing amorphous solids.”>**! Enthalpy relaxations occur
as the mobility of the molecules increases in the system as a result of increasing storage temperature
and water activity. Relaxation times are longer in glassy systems, but rapid decreases are observed in
systems above their Tg.[41’53] Furthermore, higher T, and a-relaxation temperatures are observed in
amorphous lactose-protein systems than in absolute amorphous lactose systems which is further
impacted by a,.[**>*"4

The higher T, observed in lactose-protein systems is related to the association of lactose with proteins
via hydrogen bonding, which limits their mobility in the powders. This effect, however, is dependent on
the water content of the system because at higher a,, the lactose molecules show higher affinity towards
association with water via hydrogen bonding.*"****! On the other hand, some other studies have
reported no significant effect of the presence of protein on the T, of powders containing lactose. For
instance, Shrestha et al.”®’ and McCarthy et al., '/ showed that decreasmg the protein:lactose ratio in
skim milk powder systems reduced T,, but increasing the protein:lactose ratio did not significantly
increase the T,. However, at low protein:lactose ratio in IF products, protein could affect T, notably.
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The effect of hydrolyzed protein on T, was studied by Zhou et al,'’””! who concluded that the
moisture-induced reductions in T, were higher in model powders containing hydrolyzed whey protein
than in powders containing intact whey protein; this is most likely due to greater mobility of shorter
peptide chains compared to the intact protein molecules. However, Mounsey et al.*®! demonstrated
no significant effect on the T, of model powders regardless of the degree of hydrolyzed casein.
Similarly, Kelly et al.*!! showed no effect of intact or hydrolyzed whey protein on the T, of the
model IF powders, indicating that lactose is the primary factor that governs the T, of the powder.!*”!
The influence of individual components as well their interaction on Ty is therefore critical to under-
stand the glass transition behaviour of IF powders.

Moisture sorption and lactose crystallization
Lactose influences the moisture sorption characteristics of IF powders, which plays a crucial role in
their storage stability. In general, amorphous lactose is highly hygroscopic and readily absorbs
moisture, which can result in the formation of liquid bridges between particles resulting in the
formation of lumps. Thereafter, subsequent exposure of powders to low RH causes moisture deso-
rption which triggers lactose crystallization. "’

In addition to lactose, protein also tends to affect the moisture sorption properties of IF
powders, thereby influencing their T, during storage. For instance, McCarthy et al.l! showed
that model IF powders with a higher protein: lactose ratio (~0.23) had delayed moisture
sorption compared to the powders with a lower protein: lactose ratio (~0.12). This delayed
moisture sorption at higher protein:lactose ratio was also shown by Murrieta-Pazos et al.lo1]
for whole milk powder and Hogan et al.**! for skim milk powder. This delayed moisture
sorption due to the presence of protein can also delay, or even inhibit, lactose crystallization in
various dairy powders.[”'>%**4 Studies have been conducted to investigate the effect of
protein type on moisture sorption in powders. Hogan and O’Callaghan'®®! observed that
whey proteins delayed the onset of lactose crystallization in systems containing whey protein
and lactose at various ratios. In a system containing both whey protein and casein, Li et al.[®
concluded that model milk powders with lower casein content (even in a mix containing
higher protein:lactose ratio) could possibly result in early lactose crystallization. Tham et al.!'*!
showed that despite lower moisture sorption prior to lactose crystallization in powders con-
taining lower protein levels, a similar onset of lactose crystallization was observed irrespective
of the type of protein i.e. skim milk powder vs skim milk powder and demineralized whey
protein vs a mixture of skim milk powder with whey protein concentrate and a-lactalbumin.
Zhou and Roos!®”! showed a greater delay in crystallization in carbohydrate-casein systems
compared to carbohydrates-soy protein isolate systems, emphasizing the influence of the type
of protein on sugar crystallization.

The presence of protein hydrolyzates also impacts the moisture sorption in IF powders. The
effect of these hydrolyzates on moisture sorption of the powders is influenced by the protein
source from which the hydrolyzate is derived (i.e., casein or whey protein) as well as the degree
of hydrolysis. Hogan and O’Callaghan'®® reported an increase in hygroscopicity in a whey
protein-lactose mixture with increasing the degree of whey protein hydrolysis. The hydrolysis
of whey protein influenced the relaxation behaviour as well as the rate of lactose
crystallization.[*”!

In addition, moisture sorption in powders is also influenced by the presence of minerals, which can
bind notable amounts of water.!®*! This was also shown by Omar and Roos,*” where lactose bivalent
salt mixtures showed higher moisture sorption relative to lactose monovalent salt mixtures. There
could possibly be an additional effect of lower mineral content in the powders containing lower
protein levels.[**7!
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Impact of phase transitions of carbohydrates on physicochemical properties of IF
powders

As a result of phase transitions of lactose, several changes in IF powders can occur. These changes
mostly revolve around the changes in the amorphous solids of the powder during storage which affects
their ordered structure (Fig. 1).

Caking of IF powders

Caking is a deleterious phenomenon by which a powder is first transformed into lumps, then into an
agglomerated solid compromising its functional properties .l”! Crystallization of the carbohydrate in
the liquid bridges formed as a result of particle interaction results in the formation of solidified bridges
that can lead to loss of powder structure. Caking in most dairy powders can occur due to changes in
the T, of amorphous carbohydrates as well as moisture sorption after exposure to a high RH
environment whereby the moisture adsorbs to the particle surface leading to the formation of liquid
bridges between particles that further solidify when exposed to lower RH.”" In some cases, the
presence of surface fat may also influence caking in powders. Higher temperatures during storage may
cause melting of fat leading to the formation of liquid bridges which may subsequently solidify on
exposure to a low temperature environment, thus resulting in caking.!"*! Therefore, storage conditions
are critical in understanding the caking behaviour of IF powders.

Masum et al.l”?! studied the effect of elevated temperature and RH on the storage stability of model
IF powders. At RH 11 and 23%, no caking was observed in the product during storage for up to
180 days at 22 and 40°C. However, when RH during storage was increased to 54%, the products were
observed to become lumpy after 30 days at 22°C and caked after 60 days at this temperature. When
storage temperature at RH 54% was increased to 40°C, caking was already observed for some samples
after 7 days storage and for all other samples after 15 days storage. These findings highlight that caking
is particularly a risk in cases where high RH and storage temperature are combined. This is primarily
the case after opening cans of IF in humid environments with elevated temperature. Similar results
were observed by Saxena et al.'®! where storage at RH 54% resulted in caking in all IF powders after
4 weeks at 45°C and 6 weeks at 25°C. Tham et al.”! investigated the effect temperature on the caking
strength of IF powders during storage at 25-60°C for 6 weeks and demonstrated that while powders
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Figure 1. Schematic representation of changes in infant formula (IF) powders during storage and distribution.
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stored at 25°C showed little difference in caking strength to unaged powders after 6 weeks of storage,
increase in temperature from 45-60°C significantly increased the caking strength of powders after
every 2 weeks. In addition, the caking strength of powders stored at 60°C for 2 weeks was comparable
to those stored at 45°C for 6 weeks. In another study by Phosanam et al,l”®! the effect of both
temperature and RH was studied on the caking strength of powders stored at RH 11-85% and
25-45°C, and the highest caking strength was reported for powders stored at RH 44% and 45°C
after 21 days of storage.

Caking strength largely depends on the powder packing efficiency, composition and hygro-
scopicity. Masum et al.’? observed that powders containing maltodextrin (DE = 20) formed
only loose agglomerates after storage at 54% RH and 22°C for 60 days as opposed to caking that
was observed in IF powders containing only lactose in their composition. In addition, no effect
of increasing maltodextrin in the composition was observed at elevated temperatures. The
presence of high molecular weight oligosaccharides has been shown to influence the storage
behaviour of dairy powders.!*”) While the presence of maltodextrin delays the onset of caking in
IF powders by increasing T, and reducing moisture sorption, the DE value of the maltodextrin
plays a critical role in determining the extent of these effects. An increase in DE value of
maltodextrin will increase the hygroscopicity of the maltodextrin."*>”*! However, Castro et al.!**!
showed that beyond a point, moisture sorption was seemingly independent of the DE value of
maltodextrin which was also confirmed previously by Wang and Wang.!*”! This indicates that
the DE alone may not be sufficient in predicting the plasticization effect of water on maltodex-
trin and that the molecular weight distribution of the maltodextrin is critical to the behaviour of
maltodextrin. Compositional variation may also influence the degree of caking in IF powders via
viscosity of concentrates, which influences powder particle size, because smaller particles cake
more easily than the bigger ones.”>”¢!

Changes in surface free fat

Surface free fat is the fat that migrates from the particle core to the surface of the particle during
drying or storage conditions depending on the conditions employed. The presence of surface free
fat in fresh powders is influenced by both the composition of powders and processing condi-
tions. Drying causes preferential migration of components towards the core of the powder
particle. The order of the migration of these components depends on their molecular size
such that larger the particle size, slower its diffusivity. Hence the order of diffusion in decreasing
trend is: lactose and salts> whey proteins> casein micelles> fat globules.””! Therefore, the slow
diffusivity of fat towards the centre of the particle core results in its over representation on the
particle surface®®") which can lead to compromised storage stability as well as increased
stickiness in powders during drying .[°*! In general, higher surface free fat is observed in
powders containing a higher fat content.!) Homogenization prior to drying strongly reduced
surface free fat.”®) During storage, however, surface free fat can increase further, as is discussed
later in this section.

The presence of surface fat is influenced by drying conditions, emulsion stability (which
further depends on the protein content as well as the type of protein (hydrolyzed/intact), drying
rate, solids content, outlet temperature.*">**75-8%) McCarthy et al.”% studied the effect of varying
protein: fat ratio on the emulsion stability and fat globule size and reported that increasing the
protein: fat ratio increased the viscosity of the emulsion while simultaneously reducing the fat
globule size, thus resulting in lower surface free fat. This was further confirmed by McCarthy
et al.l who showed that lowering the protein content increased the surface free fat content in
model IF powders. As far as the effect of whey protein: casein ratio on the surface free fat is
concerned, Masum et al.®!! observed no effect of varying whey: casein ratios (60:40, 50:50, 40:60)
on the surface free content of IF powders. However, hydrolysis of proteins has been shown to
result in increased surface free fat in IF powders.”*'! Similarly, varying the lactose: maltodextrin
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ratios did not impact the surface free fat content of fresh IF powders.** The amount of surface
free fat increase is also dependent on the composition of the fat used in the IF formulation
which further impacts their drying behaviour. The melting point of the fat blends used in IF
powders ranges between —10 to 40°C"* and increase in the unsaturated fatty acids will result in
higher representation on the particle surface post drying.!®”**?! The composition of fat reported
in IF powders is variable depending on their source and both the amount and the type of fat
influence the keeping quality of IF powders.®>** In practice, a higher unsaturated fatty acid
content results in a lower melting point which pose a risk of oxidation as well as caking due to
fat bridging.!"* Inclusion of lecithin in formulations can help reduce lipid oxidation.!®*!

Surface free fat can also increase further during storage of powders, which is often related to
the crystallization of lactose. Progression of lactose crystallization results in the disruption of
powder particle structure that allows the movement of melted fat from the core to the surface of
the particle, thus causing an increase in the surface free fat.!®'***! Although few studies have
reported the influence of lactose crystallization on surface free fat, Saxena et al.®! reported
a linear and exponential increase in surface free fat with increasing degree of lactose crystal-
lization in IF containing hydrolyzed and non-hydrolyzed whey protein, respectively, during
storage at 25 and 45°C and 11-54% RH. The influence of pre-crystallized lactose on surface
free fat was confirmed by Saxena et al.**! where the presence 18% pre-crystallized lactose in IF
powders containing hydrolyzed whey protein resulted in a surface free fat of ~2% after 6 weeks
of storage at RH 54% and 45°C relative to control samples that showed ~8% surface free fat
under the same storage conditions and a distinct surface morphology (Fig. 2).

The presence of fat on the particle surface influences the moisture sorption of powders during
storage which further influences changes in glass transition and crystallization of lactose.*®*! It was
demonstrated that fat interfered with the moisture sorption of powders during storage at high RH
particularly due to its hydrophobic nature that reduced the diffusion of hydrophilic components, thus
affecting crystallization of lactose. These results were confirmed in IF powders by Tham et al.l'*'*) a5
well as in spray dried milk protein concentrates by Kelly et al.!®*!

Sample A B C

Fresh

RH54% 45 °C

Storage time Week 4 Week 6 Week 4

Figure 2. SEM images of fresh and aged (4 or 6 week at 54% RH and 45°C) infant formula powders containing 0.5 (A), 18 (B), and 45
(C) % pre-crystallized lactose (adapted from Saxena et al. B3,
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Chemical changes in carbohydrates in infant formula
Protein-carbohydrate interactions

IF composition (in terms of reducing sugar content, lysine-rich proteins, ferrous content, Vitamin A),
processing conditions and storage influence the degree of Maillard reaction in the product.!'”#>5¢]
Maillard reactions are sugar-amine reactions where reaction between most reactive lysine group
(followed by arginine residue and N-terminal a-amino acid residue®”! and a reducing end of
a saccharide results in protein glycation which in the advanced stages is also accompanied by the
formation of furfurals.”® The formation of furfurals in IF powders can be a result of the heat exposure
during processing!'****”! or the storage conditions after manufacture .!"”! For instance, in a recent
study Pires et al.*® showed lower formation of HMF in reconstituted IF powders processed by ohmic
heating as compared to IF powders processed by conventional heating.

The formation of furfural compounds can occur as a result of lactose isomerization or Amadori
rearrangement'® which is dependent on the pH of the medium. For instance, in an acidic medium,
Maillard reactions may occur as a result of dehydration of carbohydrates as well as formation of
Amadori compounds and hence, HMF may be formed as a consequence of both.!®®! Chavez-Servin
et al."?! studied the changes in pH of different IF powders during storage at room temperature for
0-70 days and showed no significant changes in the pH of samples from day 0, suggesting that IF
powder were most likely to undergo formation of furfurals as a result of Amadori rearrangement. The
potential HMF has been reported to be within the range of 400-2200 pg/100 g sample for different IF
powders!'*121¢17] and the variation is a consequence of the difference in the composition of IF
powders as well as their storage conditions.

The extent of HMF formation is largely dependent on the presence of proteins and lactose in the
composition of IF powders. Higher the lactose and protein content in the powders, higher the
propensity for Maillard browning. This was confirmed by Ferrer et al., ' who showed that increases
in HMF content during storage at 20 and 37°C were faster in a formula containing lactose as the only
carbohydrate source compared to one containing both lactose and maltodextrin. Similar results have
also been reported by Contreras-Calderon et al.!'*! in their work on the progression of Maillard
reaction in IF powders available in the Spanish market. Furthermore, both Gonzales et al.*”! and
Contreras-Calderon et al.'*! showed that soy protein isolate containing IF powders showed limited
formation of Maillard reaction products due to lower lysine availability than in IF powders containing
dairy proteins. The presence of hydrolysed protein in IF powders demonstrate a higher propensity to
browning than those containing intact dairy proteins®*~>*! owing to the relatively high exposure of
amino groups for reaction with reducing sugars'®>’ which in turn is dependent on the degree of
hydrolysis of the protein chain and the type of enzyme used for hydrolysis.**

Similarly, the presence of monosaccharides, which occur e.g., after enzymatic hydrolysis of
lactose!*! increase the rate of Maillard reaction due to a higher proportion of the open chain available
for reaction with lysine. In general, the reactivity of monosaccharides decreases as follows: pentose-
s>hexoses>disaccharides>maltodextrins, *®®”) where pentoses like glucose are most reactive while
oligosaccharides like maltodextrins are the least reactive. In the formulations that contain a mix of
sugars, the extent of the Maillard reaction is hard to predict, **'%! since there is also competitive
inhibition among the sugars. Other factors that influence the Maillard reaction in IF powders include
the presence of iron and carbonylated substances that may be derived from lactose, vitamin
C degradation products or oxidized polyunsaturated fatty acids.'*"

The progression of the Maillard reaction can influence changes in the secondary structure of
proteins which may subsequently affect the functional characteristics of powders.!"°%'%* A possible
explanation for reduced a-helical structures during progression of browning could be the formation of
hydrogen bonds between sugar and whey protein/peptides that weaken the intermolecular interaction
between hydrogen atoms of amide and oxygen atoms of carbonyl leading to reduced a-helical
structures, as suggested by Srivastava et al.'® and Sun et al.'®! Furthermore, advanced Maillard
reaction products like glyoxal and methylglyoxal may promote cross-linking in proteins by reacting
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with lysine or arginine residues."°® In addition, protein modifications may also occur because of
cross-linking reactions involving the formation of lysinoalanine, histidinoalanine and
lanthioalanine!’”) as well as the interaction of proteins with carbonyls formed via lipid oxidation
reactions!'®®! that cause changes in non-covalent interactions of proteins during storage.

Color changes due to Maillard reaction

Crystallization of lactose can result in the release of water from the anhydrous lactose matrix, which
can further increase the susceptibility to formation of brown-coloured complexes by Maillard
reactions.!'®” Progression of Maillard reactions is marked by the changes in color."**'%®! The intensity
of color development is an indicator of the progression of Maillard reactions stages which varies
between pale yellow to dark brown depending on the degree of advancement of Maillard reactions in
the product which is in turn dependent on the composition as well as the storage conditions.™""
Browning in IF powders may result from lactose caramelization or Maillard reactions, depending on
the pH of the powder during storage (as discussed previously), hence color change cannot be regarded
as the only indicator of Maillard reactions in dairy powders.

Color changes in IF powders during storage have been reported previously by Nasirpour et al.,**!
Rufi4n-Henares et al.””! and Ferrer et al,!'”! all highlighting that the degree of color change is
dependent on the degree of heat damage to the proteins such that higher temperatures cause increased
rate of HMF reaction leading to increased browning in the powders. In addition to browning, the
changes in protein structure are translated as compromised functional properties such as solubility of
powders!**! suggesting the possibility of hydrophobic cross-linked protein network on powder surface
that prevents powder hydration. Since IF powders are complex mixtures, the changes in solubility
during their storage are a combined result of the effect of surface free fat, lactose crystallization as well
as changes in the structural conformation of proteins.

Conclusion

In conclusion, the overall composition of IF powders has a profound impact on their physico-
chemical properties during processing as well as storage under adverse conditions of temperature
and RH. This review highlights the changes in lactose during storage and its concomitant effect
on the physico-chemical stability of IF powders. In instances where the handling and storage of IF
cans are not always optimum, knowledge of ingredient behaviour under such conditions can
provide sufficient understanding of the product and may help predict their shelf life. The physical
state and phase transitions of carbohydrates in IF powders influence their moisture sorption
behaviour which is accompanied by changes in lactose crystallization during storage. The degra-
dative changes following lactose crystallization include the increased presence of surface free fat
as well as the progression of Maillard browning. Understanding the influence of physical form of
lactose and its interaction with proteins on moisture sorption is essential to predict the changes in
IF powders during storage. In addition, the understanding of the fat composition and their
migration to particle surface is equally critical. Exploring areas of compositional modifications
such as lactose pre-crystallization in order to result in powders with better keeping quality has
opened avenues for exploration. Further research is essential to investigate its influence in
variable IF composition as well as their interaction with the micronutrients.
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