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On the Molecular Characteristics,
Compositional Properties, and Structural-
Functional Mechanisms of Maltodextrins:
A Review
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ABSTRACT: Compositional, physicochemical, and structural properties of maltodextrins and
the most important advances that have been made are critically reviewed. Individual topics
focuses on the maltodextrin production, carbohydrate composition, and dextrose equivalent
determination, factors that alter the polysaccharide properties, the molecular arrangement, the
mechanisms and complex physicochemical changes of maltodextrins such as water interaction
(hygroscopicity, precipitation, turbidity, bound and free water) and the role of molecular inter-
actions for a network formation. Of particular importance is the information concerning the
network structure of maltodextrins gels (degree of crystallinity, crystallite size, aggregation) and
the involvement of linear and branched chains for the network formation. Rheological properties
have become a desirable tool to predict and understand their structural and functional properties,
in single and in mixed systems with other macromolecules. These advances are assessed together
with the structural development of food products and processes. Their main food applications,
particular advantages, recent commercial directions, and modifications together with potential
problems are also discussed. As food ingredients, maltodextrins are a valuable production tool,
but still with considerable promises. Nevertheless, a more detailed knowledge of the properties
of maltodextrins is necessary in order for their use to be considered as sufficiently effective and
desirable in a number of known food applications and for novel development purposes.

KEY WORDS: maltodextrins, processing, water interactions, network microstructure, vis-
coelasticity, gelation, functional properties, reduced-fat foods, and reduced-calorie foods.
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I. INTRODUCTION and are available as white powders mostly or

concentrated solutions. In contrast to native

Hydrolysis of starch by means of heat starches, the maltodextrins are soluble in
and acid’ or specific enzymatic treatmerifs, water.
or combined acid and enzyme hydrolySis, The addition of maltodextrins as food
yields a spectrum of depolymerized oligo- additives has been introduced the last 25
mers. The hydrolyzed products mainly con- years. Maltodextrins can be classified as
sists ofp-glucose, maltose, and a series of carbohydrate-based bulking macromolecu-
oligosaccharides and polysaccharides (suchlar replacements123 (like glucose polymers,
as maltose oligosaccharides, maltotriose, andmodified sugars, and mixed hydrocolloids),
maltotetraose mixtures). The wide range of and substituted on an equal-weight basis
hydrolyzates available are described in termsprovide 4 kcal or 16.8 kJfgMaltodextrins
of their ‘dextrose equivalent’ (DE) value, with low DE values are claimed to display in
which is a measure of the total reducing part the desirable organoleptic characteris-
power of all sugars present relative to glu- tics of fat, and from the mid to late 1980s
cose as 100 and expressed on a dry weighthey have received considerable attention for
basis. Therefore, a degradation product with developing fat- and calorie-reduced prod-
a high dextrose equivalent has been sub-ucts. Some of their important functional prop-
jected to a greater degree of hydrolysis thanerties include bulking, gelling, crystalliza-
one of a lower DE. tion prevention, promotion of dispersibility,

Maltodextrins are hydrolysis products of freezing control, and binding.
starches with DE lower than 20 (for DE > 20 The intent of this article is to briefly
the term syrup solids or dextrins is used). review the current knowledge and recent
They represent a mixture of saccharides with research developments regarding maltodex-
a broad molecular weight distribution be- trins. The article focuses on factors that af-
tween polysaccharides and oligosaccharidesfect the physicochemical properties, the struc-
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tural-functional behavior, and the quality of in bitter taste, off colors and dextrin haze
maltodextrins. The considerable effort on (retrogradation) on storag&Today, the acid
their processing conditions, product applica- hydrolysis is particularly recommended for
tions, and food developments processes andoroduction of dextrins with DP < 5 (glucose
their specific advantages are presented. Itsyrups).
can contribute to bridge relations and gaps  In order to have a full continuous hy-
between maltodextrins properties and their drolysates production process, the use of
behavior in real food systems. It could pro- continuous conversions catalyzed by en-
vide ideas and introduce areas where it mayzymes or combinations of acid and enzymic
be necessary to design and perform detailedprocesses are placed. The actual process used
studies. for the production of maltodextrin is often
patented, and typically involves mixing en-
zyme and starch slurry, heating at the gela-

Il. DESCRIPTION OF tinization temperature of stardh#5°C) hold-

MALTODEXTRIN SYSTEM ing there for a fixed time, and then heating to
a higher temperaturé{05°C) or acidifying

A. Production the product (pH13.5) to inactivate the en-

zyme>16 The optimum conditions (i.e., tem-

According to Alexandet; the present perature, pH) for a particular enzyme fre-
technology involving starches and other car- quently depend on the organism from which
bohydrates probably originates with the early it is produced. Finally, the soluble material
work of Richter and co-workers, who were is separated from the insoluble fibers by
issued patents in 1976. Several types of pro-centrifugation and neutralized for subsequent
prietary equipment and modern installations spray drying under vacuum.
are used today for a desirable conversion of Enzyme-catalyzed conversion with
starch. These aspects have been reviewednostly a-amylase (1,4-p-glucan glucano-
recently®18.78 hydrolase, EC 3.2.1.1) froBacillus subtilis

The acid conversion process consists of and pullulanase (pullulan 6-glucanohydro-
treating a suspension of purified starch with lase, EC 3.2.1.41) are now used for pro-
a small amount of strong acid at a fairly high duction of gelling maltodextrin;8.73.76.129
temperature.113 Hydrochloric acid 0.02 to a-Amylase is an endo-acting enzyme hy-
0.03M is usually used and temperatures of drolyses the (1 4)-linkages ina-d-glucans
135 to 150C for 5 to 8 min are applied. but cannot hydrolyzex-(1- 6)-linkages at
Measurement of pH (range 1.6 to 2.0) is not the branch points. As a result, maltodextrins
a very sensitive means of controlling acid produced byo-amylase, an extensive hy-
addition and is normally performed volu- drolysis of amylose but only a partial hy-
metrically or by conductivity measurements, drolysis of amylopectin, takes platddow-
while adjustment of DE is carried out by ever, alow amount of high-molecular-weight
varying the reaction temperature in a nor- amylose still remain%. The maximum ac-
mally fixed time!® When sufficient saccha- tivities of thea-amylases are usually in the
rification has taken place, the acid is neutral- acid region between pH 4.8 and 6.5, but the
ized, and the mixture is filtered, decolorized activity-pH profile and location of the pH
and concentrated to the required solids con-optima differ depending on the enzyme
tent. In modern methods, the conditions are source, with examples of pH optima ranging
arranged to keep the time of conversion asfrom pH 3.5 to pH 9.0. The pH optimum for
short as possible in order to minimize side plant and microbiadi-amylases is generally
reactions with partial degradation resulting lower than for the animafi-amylases®
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Pullulanase is specific for-16 linkages in  for instance, a maltodextrin of DE 5 corre-
o-p-glucans and therefore acts as a de-sponds to a polymeric species of 20 glucose
branching enzyme to provide a series of molecules (degree of polymerization, DP).
(1-4) linked «a-pb-glucopyranose oligosac- However, varying the DE among maltodex-
charides. Most pullulanases have pH optimatrins polysaccharides does not necessarily
between pH 5.0 and 7.0 and usually tem- mean that they differ only in dextrose con-
perature optima of 45 to 50.76 tent. Moreover, maltodextrins with the same
Enzyme catabolized or a combination of DE value can have very different properties,
acid and enzymic hydrolysis of starch have that reflect the composition of the compo-
distinct advantages compared with the acid nents rising from the hydrolysis reactions.
process. The hydrolysis obtained is more The type of starch (maize, oats, rice, tapioca,
specific, depending on the enzyme or the potato, etc.) is also an important factor deter-
combination of enzymes selected, and amining the molecular segments of maltodex-
greater flexibility in the final composition of trins. The ratio of linear amylose chain mol-
the product is usually achieved. Enzymic ecules to branched amylopectin varies
processes provide a greater amount of fer-according to the source of starch. The major-
mented sugars and less formation of unde-ity of starches contain between 15 and 35%
sirable components from thermal process- of amylose’® Wheat and rice starch have
ing, while there is no need to remove salts characteristics generally similar to those of
formed during acid neutralizatiddt It can maize sources. On the other hand, waxy
be conducted at wider pH values and lower straches differ and are made up entirely of
temperatures and pressures (an economidranched amylopectin molecules. As a re-
advantage of requiring less energy), while sult, maltodextrins derived from waxy maize
the processes are easier to control. Never-starch consist exclusively of amylopectin,
theless, the use of enzymes for starch hydro-contain very little linear amylose, and do not
lyzate is not a completely continuous pro- exhibit the retrogradation phenomena typi-
cess, and several attempts have been madeal of common corn starch oligosaccharitfes.
to use enzymes insoluble by immobilization These maltodex-trins have an average mo-
techniques®’® In addition to the practical lecular weight comparable to other polysac-
problems using immobilized form of the charides and much less than that of conven-
enzymes on porous matrices, an economictional amylopectin. Stability to retrogradation
question also arises. Improved characteris-due to some characteristics (size and impu-
tics of enzymes can be expected to expandrities) of the amylose that inhibits its

with the use of genetic engineering. reassociation is present in starch from po-
tato!® Alkali-modified cassava startf is
B. Compositional Characteristics also a good source of maltodextrins of BE.

23 1n addition, native starches differ in water

As a digestion product from starch, content, and in addition amylose and amy-
maltodextrins contain linear amylose and lopectin several noncarbohydrate compo-
branched amylopectin degradation productsnents are present, such as lipids, proteins,
(Figure 1). Maltodextrins, therefore, are con- and minerals.
sidered a®-glucose polymers in which the
individual a-p-glucopyranosly residues are
joined by (1~ 4)-linkages to give linear C. Dextrose Equivalent (DE)
chains with a degree of (14, 1- 6)-linked Determination
or (1» 6)-linked branch points. ThBex-
trose Equivalenis an inverse measure of the Any method for reducing sugar determi-
number of anhydra-p-glucose units, thus, nation can be used; however, traditionally
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the Lane and Eynon titratidthas been used charides, among colorimetric methods, which
to determine the content of reducing sugarsis used for the gross determination of total
and still is the method of choice for some carbohydrate content or total reducing sugar
industrial applications. It is a non-stoichio- content’” Such assays use alkaline 3,5-
metric reaction in which approximately 5.0 dinitrosalicylic acidi’ alkaline ferricyanidé?
equivalents of cupric ions are required to or alkaline picric acid®
oxidize 1.0 mol of reducing sugar. Their 1H-NMR studies could also be involved.
concentration is monitored titrimetrically, The anomeric proton region of a maltodextrin
compared with a reference to standard tables spectrum usually comprises four doublets
and calculated as a percentage of the dryassigned to H(1), the anomeric protons at 1,6
substancé?’” Careful control of the heating branch points and 1,4 linkages (their ratio
is required, and for the most accurate analy-cangive the degree of branching), and reduc-
sis two titrations are necessary. Table alter-ing end groups in the and 3 configura-
ations have also been reported improving tions. The DE values of maltodextrins can
the original method The exact procedure be determined from the combined intensity
has been published by the Corn Refiner of the resonances from and 3 reducing
Association (Method E-26F.However, be-  end-groups relative to the total anomeric sig-
cause the reaction is not entirely stoichio- nal33
meteric, the theoretical DE of saccharides is
always lower that the observed with DE under
certain conditions with other main disadvan- 1l1l. PROPERTIES
tages being the time consumed, the stan-
dardized reagents, and the expertise requiredA. Physicochemical Characteristics

Rapid determination of dextrose equiva-
lent of maltodextrins (and glucose syrups) As a digestion product of starch, the
could be made by cryoscopy, which is a maltodextrins contain linear and branched
measurement of freezing point depresgion. amylose and amylopectin degradation prod-
The cryoscopic approach is a response to theucts the size of which extends from oligo-
number of moles of material in solution. Itis mers to macromolecules. In the sol state these
unaffected by the presence of high-molecu- molecules are hydrated and expanded, and
lar-weight materials such as residual en- the extended helical regions are interrupted
zymes, proteins, etc. It can be affected by theby short, disordered regions. At high con-
presence of low-molecular-weight inorganic centrations helices aggregate, forming crys-
salts (i.e., ash). talline domains. Therefore, maltodextrins

Nevertheless, the use of oligosaccharide have a significant portion of average chain
fractionation by gel permeation chromatog- length long enough to form thermally re-
raphy is now recommended as the bestversible gels. The sol-gel transition is a slow
method for characterization of starch hy- process accompanied by dehydration and
drolysates, and the determination of dex- combined with the growth of helices of suf-
trose equivalent is based on the actual com-ficiently long molecular chains or chain seg-
position of oligosaccharidé$Fractionation =~ ments'®’ The transition depends on the tem-
of starch and its hydrolysis products using perature, concentration, time, and structural
Bio-Gel P-2¥?6microsperical cellulos&and peculiarities.
porous glass beads (CPG-tOhave been The gelation of maltodextrins is a weakly
also reported. Additionally, a number of cooperative process, with the standard Gibbs
specific assay methods have been developedree energy of gelation not strongly influ-
for the quantitation of individual oligosac- enced by the degree of cooperativ@Con-
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sidering the low entropic effect, small the particle gel structure has a large surface
changes in enthalpy result in the formation area and high degree of water immobiliza-
of thermodynamically stable gel structures. tion. For instance, acid hydrolyzed starch
Low elasticity, small mechanical stability, under specific conditions can form crystal-
high rigidity and turbidity are characteristics lites that are essentially intact and organized
of these gels. Despite the high rigidity of the laterally?” This system has low degree of
maltodextrin gels the heat changes associ-association and the aggregates are very small
ated with the melting of gels are smalA particles (about 0.0@m). In a continuous
particular characteristic of the gel matrix is oil phase this loosen association linked to
the unbound state of the greater part of thethe fat crystals and deform similafi?. As
water. well, the particle size of irregularly shaped
Acetylated maltodextrins do not give maltodextrin aggregates are 3 toub in
‘solid” NMR signals and melting peak in diameter, approximately the same size as the
differential scanning calorimetry, as observed fat crystal&° which presumably contribute
in the formation of highly ordered domains to the fat-like mouthfeel. Maltodextrins have
of the gel network?2! Hence, acetylation the capacity to participate in Maillard reac-
stabilize the maltodextrins in solution and tions and can be used as nonbrowing carriers
no aggregation or gelation have been ob-for drying sensitive productg.?2136
served.
Variations in DE values results in
maltodextrins with varying physicochemi- B. Polymer—Water Interaction of
cal properties. Hygroscopicity, solubility, Maltodextrins
osmolality, and their effectiveness to reduce
the freezing point increase with increasing 1. Hygroscopicity and Storage
DE, while viscosity, cohesiveness and coarse-
crystal prevention increase as DE decre#ses. Hygroscopicity is one of the most im-
It is possible, however, by altering the tem- portant properties determining the shelf-life
perature of hydrolysis to produce malto-dex- and storage stability of maltodextrins. The
trins preparations that have similar DE val- effect of different relatives humidities (vary-
ues but different proportions of high-and ingfrom 40 to 95%) has been investigat&d.
low-molecular-weight saccharide<Differ- Samples exposed to environments of 75%
ences in these saccharide profiles are ex-relative humidity and more behave pastry in
pected to yield maltodextrins with different texture even after 6 days, while at lower
physicochemical properties. In particular, relative humidities (40 to 60%) samples at-
solubility and solution stability will be influ-  tained equilibrium moisture level after 18
enced by high-molecular-weight compo- days of storage without undergoing any vis-
nents, while viscosity, crystallization, and ible textural changes. According to Radosta
sweetness will depend on the amount of low- and co-workerd® if the maltodextrins are
molecular-weight components. stored above a definite critical water activity
Maltodextrins are suitable ingredients to they stick together and change their state
replace fat in food8%123and contribute and/  from powder to a ‘sorption gel’. Thus, the
or reproduce the fat like mouthfeel in a va- maltodextrins have to be stored under such
riety of products. This sensation presumably conditions to prevent the change from pow-
originates from the three-dimensional net- der to sorption gel (Table 1).
work of submicron particles in structured Absorption of moisture is well accepted
water layers, that function as the structure of in maltodextrins; however, the reason is not
fat. The network is loosely associated and quite solved*and more analysis is required.
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TABLE 1
Critical Water Activity of the Transition
from Powder to Gel Under Sorption

Conditions
Water activity
Pn 045 0.66 0.79 0.93
240 P P P PG
16 P P PG G
9 P PG G S

Note: Pn : the molecular composition of the
maltodextrin. P: powder, G: ‘sorption gel’, S:
syrup, P - G: transition from powder to
sorption gel.

From Ref. 101 with permission.

Donuelly{ after studying the hydroscopicity
of differentp-glucose polymers, suggested
that the presence of compounds like
maltotriose and maltotetraose imparts high
hygroscopicity to sugar mixtures. On the
other hand, individual studi€ssuggest that
moisture absorption increases smoothly with
decreasing molecular weight, while sugars
containing a high-molecular-weight fraction
achieved equilibrium moisture sooner than
the corresponding low-molecular-weight
fraction.

2. Turbidity

Turbidity is considerably important be-
cause it influences the film-forming prop-
erty capable of good retention of volatile
compounds during the spray-drying process,
which is preferable for flavor encapsulation.
Samples with the same level of DE showed
substantial differences in their dispersibilty
in water, while the low DE values display a
relatively low turbidity*°“Mainly, the greater
tendency of amylose to retrograde compar-
ing with amylopectin led to the formation of
haze or precipitation at higher concentra-
tions. Factors that influence haze formation

ology adopted for liquefaction for malto-
dextrins preparations. The use of turbidity
measurements is also a suitable method for
the determination of the rate of formation of
the precipitate®

3. Precipitation

The precipitation of maltodextrins solu-
tions at various temperatures is important
for the storage stability, shelf-life, product
processing, and obviously the final quality
of food preparations. Kennedy and co-work-
ers have extensively investigated the stabil-
ity of aqueous solutions of maltodextrins
(DE 14, 18, 15-25) required for clinical feed
preparationg® They found that the stability
is frequently poor, with precipitation occur-
ring at 25 to 4£°C at a rate that shows a
negative temperature coefficiefit* The
particle distribution is non-Gaussian, with
approximately 90% of the particles having
diameters less than 344m, the spherical
particles ranging from 1.0 to 8Bn and the
mean diameter was found to be . In
order to promote the storage stability of such
aqueous maltodextrins, the presence of inor-
ganic ions should be avoided by the use of
distilled water rather than water purified by
ion exchangé* The addition ofb-glucose
and surfactants, despite the fact that they
affect retrogradation of starch and amylose,
show only a limited degree of improvement
in storage stability. Furthermore, the adjust-
ment of pH of the product in intervals of 3.0
to 3.5 by citric acid provides a valuable sta-
bilization effect.

Analysis of the precipitate formed from
solutions of maltodextrins (DE 14,18) show
that oligosaccharides with degrees of poly-
merization of 11 and above are the major
components, with no evidence for the pres-
ence of small oligosaccharides with degrees
of polymerization up to 7, while the fraction
with DP values above 20 diminishes slightly
with storage timé® This is in agreement

are the type of starch used and the method-with the results by Gidley et al., who ob-
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served that amyloses with mean DP valuesbranched chains that have average chain
lower than 110 were particularly unstable lengths in excess of the minimum DP re-
and precipitated/retrograded faster than mol-quired for retrogradatioft Therefore,
ecules having larger molecular weights (i.e., maltodextrins precipitation is more complex
mean DP values 250, 300) that tend to give and arises from a mechanism that facilitates
turbid suspensions or gels, while the mini- both linear and branched fractions. Such ef-
mum DP required for precipitation is 8 to fects are discussed extensively at the pre-
954 cipitation from potato maltodextrin-gelatin
The above studiéssupport that precipi- mixed solution$? The amount of malto-dex-
tation arises through a mechanism similar to trin precipitated (M) was proportional to the
that which causes retrogradation in amylose, square of its initial concentration and to the
namely, alignment of linear molecules, via first power of gelatin concentration (M =k
hydrogen bonding, to give aggregates that[maltodextrinf [gelatin]), indicating that
ultimately precipitate. Branched structures gelatin drives substantially self-association
interfere with the formation of these aggre- and aggregation of maltodextrins when both
gates, prevent retrogradation, and increasepolymers are present in a single liquid phase.
the stability of maltodextrin solutions. The This dependence support reasonably for the
precipitation on storage of maltodextrins initial rate of a two-coil to double helix tran-
solutions was increased after extended hy-sition for linear maltodextrin chains in the
drolysis time and temperature or increased presence of gelatin. These helices act as
enzyme concentration using-amylase’? nuclei for ordering of shorter segments that
This is simply explained as-amylase will  also grow significantly by the addition of
tend to attack the highly branched starch branched species. Furthermore, 1H NMR
material readily to liberate linear oligosac- studies show that the precipitated maltodex-
charides, and a greater degree of hydrolysistrin is higher in molecular weight and in the
will result in more linear structures present degree of branching than the material re-
in solution.These investigations also found maining in solution while it redisolves at
that a combined use ai-amylase and about80C, behavior that obviously has come
pullulanase enzymatic treatments can pro-from the amylopectin fraction of the original
duce better products in terms of oligosac- starch.
charide composition and by selection of the In summary, the following model for the
reaction times, and storage stability. extent precipitation of maltodextrin from
The use of DE as a method for describ- mixed solutions was proposédthe pres-
ing maltodextrins is not appropriate as well ence of another polymer will drive conver-
as in the prediction of storage stabifityAn sion of maltodextrin from the disordered state
alternative method of defining maltodextrin to the more compact helical conformation.
materials in terms of their oligosaccharide Within the maltodextrin rapid phase growth
component composition obtained by gel fil- of large aggregates by the addition of
tration chromatography was not a full proof branched material to the linear helices will
method for predicting the shelf-life. Samples continue (a kind of ‘synergistic’ interactions)
with similar oligosaccharide component spec- until the ordered core becomes totally
tra can have very different precipitation times screened by the disordered fringe. Finally,
and storage behavior varying from 1 day to phase-separation and macroscopic precipi-
more than 2 years. tation will occur in mixed solutions pro-
However, it has been suggested that moted by large branched aggregated clus-
amylopectin may play an important role in ters. Phase separation and precipitation may
starch retrogradation via interaction of its have also occurred when both polymers con-
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centrations are high, before any significant
ordering.

4. Free and Bound Water

During gel formation a certain amount
of water is absorbed in the system. The part
of the water that underlies maltodextrin-water
interactions can be characterized as ‘bound’
water, while the remaining, which does not
interact with the polymer, could be denoted
as pure ‘free’ water. These interactions are
influenced by the chemical composition, the
chemical modification of maltodextrins (crys-

tallinity, ratio between linear and branched 3.

molecules), the concentration, the sol gel
transition, the temperature, and the other
undissolved substances and show character-
istic peculiarities. Information for the con-
tent and distribution of water in maltodextrins
has been provided from NMR, differential
scanning calorimetry, water vapor sorption
isotherm techniques, infrared spectroscopy,
and ESR spectroscopy studie¥!1%2The
non-freezability of a portion of the water in
maltodextrin solutions and gel was taken as
a measure for polysaccharide-water interac-
tions. A comprehensive review about poly-
mer-water interactions of maltodextrins is
given elsewher&? and only the main find-
ings will be mentioned here (Figure 2).

1. The quantity of polysaccharide-water
interactions is largely influenced from
the concentration of the maltodextrin.
As for starches, the portion of bound
water in relation to total water content

rises with increasing maltodextrin con- 4.

centration. Therefore, as the structur-
ing effect of the maltodextrin on water
increases, the number of structural ele-
ments or aggregates increases, but with-
out changing their micro-structure.

2. It is characteristic that the physical
micro-structure or the state of aggrega-

xerogels, solutions, sol-gel transitions,
gels) do not influence the water inter-
actions and the hydration states. They
all contain the same amount of bound
water at equal polysaccharide concen-
trations. A very weak modification of
the free water results due to the transi-
tion from solution to gel. The aggrega-
tion state (size and shape of the matrix
components) does not change the
amount of bound water and the mo-
lecular mobility of water. Linear or
branched structures of the molecules
influence insignificant the polysaccha-
ride-water interactions.

The mean molecular mass composition
and distribution of molecular masses in
maltodextrins are also responsible for
the physical properties of water. At high
concentrations the interactions between
high molecular mass polysaccharides
and water dominate, while at more di-
luted and liquid systems the interaction
between oligosaccharides and water
increase. The higher the degree of po-
lymerization the higher the bound wa-
ter at high polysaccharide concen-
trations. In low molecular mass
maltodextrin fractions this relation is
reversed with decreasing polysaccha-
ride concentrations. Thus, the oligosac-
charides stabilize the water interactions
in solutions and gels, whereas the
polysaccharides increase the polymer-
polymer interactions. However, high
molecular maltodextrin fractions con-
tain amounts of bound water that are
independent on concentration.

With increasing temperature (1 t¢60Q

a slight decrease of bound water was
found. Structuring of maltodextrin so-
lutions at low temperatures did not re-
sult in detectable change in the amount
of bound water.

Maltodextrins gels are able to include up

tion of the polysaccharide (powder, to9 g water/gdry mass inside the gel matrix;
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nevertheless, the water that shows real inter-helicaljunctions of chains with average an
action with maltodextrin amounts is much helix length longer than 50 to 70 residues,
less only 0.3 to 0.5 g/water/g dry mass (wa- while shorter oligomers than DP 6 have been
ter binding capacity}®'19219%Hence, the main  found to co-crystallize with longer chaiffs.
part of the water in a maltodextrin gel must Long outer linear segments of branched
be located within the gel matrix. Conclu- amylopectin molecules also interact with the
sively, the binding of water molecules by amylose chains. These helical species aggre-
maltodextrins gel network is weak, permit- gate to form crystalline domains, which are
ting a very high molecular mobility of bound embedded in a polymer solution with disor-
water and fast exchange with free water. dered chain segments. Because a portion of
It has been found that the degree of hy- the molecule is sufficiently long and can be
dration of the starches depends on the sourcenvolved in the formation of several crystal-
from which they were isolated and increases line domains, at proper concentrations an
in the series of hydrolyzed starch malto- aggregated network in such domains repre-
dextrin < pea starch < wheat starch < maize sents the junction zones of the polysaccha-
starch®®5! As the degree of maltodextrin ride® The junction zones extend over very
hydration is lower and the mobility of the small dimensions and despite the heterophase
water molecules in the bound state is higher,state the mechanical properties of the
the probability of forming stable clusters maltodextrin gels corresponded to those of a
is higher. These clusters act as nuclei for single phase system.
the formation of the maltodextrins gel net- This ‘synergistic’ interaction mechanism
work. between different fractions is consistent with
studies where the importance of high mo-
lecular weight stable helices capable of form-

IV. MECHANISM OF NETWORK ing ordered domains as essential constitu-
FORMATION OF MALTODEXTRINS ents of the three-dimensional network have
GELS been established, as well as the formation of

shorter structures by cooperatively associat-
The mechanism of network formation ing with the oligomers?¢” Analogous ef-
(or precipitation, as discussed previously) fects have been observed from proton NMR
for maltodextrins can be inferred from the and differential scanning calorimetry by
gelation of starch that is based on the cre-Schierbaum and co-worke¥®:*?! Dea and
ation of co-axial double helices by 1,4-linked co-workers also similarly confirmed that
a-p-glucan chains and the lateral aggrega- maltodextrin gels are apparently composed
tion of these intermolecular associa- of a network of high-molecular-weight
tions29:3467.89,119.12Q\[gltodextrin gels result branched molecules further stabilized by
from coupling interactions between soluble interactions with short linear chaids.
amylose molecules and sufficiently branched Debranching of maltodextrin gels and the
and linear chains of amylopectin mol- analysis of the different fragments by size-
ecules?®67:89.119.120The hydrated linear amy- exclusion chromatography shows that the
lose fractions that have a conformation char- high-molecular-weight fraction was fully ex-
acterized by extended helical regions and cluded (minimum DP= 60) and composed
interrupted by short disordered regions are entirely of branched molecules derived from
responsible for the initiation and accelera- partial depolymerisation of amylopecth.
tion of the gelation. In pure amylose gels The low-molecular-weight fraction (approxi-
conformational ordering occurs from the mate DP range 10 to 60) contain principally
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linear chains, presumably originating from The above conclusions deviate from the
amylose and the outer chains of amylopec- models presented on pure high-molecular-
tin. The high-molecular-weight fraction of weight amylopectin-amylose systefiis,
maltodextrins is capable of forming gels, where incompatibility has been shown. Other
unlike the amylopectin from which it de- authors, therefore, attribute the gelation prop-
rived. The gelation of pure amylopectin oc- erties of maltodextrins to the mutual incom-
curs more slowly than the gelation of amy- patibility between linear and branched chains
lose and seems to involve formation and as are amylose and amylopectin chéins.
subsequent crystallization of helices over a The composition of maltodextrins, however,
length of DPL534541125ych studies clearly and the interacting components, deviate from
indicate that the linear low-molecular-weight the model results on the pure mixtures. It is
fraction must be sufficiently involved in the also known that amylopectin in the amylose-
network structure of the polysaccharide and amylopectin water system can favor the for-
can facilitate structuring of branched spe- mation of amylose aggregates, which are the
cies. Finally, the initial phase of the interac- structural elements for maltodextrin get&2!
tions between linear and branched molecules,Earlier suggestions also deduce that the struc-
the rapid aggregation, and the network for- tural elements inmaltodextrin hydrogels are
mation are generally followed by a long connected to weak, unstable structures by
period of slow structural rearrangements, secondary force.

strongly dependent on concentration and It should be noted that the association

chain length (Figure 3! between specific side chains, aggregation
DsC Shear modulus NMR WAXR
x ) *% Cryst.
AH 4 G 4 1% 46.0 ’
(Jg"  INm™] s/l
101 1000 16
4.5
8t 15
6r 14 130
50 0)
at 13
41.5
2L 42
100
OL. Iy AL 1 1 1 B 0
O 1 2 3 4 5
Time [d1]

FIGURE 3. Time dependence of sol-gel transition of maltodextrin-solution as characterized by low-resolution
NMR (@), wide angle X-ray scattering (*), shear modulus (O), (20% w/w), and DSC-measurements (8% wi/w)
(). (From Ref. 121 with permission.)
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production, and gel formation was acceler- the crystallinity of the amyloses, which also
ated in the presence of partially disintegrated applies for maltodextrin gels. These crystal-
amylose, rather than in the presence of amy-line domains consist of right-hand-ordered
lopectin disintegration product®'?! The double helices aggregated into disc-like elec-
effect is more pronounced in the low con- tron density inhomogeneities with maximum
centration systems, while in the nongelling diameter of 280 nm, height (thickness) be-
solutions amylose as well initiates the for- tween 28 and 36 nm, and radius of gyration
mation of a gel structure. These observa-89 nm (Figure 4)°” The anhydroglucose
tions confirm the suggestion that the linear units in these double helical arrangements
fraction in the dissolved state is responsible packed in a hexagonal unit cell (a =b =1.85
for initiation and acceleration of gel forma- nm, c (fiber repeat) = 1.04 nm, a = b =90
tion. It seems reasonable then to concludey = 120).1%°
that ‘compatibility’ between soluble amy- Nevertheless, the crystalline domains in
lose and branched chain molecules resultingthe disk-like regions are not consist of ideal
in the formation of a mixed maltodextrin gel crystals, but lattice distortions exist in the
structure. interior of the inhomogeneities that are com-
The peculiar gelling properties of posed of many microcrystallites. Approxi-
maltodextrins were attributed to preferential mately 10 to 16% of the carbohydrate chains
ao-amylase action in the amorphous region may be involved in these crystallit@syhich
of the starch granule, leading to extensive are 16 to 17um in size, independent of
hydrolysis of amylose but only to a partial concentratiort®? Branching of the polysac-
hydrolysis of amylopectift Hydrolysis by  charide chains should cause such lattice dis-
a-amylase before and during gelatinization tortions. The crystallites are embedded in a
of starch is likely to occur preferentially in phase containing the noncrystallising parts
the amorphous regions of the granule be-of maltodextrins, which contain amorphous
cause of the protection provided by self- polymer chains and water. The majority of
association of chains in the crystalline re- the water between the crystalline domains is
gions. In addition, low cooperativity of bound water. However, in spray-dried

interactions as well as low molecutaiglu- maltodextrin powder and in the nongelling
cosidic chains may be responsible for this systems crystalline structures cannot be de-
type of gel behaviot?:29.54.120 tected!®® Other conclusions support that

amylopectin makes up the crystalline regions
of the maltodextrins, as they are in a less-

V. MICROSTRUCTURE degraded form than amylose molecuies.
ORGANIZATION OF With increasing concentration of malto-
MALTODEXTRINS NETWORK dextrin, a higher order is developed in the

gel. Nevertheless, the crystallite sizes and
As provided by small and wide-angle the crystallinity of maltodextrin gels as cal-
X-ray scattering, the maltodextrin gels, in- culated from two different reflections of
dependent of DE and carbohydrate profile, X-ray diffraction measurements do not de-
contain crystalline structures. The regions pend on the concentration of the polymer
have the same crystalline structure as(Table 2)** Therefore, increasing the con-
B-polymorph seen in naturally occurring tent of maltodextrin in the system should not
starches of tubers and roots, including modify the concentration and the structure
samples of aggregated so-called retrogradedof aggregates but further increases only the
starch?9.107.108120The crystalline regions in  number of structural elemersAs previ-
starches are generally supposed to be due t@usly discussed, the mobility of water inside
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FIGURE 4. Structural model of the maltodextrin gel (the discs are drawn in profile). (From Ref. 107 with permission.)
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TABLE 2

Crystallite Size L(hkl) Calculated from Two Different Reflections and
Crystallinities ( B) of Maltodextrin Gels of Different Concentrations
as Observed from X-Ray Diffraction Measurements

%w/w concentration hkl
30.2 100
121

30.7 100
121

34.0 100
121

36.9 100
121

38.8 100
121

39.4 100
121

43.5 100
121

From Ref. 51 with permission.

and outside these aggregates is different,

while such aggregates may interact with each
other to give rise to structures of higher or-
der. Information on the shape of gel-forming
molecules was also obtained by the mea-
surements of electron microscopy (Table 3).

L, nm B, arbitrary units

12.0 1.00
8.4

12.0 1.05
7.7

12.0 1.10
8.4

14.0 1.25
8.4

12.0 1.30
7.7

12.0 1.45
8.4

12.0 1.45
7.7

ied2°8866-69]t was found that the tempera-
ture dependence for the formation of a self-
supporting gel was effectively independent
of DE, thus suggesting a similar pattern of
intermolecular bonding for the network-form-
ing chains. By contrast, a sharp increase in

The structural elements seem to have thethe concentration dependence of gel forma-

form of rotary ellipsoids, whereas substruc-
tures have a globular forpf!®

VI. RHEOLOGICAL PROPERTIES
A. Single Systems

1. Low-Amplitude Oscillatory
Studies

The relatively low molecular weight of
maltodextrins makes them very soluble, and
solutions can be prepared at 50% w/w sol-
ids. Depending on the concentration and the
DE value, preparations range from opaque
solutions and pastes to thermally reversible
gelst’ Recently, the gelation of malto-dex-
trins as a function of DE, setting tempera-
ture, and polymer concentration have stud-

tion with decreasing degree of polymeriza-
tion emphasized the necessity for long, lin-
ear macromolecular chains, serving as
nucleation sites, for the development of a
continuous structure.

Using a theoretical approach developed
by Clark and Ross-Murphi,the network
formation of various maltodextrins has been
studied. By this method the modulus can be
fitted with the concentration by the follow-
ing mathematical expression of the cascade
formalism33

CRT

G =
Y

[fa@-v)*(1-8)/2] (1)

In this equation g = 1 for an ideal rub-
ber/ and the factor takes higher values for
biopolymer systems where there is a sub-
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TABLE 3

Structure Forming of Maltodextrins-Solutions As Revealed by

Transmission Electron Microscopy

Concentration

State 15%

80°C-solution

20% 25%

Without any structure, single microspheres 40 to 60 pum

3 h/6°C Microspheres Microspheres Microspheres
weak gel Very small chains 50 um 20 nm
chains, incomplete  comb-like
combs structure 0.6 to 2 nm
24 h/6°C Microspheres Microspheres Microspheres
gel 30 to 40 pm 20 to 30 pum 20 to 30 pm
incomplete combs combs and thick-walled combs
and clusters 2 nm clusters 3 to 5 nm and clusters 2 to 3 nm

Note: The differences of the crystallite sizes in accordance with the vlues from previous
Table 2 was attributed to different sample preparations techniques.

From Ref. 118 with permission.

stantial enthalpic contribution to the elastic-

ity of the networké? The term RT refers to

a result that is expected due to the short
polymeric chains(DR= 35). In accordance

the change of entropy per mole of network with the small degree of polymerization of
chains, and the ratio of ¢ to M is the number maltodextrin chains, the application of cas-

of moles of polymer per unit volume. The
theory also assumes that only a fractiah (
of the available bonding sites (functionality,
f) will react, and of those a proportion (ex-
tinction probability v) will be unable to sup-
port the imposed stress, with the param@ter
being a function ofr, fm andv. Further-
more, the thermal reversibility of physical

cross-links was taken into account by intro-

cade model suggests that there are on aver-
age 2.7 functional points per molecule, a
value that is well below the functionality

(f = 10) used to describe the network forma-
tion of high-molecular-weight gelatin or
agarose samplés.0On the other hand, the
interplay of entropic-enthalpic forces in the
malto-dextrin associations produces a highly
enthalpic network (g = 3.8), when compared

ducing a dimerization reaction between free with the more entropic nature of other
and associated sites, determined by an equibiopolymer gel$82°66 Qverall, the highly

librium constant K, and a minimum critical
gelling concentration (co) below which the
biopolymer is unable to form an infinite
network®!

c, =M(f-1)/Kf(f-2)> (2

ordered enthalpic aggregates, whose micro-
structure bears no resemblance to that of an
entropic rubber network, are in agreement
with the idea of crystalline domains in a
maltodextrin get®”

The molecular weight distribution is also
determining the concentration dependence

The least squares fit to the experimental and the rheological properties of maltodex-
points is shown as a solid line in Figure 5a. trins. A commercial potato maltodextrin
A good quality cascade fit for the SA-2 gels sample (Cerestar, 1906) where the chromato-
produces a high value of co (about 20.2%), gram shows that there is a core of high
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Log (G'/Pa)
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FIGURE 5. (a) Concentration dependence of G' (0.1 rad/s) for SA-2 maltodextrin gels at 5°C. The solid line
traces a cascade fit with the following parameters: g = 3.8, f = 2.7, and ¢, = 20.2%. (From Ref. 88 with
permission.) (b) The blending of two cascade treatments in a concentration-storage modulus continuum for
the maltodextrin gels. The dashed line shows an earlier attempt to fit the full set of points with a single cascade
treatment. (From Ref. 29 with permission.)
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molecular weight chains (about 6% between ment of shear modulus as a function of con-
2x 1P and 5% 10°) was also investigated centration in Figure 5b is due to the transi-
under dynamic oscillation measuremefits. tion from high-molecular-weight assemblies
These chains are capable of forming orderedto large aggregates comprising long helices,
nuclei for the development of a three-dimen- and short linear and branched chains. The
sional network. Shorter chains are not likely algorithm of the cascade model (Eq. 1) also
to participate in the initialization of multi- fit the two curves. These experimental and
functional junction zones, with an average calculated evidences are entirely consistent
helix length of about 70 residues being re- with the proposal of thermally stable long
quired for commencing of the nucleation helices acting as the structural units of this
process? However, it was found that linear maltodextrin network, which, however, en-
oligomers with a MW down to 1000 can courages at high levels of solids the close
crystallize with segments of preformed heli- packing of shorter, thermally metastable seg-
ces thus contributing to the mechanical ments around the central core of helices.
strength of the networ¥. Therefore, the ef- The length and therefore the stability of
fect of addition of short species is significant these associations is limited by the length of
for this batch of potato maltodextrin because the shorter partner, which converted to the
it contains about 32% more material than the disordered state at lower temperatures than
typical preparation within the MW range their longer counterparts, hence producing
from 1000 to 5000, that is, for molecules of the two-tiered melting profile of Figure 6.
7 to 35 glucose units. The two-step develop- Along these lines, the first wave of structural

Log (G'/Pa)

l L) L] L L

0 20 40 60 80 100

Temperature (°C)

FIGURE 6. Controlled heating of maltodextrin gels (% w/w) from 5 to 95°C at a scan rate of 1 deg/min
(frequency of 1.6 Hz; 1% strain). (From Ref. 29 with permission.)
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loss during a heating run abolishes the bulk N-Qil 1l was after 15 h. The cloudness ob-
of peripheral associations leaving intact the served was attributed to a liquid-liquid phase
intermolecular associations of long strands. separation between linear and branched
Therefore, networks at the beginning of the chains due to mutual incompatibility that
second melting process should comprise appeared relatively quickly in both systems.
sparsely cross-linked structures of high-mo- Individual studies also found linearity be-
lecular-weight chain segments in the man- tween the dependence of shear modulus with
ner envisaged for maltodextrin concentra- a concentration of maltodextrin for only a
tions of 20% and below. limited range (15 to 25%). Beyond this lim-
In another commercial sample, like iting concentration there is a maximum ag-
Paselli SA-6, Lycadex, and Optagrade gregate density, whereas the number of struc-
maltodextrins, the elastic moduli (Ghas  tured crystallite components are increased
been found to vary linearly with the concen- further?
tration (do not follow the cascade algo- As a final point, it is evident that the
rithm) 3966 Probably, shorter SA-6 chains botanical origin and the production proce-
(compared with the higher average chain dures are particularly responsible for the
length of SA-2) create a network in a differ- differences in the structural and functional
ent way by agglomeration of aggregated properties of maltodextrins networks that
helices with dominant frictional forces be- drastically related to the final product prop-
tween adjacent particles of aggregated heli- erties. Further studies are needed in order to
ces (g= 10% w/w). The data for Optagrade understand the factors determining the dif-
is also entirely different in form. Network ferences in the gel structure and in the vis-
development was not obtained at concentra-coelastic properties of various origin
tions below=13% w/w, and the concentra- maltodextrin systems.
tion dependence with the logarithm of the
elastic modulus could be fitted by two dif-
ferent straight line® A possible interpreta- 2. Creep and Stress Relaxation
tion of this difference arises from the fact Measurements
that Optagrade is a mixture of maltodextrin
and corn starch. Extended chains create the  Under creep studies maltodextrins show
long range structure by agglomeration of a typically relaxation behavior of thermally
aggregated helices among the short helicesreversible polysaccharide and proteins gels.
and starch granules, producing a more het-Nevertheless, two different patterns of
erogeneous arrangement. Similarly a non- behaviour observed on passing from con-
dendric structure may be presumed for the centrated to dilute get52In very concen-
Lycadex maltodextrin but the critical gelling trated gels the rate of relaxation process are
concentration is much higher (27% w/A®¥). identical, independent of the concentration
The botanical origin may be also responsible (the irreversible deformation amounts to
for differences found in gelation kinetics. about 2%). In this case an increase in the
For instancé! Paselli SA-2 (DE 2.8) from content of polysaccharide in the system re-
potato starch and N-Oil Il maltodextrin (DE sults only in an increase in the number of
3-5) from tapioca starch are clearly true gels structure elements, while the concentration
with comparable properties, however, the within each element stays unchangeth
kinetics of gelation was dramatically differ- dilute gels the rate of relaxation depends on
ent. Thus, under the same conditions andthe concentration (the extent of irreversible
dispersions concentrations, SA2 maltodextrin deformation is about 7%) and indicates that
show gelling behavior after 35 h, while for the systems become more uniform at lower
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concentrations. Such differences cannot bebrittle, while lower concentrations have a
detected from the NMR data, possibly due ‘slimmy’ rather than a creamy character.
to differences in the volume of the structure Their short, pseudoplastic texture was attrib-
elements, which determine the rate of re- uted to the low degree of association among
laxation in these methods. The same relax-the aggregates of submicron particles (about
ation properties were observed for amy- 0.02um), when compared with continuous,
lopectin-amylose-water mixtures at ageing polymer gel networks that many gums
times of 2 and 48 h after the preparation of form.108
gels®? In particular, the mechanical-relax- Nevertheless, investigation of the behav-
ation rates of a constant 5.5% w/w amylose ior of maltodextrins under compression test-
mixture containing increasing concentra- ing in existent food systems is more compli-
tions of amylopectin (0 to 40% w/w) were cated. The processing of various product
studied. At concentrations of amylopectin applications (dairy mixtures, low-fat spreads,
in the range 0to 5.8% and above 12%, etc.) is usually achieved within the tempera-
there is little concentration-dependence, ture range of 60 to 7& from which the
while at the same time that the concentra- polymeric ingredients dissolve or denature
tion of amylopectin ranges from 5.8 to 12% without undue depolymerizatidd?* How-
the relaxation rates increases. Such differ- ever, recent work on water continuous low-
ences in relaxation time could be explained fat spreads, in which maltodextrins are used
as the result of a variation in the interaction as structuring ingredients, suggests that the
between aggregates, the structural elementsaforementioned thermal treatment cannot
of the system. A similar complex character properly dissolve the starch hydrolysatés.
was also obtained in amylose, amylopectin, Checking the effect of temperature on hy-
and their mixtures from the spin-spin relax- dration at various maltodextrins dispersed in
ation time of water molecules using pulse water at 73C, it was found that the polymer
NMR.52 Nevertheless, the level of molecu- content was 75t 2% of the original
lar structure that is involved in the relax- maltodextrin concentration. This may even
ation of stress or creep effects cannot beexplain why inconsistent results were ob-
established yet. tained among HTST-treated maltodextrins
(90°C for 15 s), with samples left for 5 min
at 85C. During cooling spreads from the
3. Large Deformation Properties second preparation are stronger (almost by
5 kPa) than those cooled directly to ambient
Variation of gel strength under compres- temperature, because additional stress-
sion of maltodextrins show a rapid increase bearing maltodextrin chains become
in yield stress with increasing concen- soluble.
tration?! Below a certain concentration The mechanical properties of the dis-
(i.e., 25% wi/w) the gels remain elastic after solved fraction of maltodextrin chains and
compression, while at higher concentrations their contribution to the overall network
the gels are increasingly more brittle and strength were evaluated by analyzing them
fragment after compression. This is indeed after compression testing. As shown in Fig-
another indication that at higher concentra- ure 7, samples showed very weak structures,
tions part of the polysaccharide is acting as reminiscent of thick viscous products. It
a filler within the gel network, rather than seems that the polymeric fraction dissolved
being involved in the tertiary structure, as at 75C is comprised of low-molecular-
previously addressed. Generally, higher con- weight maltodextrin chains that do not ad-
centrations of maltodextrins tend to be more equately develop the elastic component of a
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FIGURE 7. Force-deformation profiles of 250 g/kg maltodextrin samples dissolved at 95°C for 15 min (1),
dispersed at 75°C and HTST treated (2), dispersed at 75°C and centrifuged (3450 g, 30 min) to produce a
precipitate (3), and a supernatant (4). Before the compression analysis samples were left at 5°C for 24 h. (From
Ref. 27 with permission.)

network structure. The tightly packed swol- Incomplete dissolution of maltodextrin
len particles of the precipitate, however, show during commercial production, however,
some structure that clearly distinguishes themmight have a beneficial effect on the rate of
from the liquid-like response of the superna- structure formation on cooling. As discussed
tant, with the matrix managing to withstand previously, it has been shown that retrograded
compression up t87 kPa in a rather discon- amylose can accelerate gelation of hydro-
tinuous breaking pattern due to the absencelyzed potato starch, with its linear chains
of a homogeneous network. By contrast com- facilitating nucleation and then cooperative
pression of the samples, which have beenassociation with the branched, shorter struc-
completely dissolved at 96, gives the sharp  tures of amylopecti®® Because a fraction
breakdown profile typical of strong biopoly- of the maltodextrin sample remains undis-
mer gels, thus emphasizing the importancesolved during a conventional HTST treat-
of the remaining 25% of undissolved ment, its appropriateness as a seeding mate-
maltodextrin to the formation of an integral rial in product development was also
network. Further attempts to see if pasteur- investigated’ The presence of ordered struc-
ization (HTST treatment) reclaims any of ture in a maltodextrin solution reduces the
the undissolved polymer indicate that gelation time dramatically, by almost 50%.
maltodextrins are not dissolved completely However, it remains to be seen if inclusion
by this process (only about 74% of the struc- of a small amount of seeding amylose or
ture is recovered in Figure 7). maltodextrin in the aqueous phases becomes
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an extra help in the product development ence as a third component that can partition
and how this factor could be involved in itself between the two polymer constituents,
product applications. (2) the modulus development as a function
of concentration (cascade formalism) was
derived from the relationship between equi-

B. Steric Exclusion Phenomena in librium shear modulus and number of elas-
Mixed Maltodextrin-Biopolymers tically effective network chains considering
Systems that gel formation due to noncovalent inter-

actions between biological macromolecules

The studies of maltodextrin with sys- is described by a monomer-dimmer equilib-
tems such as gelatin, sodium caseinate, andium, and (3) the Flory deswelling theory
milk protein have been investigated exten- was applied to biopolymer gels assuming
sively in order to gain a better understanding permanent networks on the basis of stress
of the macromolecular organization and the relaxation and dynamic oscillatory evidence.
phase structure of binary systems relevantto  The mathematical modeling of small
the food industry?.68.6988 Mixed solutions  deformation modulus of binary gels has been
show signs of bulk phase separation after attempted initially, as a function of changing
centrifugation at temperatures where the in- polymer composition in the blend, by Clark
dividual components remain stable as disor- and co-workers! It related the mechanical
dered coils. Thus, concentrated preparationsproperties of the composite and bulk compo-
resolve into two liquid layers at equilibrium nents via the equations of the Takayanagi
whose composition defines a cloud point “blending laws”:
curve, or produces an insoluble maltodextrin
precipitate. G, = ¢G, +(1-9)G, 3)

1. Blending Laws VG, =¢/G, +(1-9)/G,  (4)

Recently, some progress has been madevhere G, G,, and G are the moduli of the
in the understanding of how biphasic gels composite, X-phase and Y-phase polymers,
behave in terms of phase continuity, phaserespectively, and f is the volume of phase X.
inversion, and, above all, solvent distribu- For G > G, and the polymer X forming the
tion between the two phas®dt is based on  supporting matrix the above approach gives
the assumption that either bulk phase sepa-an isostrain or upper bound behavior (Eq. 3),
ration to equilibrium takes place first with whereas phase inversion in the system, with
gelation then occurring subsequently and the polymer X being now the discontinuous
independently in each phase or the fastesffiller, results in the so-called isostress or
gelling component does so prior to the estab-lower bound model (Eg. 4). The analysis
lishment of a true thermodynamic equilib- also measured the “relative affinity” of two
rium with subsequent gelation of the second, polymers for water in a composite gel, as-
slower gelling species. A number of theo- suming a thermodynamic equilibrium be-
retical treatments from the realm of syn- tween the two gelled phases, and uses a pa-
thetic polymers were adapted for use in rameter p that divides the ratio of solvent
biopolymer networks, namely, (1) the appli- fraction in one phase (Sx) to the original
cation of blending laws to the phase sepa-(nominal) concentration of the appropriate
rated biopolymer gels was attempted, taking polymer (x) by the corresponding ratio of
into account the complication of solvent pres- the other polymer (1-,9):
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p=(S,/x)/ ([1_sx] /y) (5)  caseinate (above 12.5%) a weak protein struc-
ture is created that is capable of suspending
the stronger maltodextrin particl&dn Fig-
ure 9 the calculated bounds and the experi-
mental results from Figure 8 have been re-
plotted as a function of the parameter p using
Eq. 5. Modeling of the rearrangement of
| Water between the two polymeric constitu-
ents has demonstrated that the water parti-
tion values are profoundly affected by the
phase inversion in the co-gels. Clearly, the
amount of water held in each phase changes
dramatically as the system goes through a
The relevance of this behavior to analy- phase inversion. With maltodextrin as the
sis of mixed gel moduli is that unless the continuous phase, the polysaccharide keeps
system has already separated into discreteone and a half times more solvent than the
phases in the sol state, the first component toprotein (log p= 0.17; p= 1.5). When the
gel will do so at its original, nominal con- Mmacromolecular maltodextrin assemblies are
centration across the whole system. Subse-incorporated in a discontinuous arrangement
qguent gelation of the second component (filler); however, the caseinate molecules
within the pores of the existing gel will then manage to invert the solvent-to-polymer
create a separate (discontinuous) phasedistribution in each phase (log+-0.19;
making a portion of the solvent unavailable p=0.6). In particular, the proportion of sol-
to the polymer in the original (continuous) vent associated with the maltodextrin phase
network. This removal of solvent can be is reduced, as it ceases to be the supporting
regarded as ‘deswelling’ of the continuous phase and becomes the discontinuous filler.
network, raising its modulus, but to a value Obviously, water diffuses in the anisotropic
substantially lower than would have been medium seeking osmotic equilibrium, but
attained if phase separation to the same phas#he decline in the amount of solvent kept in
volumes had occurred prior to gelation. the maltodextrin phase with the reduction in
its surface-to-volume ratio (following phase
inversion) argues for mixed gels trapped
2 Gelation and Distribution of kinetically from equilibrium solutions. Oth-
Water in Binary Systems erwise, the equilibrium value of ‘relative
affinity’ of the two polymers for water should
Recent investigations on systems of di- not be affected by the geometrical rearrange-
rect practical relevance, which one compo- ment of their phases in a binary mixture.
nent of is maltodextrin, has shown evidence  The theoretical postulate of initial phase
of formation of biphasic gels by both mecha- separation and subsequent gelation of the
nisms as discussed above (i.e., phase separgw0 components separately in their own
tion followed by gelation and formation of a phases has been shown to describe well the
second phase within an existing network). steric exclusion phenomena between a com-
From Figure 8 it is evident that low pro- mercial milk protein and maltodextrifiThe
tein concentrations in the blend allow the formation of milk protein or maltodextrin
maltodextrin to form a weak network sur- continuous gels allowed the resolution of
rounding the stronger inclusions of protein two different patterns of water distribution
particles, whereas at higher levels of sodium in the blend. Solvent fractions derived from

However, if a permanent gel network is

formed at one concentration and then taken
to a different concentration by intro-
duction or removal of solvent (swelling or
deswelling), the initial and final moduli (Gi
and Gf) are related to the initial and fina
concentrations (ci and cf) by:

G /K = (Ci /Cf)2/3 (6)
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FIGURE 8. Reproduces the computerized output of calculated bounds for the 15% w/w SA-2 maltodextrin
series with sodium caseinate (SC) plotted against the solvent fraction in the SA-2 phase (polymer X).
Composite bounds of a maltodextrin continuous network run from the top left to the bottom right corner of the
graph, whereas composite curves for a caseinate continuous phase stretch from the bottom left to the top right
corner of the same figure, with both traces crossing at a single point (G, = G, = Gc¢). Experimental points are
marked on the maltodextrin () and sodium caseinate (®) continuous bounds. (From Ref. 88 with permission.)

the calculated upper and lower bounds werebehavior is that the water-binding capacity
used for analysis of water partition between is not only a reflection of the individual
the two phases, yielding # 1.7 (log p= properties of each polymer, but also depends
0.23) for the intercepts in the milk-continu- on the geometrical organization of the
ous systems, whereas the data beyond theomposite’s microstructure. Because it has
phase inversion point (maltodextrin-continu- been demonstrated that the maltodextrin in-
ous systems) are better fitted with a value of clusions are spherical (Figure 10), it has been
p= 1.1 (log p= 0.04). In particular, the proposed that the increase in the amount of
proportion of solvent associated with the milk solvent associated with the maltodextrin
protein phase is reduced as it ceases to be thphase is due to phase inversion, and the en-
supporting phase and becomes the disconsuing increase in its surface-to-volume ratio
tinuous filler. A simple explanation of this as the water tries to diffuse in the anisotropic
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FIGURE 9. Calculated lower bounds for the composite mixtures of 15% w/w maltodextrin series as a function
of log p, with the concentrations of sodium caseinate (%) plotted to the right of the corresponding bounds.
Experimental moduli are plotted on the maltodextrin (H) and sodium caseinate (@) continuous bounds and
relative values of solvent partition at both sides of the phase inversion point are indicated by the arrows. (From
Ref. 88 with permission.)

medium?® Obviously, by accepting diffu- the two polymers for water should not be
sion to osmotic equilibrium as the mecha- affected by the geometrical rearrangements
nism behind water rearrangement, the ap-of their phases in a binary mixture.
proximately round-shaped filler would Furthermore, the kinetic (‘deswelling’)
expose relatively less surface for a given approach to explicit analysis of water parti-
volume, thus reducing its ‘intrinsic’ relative tion between two demixed polymers has been
power of attraction for solvent. Moreover, it utilized to describe the cold-setting aqueous
follows that the difference in p values is the preparations of thermally processed gelatin/
result of phase-separated gels trapped awaymaltodextri§®®® and that, in the hydration
from equilibrium conditions, because the state, form similar species of comparable
equilibrium value of “relative affinity” of  functionality.
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FIGURE 10. Reinforcement (Gcomposite to Gmatrix) of maltodextrin at concentrations between 0% and 12%
embedded in a milk protein gel matrix. Comparison of the experimental results (H) with the predicted behavior
obtained from the Kerner equation for spherical, plate, and rod-like inclusions of maltodextrin filler in the
composite gel. (From Ref. 29 with permission.)

Overall, the appearing picture of the ef- surrounded by others of a different type and
fect of polymer conformation on the state of phase separation occurs in solution. This
phase separation in binary mixtures relevantpersists in the gel state and produces a single
to the food industry has as follow/s?9686988  pattern of water partition throughout the
conformationally similar species in solution concentration range, but it is difficult to say
like the disordered coils of gelatin and if the systems have now reached thermody-
maltodextrin tolerate each other at low con- namic equilibrium.
centrations in a monophasic solution. Dur- Dealing with the question of kinetic in-
ing cold-setting, the faster-gelling polymer fluences vs. thermodynamic equilibrium, it
in each mixture develops its continuous net- has been demonstrated that thermodynamic
work prior to ordering of the second compo- incompatibility between the conformation-
nent. Maltodextrin after ordering claim extra ally dissimilar species of thermally unfolded
solvent and as a result deswell to a certainglobular molecules of milk protein and dis-
extent the protein network, but the systems ordered chains of maltodextrin promotes an
remain under kinetic control with slow dif- early phase separation in solution and then
fusion of water from the faster to the slower in the gel state, that is, at both sides of the
setting component with time. In both sys- phase inversion point. As a result, there is an
tems, at higher concentrations (i.e., at com-immediate reinforcing effect of the malto-
binations above the phase inversion point) dextrin filler on the milk protein gel that
the kinetic effect is swamped by the enthalpic was not observed in the case of gelatin
disadvantage of polymer segments beingand maltodextrin, where composite values
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below the phase inversion point remain close characteristics of the biopolymer networks
to that of the continuous gelatin network at and maltodextrin polysaccharide that can be
its nominal concentration. Hence, above all, used to manipulate the rheological behavior
both deswelled and phase-separated networksind water immobilization of one gelling agent
seem to be under kinetic control with the at the expense of the other. A good under-
solvent continuously seeking (but not achiev- standing of the above blending laws and of
ing within the experimental time constraints) the technical approaches involved will also
osmotic equilibrium. assist the food scientist in placing the devel-
Moreover, phase separation occurs moreopment of novel products on a sound tech-
easily with mixed maltodextrins systems with nological basis.
uncharged polymers (i.e., at low locust bean
gum concentration), compared with the case
of a charged polymer, that is, maltodextrin/ 3. Large Deformation Properties of
carboxymethylcellulosé. Thermodynamic  Low-Fat Spreads Using
incompatibility of maltodextrins (DE 12, 17, Maltodextrins
19) with the presence of proteins is
responsibile as well for reducing the heat The mechanical strength and the gela-
stability of caseinate-stabilized emulsiéhs. tion rate of a maltodextrin structure on low-
Enhancement of thermodynamic incompat- fat spreads depends on the molecular weight
ibility was more evident at higher tempera- of the polymer and the heat treatment. Thus,
tures or at higher molar mass of polysaccha-the effect of gelling hydrolysate chainlength
ride. on the mechanical properties of water con-
The mixed gel phase continuity, phase tinuous spreads was recently briefly investi-
inversion, and solvent distribution in non- gated by gradually replacing the control prod-
equilibrium arrangements should be heavily uct formulation (DE= 3), with lower
governed by the thermal history that the blend molecular weight homologues (DE 6 or
is subjected to. Recent studies found that=8 or=12). The systems were further weak-
different rates of gelation reveal a trend in ened in accordance with the additional re-
the partition of solvent between the constitu- duction in the overall chain length of the
ent structures in the development of com- maltodextrin blend (30%, 60%, and almost
posite modulus, and in the polymer compo- total loss of cohesion, respectivelyMore-
sition at which phase inversion occits. over, it was shown that products hydrolyzed
Rheological measurements and light micros- at the same dextrose equivalent (e.g.,1906
copy work on the gelation and phase separa-Cerestar and N-LiteD, DE 3) have a differ-
tion of gelatin-maltodextrin solutions (quench ent degree of branching in the molecule and
cooling and controlled cooling) confirms the form dissimilar gel networks and dissimilar
shift in the phase inversion point when slow products at the same material concentra-
gel rates are employed. The gradual coolingtions3° The partition, length, and stability of
diminishes the competition between gela- less tightly packed swollen particles, that
tion and steric exclusion and makes the rateinterfere in a such way that the intermolecu-
of phase separation faster than that of gela-lar structure, among the contributions of high-
tion. Again, to what extent this state of equi- molecular-weight fraction determine their
librium had been disturbed by gelation dur- performances.
ing cooling of the phase-separated protein ~ Some background understanding of the
solution remained largely unresolved. phase behavior and rheology of the milk
Obviously, there is a straightforward protein-maltodextrin low-fat spreads with and
positive relationship between ‘performance’ without thickening agents (such as xanthan,
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locust bean gum, guar gum, fibers) and at  Reductions in blood cholesterol levels
different homogenization conditions was as may be achieved by dietary changes other
well attempted’=° It seems that the two than replacing animal fat. For example,
gelling components exclude each other from maltodextrin made from oats, by the action
their phases, thus forming a composite of a of its component beta-glucan, increases high-
milk protein continuous network penetrated density lipoprotein cholesterol and decreases
by the maltodextrin inclusions. It appears low density lipoprotein cholesterdh addi-
also to be a critical ratio of surface area to tion, malto-dextrins are easily digested in
polymer concentration where the interaction the intestinal tract, more quickly than starch
between maltodextrin (and carbohydrates in and somewhat slower than glucose, tending
general) and milk protein switches from being to elevated blood glucose levels.
unfavorable (destruction of protein structure) Certainly, it is not in the scope of this
to being favorable (enhancement of protein article to give a full description of all the
network) by binding flocculation. applications of maltodextrins in the market
of food industry, thus only a brief catego-
rized summary is given below, while more
VIl. FOOD APPLICATIONS information has given elsewhey#,92123.130
Some of the main applications are to formu-
A number of health-related organizations late salad dressings, fillings and gravies, re-
have issued recommendations on reducinghydration drinks, dairy products (including
fat and cholesterol intake levels. As a result, frozen desserts), meat analogues, baked
sales of full-fat products in EU and U.S. goods (pastries, snacks, cakes), confection-
have been declining steadily and increasederies, encapsulation of flavors and colorants,
the demand for new low-fat, low-calorie and in a variety of specific other products.
products®®133 Maltodextrins can be used to replace oils
Maltodextrins have the ability to form in low-calorie salad dressings. In certain
gels and retain water, and therefore are usedgourable and spoonable dressings, malto-
in the food industry as a texture modifier, dextrins have combined with natural and
either for gelation, retention of water, and to synthetic gums such as xanthan and cellu-
a certain extent substitution of fathey per-  lose-based gums. A 25% maltodextrin solu-
form multifaceted functions in food systefds,  tion can replace 30 to 50% of oil in a 30% oil
including (1) bulking, (2) providing resistance spoonable salad dressing, or the malto-dex-
to caking, (3) adding texture and body, (4) trin can be dry blended and added to the
forming films, (5) binding flavor and fat, (6) liquids in the paste portion of the for-
serving as oxygen barriers, (7) giving surface mula!?**?8Maltodextrins are easily miscible
sheen, (8) aiding dispersibility and solubility, with nutritive fats and oils and give emul-
(9) freezing control and preventing crystalli- sions that are stable under refrigerator con-
zation, and (10) as product extenders. ditions. Lower DE maltodextrins result in a
Maltodextrins are also cheaper in comparisonbetter fat binding. In frozen desserts,
with other major edible hydrocolloids, and maltodextrins in combination with cellulose
their solutions have a bland flavor and smooth gums prevent large ice crystals from form-
mouthfeel. Despite their multifunctional per- ing during freezing process and control crys-
formance, usually the addition of hydrolyzed tallization and melt-down. Higher viscosi-
starch is not enough to provide the proper ties, higher consistency indices but less air
texture, sensory qualities, and satisfy con- was incorporated in ice creams with
sumers desires without the addition of other maltodextrin-based formulatiod% Such
carbohydrates and proteins. properties might be useful in creating new
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types of frozen dairy desserts. In the pro- the product to which they are addéd> 72
duction of low-calorie yoghurt, organolep- On the other hand, there are no specific
tic assessments conclude an acceptable qualinvestigations about the properties of mixed
ity of the products, independent of the meat proteins with malto-dextrins.
habital frequency of consumptidh!4 Incorporation of maltodextrins to the
The reduction in the amount of fat ini- ‘light’ bakery products (can be a gram-for-
tially saw the development of spreadable gram fat replacement) does not yet satisfac-
products with half the amount of fat found tory mimic the range of functions of fat;
in traditional embodiments (80% in butter nevertheless, this depends on the degree to
and margarine), and then the formulation of which consumers accept the loss of typical
dispersions with a 20% fat content. Today, characteristic§:10:62123.133135etser and co-
very low-fat preparations have been workers found thick, leathery crusts in cakes
launched to the market with a fat phase ascontaining high levels of an 18-DE corn
low as 3 to 0% of the product. Naturally, to maltodextrin and also in the combinations
preserve the solid-like appearance of low- of maltodextrins with polyol$??
calorie substitutes, maltodextrins were in- Maltodextrins have been proven useful
troduced to structure the increasingly larger to reduce Maillard reactions and used in
aqueous phase. Obviously, the dispropor- microencapsulation of food components
tionate aqueous phase came to dominatesuch as fat and oils, vitamins, minerals, and
the textural properties of products. The colorants®85106.114.12412Fhe microencapsu-
gelling maltodextrins possess brittle or elas- lated materials (core) are covered by a film
tic textural properties, food manufactures coating material (wall) that protects the core
turned to mixtures of proteins or fibers with but releases the contents under the desired
maltodex-tring’20.23,30.37.84,93.949The jdea  conditions. Maltodextrins reveal important
there was to intelligently manipulate the matrix forming properties in wall systems.
exclusion phenomena between polymers andTheir surface active characteristics, how-
to form micron-sized homogenous phasesever, and the low viscosity of their solu-
that alternate through thin interfaces in the tions do not promote emulsification of oil-
mixture and creating a so-called plastic dis- like materials®® High DE molecules protected
persion that imitates the smooth texture andencapsulated orange peel oil against oxida-
creamy mouthfeel requirégs°.7° tion,! suggesting the importance of DE to
Early work by Schiavell8® describe the functionality of the wall system. A re-
that maltodextrins could replace dried milk cent work evaluates squid oil capsule’s pro-
in meat analogues without a disadvantagetection from oxygen as well their thermal
to taste or aroma. A slight decrease in the stability® It has been suggested that cap-
pH values (from 5.9 to 5.5), which is ob- sules containing a wall material from a mix-
tained by this substitution favored stability ture of malto-dextrin as stabilizer, egg yolk
of color and flavor. More recent investiga- lecithin, gelatin and caseinate show optimal
tions® have also proven that maltodextrins protection against oxidation. The thermal
and dextrins interfere with meat protein stability is greater and the self-life is longer
gelation and produced dense, low-yielding than free squid oil and encapsulated squid
sausages compared with textural studies ofoil prepared without them.
sausages containing crosslinked starches and The effect of maltodextrins in protect-
starches with substituted and oxidized modi- ing encapsulated flavors from oxidation
fications. Their effects vary according to varied greatly. Typically, maltodextrins do
the origin of the starch, induced modifica- not result in good retention of volatile com-
tions, conditions of use, and the nature of pounds during the spray drying process, origi-
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nated from their poor film-forming abilityf:111
and from their properties such as turbidity
and hygroscopicity?*Bangs and Reineccitis
reported that retention of volatile flavor com-

pounds decreases as malto-dextrin DE in-

poorly understood. Careful selection or
grouping the raw materials based on the
starch types would probably maximize and
improve their specific applications.

There is further potential for developing

creased, although other individual studies the technology for an effective and controlled
showed that samples having DE between 10production of maltodextrins on a commer-

to 20 could be satisfactory utilized as wall
material for flavor encapsulatidff. Combi-
nations of whey proteins and high DE
maltodextrins (DE 5-15) are effective wall
systems for microencapsulation of volatfi&s.
Such wall systems provide high volatile re-
tention levels and limit the proportion of sol-
vent extractable core. This proportion was
reduced with increasing DE value of carbo-
hydrate. When low DE maltodex-trins are
incorporated at a high proportion into whey-

cial scale. The use of enzymatic hydrolysis
methods must be expanded as the require-
ments of purity and yield become more press-
ing. The recent developments in genetic en-
gineering can as well be considered,
providing ways for a production of highly
active microorganisms to improve the exist-
ing processes.

More work needs to be done in relating
maltodextrin composition to different func-
tionality parameters. However, because of

containing wall systems, they adversely af- the apparent heterogeneity of maltodextrins
fected the emulsion characteristics and causedhis is not as simple as in other polysaccha-
structural defects in the dry product. rides. There is a need for greater use of the
fractionation and reconstitution approach in
order to give fundamental information on
the relationships between the proportions of
the main groups of polysaccharides and func-
The fat replacer market was about $100 tional parameters (e.g., gelation time and
million in 1991 and would grow to $305 strength). Additional attention is requisite in
million by 1996 in the U.S.According to  order to establish evaluation methods be-
the continuing development of links between tween the functional properties of malto-
diet and health, the technology of maltodex- dextrins, the preconditions for network struc-
trins production will continue to advance ture in connection with the physical attributes
considerably. A large number of different of processed products.
maltodextrins are already available and valu-  There is a need to develop theoretical
able, enlarging the list of additives for appli- models that predict structural-functional
cation in the food industry (Table 4). Prod- properties at a fundamental molecular level,
uct applications and the development of new such as based on Eq. 1. Knowledge of the
methods for specific formulations will con- dependence of different functional param-
tinue to expanded furthér. eters on the molecular weight of maltodextrin
Studies on starch have provided a back-would be of great value for the formation of
ground to gain a better understanding of the desired maltodextrin networks. The proper-
maltodextrin properties; however, it is clear ties of mixed systems containing maltodex-
that their properties and use have unusualtrins and the relative effect of kinetics on the
and unique characteristics. Although the dif- physical properties of foodstuffs comprise
ferent starch types may partially account for maltodextrins, still await answers. These
the differences in processing, structural and considerations appear to place constraints
functional properties of maltodextrins, the on the range of the use of maltodextrins,
exact causes for such variations remain nevertheless, the recent advances have not

VIIl. FUTURE DIRECTIONS
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received the most interest. It is necessary tothe system. The availability of economically
predict and understand the effect and perfor-produced maltodextrins would greatly ac-
mance of maltodextrins on the flavor com- celerate the step at which fundamental and
ponents, shelf life, long-term storage condi- practical studies can be exploited.

tions (at or below ambient temperatures),
and browning reactions in food systems. They

must be correlated, if possible, with the com- REFERENCES
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