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Abstract

Professional health bodies such as the World Health Organization (WHO), the American Academy 

of Pediatrics (AAP), and the U.S. Department of Health and Human Services (HHS) recommend 

breast milk as the sole source of food during the first year of life. This position recognizes human 

milk as being uniquely suited for infant nutrition. Nonetheless, most neonates in the West are fed 

alternatives by 6 months of age. Although inferior to human milk in most aspects, infant formulas 

are able to promote effective growth and development. However, while breast-fed infants feature a 

microbiota dominated by bifidobacteria, the bacterial flora of formula-fed infants is usually 

heterogeneous with comparatively lower levels of bifidobacteria. Thus, the objective of any infant 

food manufacturer is to prepare a product that results in a formula-fed infant developing a breast-

fed infant-like microbiota. The goal of this focused review is to discuss the structure, synthesis, 

and function of carbohydrate additives that play a role in governing the composition of the infant 

microbiome and have other health benefits.
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1. Introduction

The infant food and formula industry is currently valued at $45 billion per year.[1] While 

global birth rates are declining, the expansion of the middle class in developing countries is 

driving the sale of infant food products.[2–4] From a health standpoint, this is a curious 

development, as the influence of breastfeeding on infant health is well known. Breastfeeding 

not only provides short- and long-term health benefits to children and women but also 

provides socioeconomic benefits spanning all income levels.[5–9] Accordingly, exclusive 

breastfeeding is recommended for the first six months of life with continued breastfeeding, 

complemented by appropriate foods, for up to two years of age or beyond.[10–14]

While many families hope to follow these recommendations, parents in Western countries 

usually rely on infant formula and other food products for some portion of their child’s 

nutritional requirements. In situations where it is not feasible to breastfeed, these products 

are considered the best alternative. By definition, infant formula is a manufactured food 

product, usually milk-based, and designed for feeding children less than one year of age. In 

the United States, the molecular composition of infant formula is highly regulated by the 

federal government and is considered a safe substitute for breast milk. This is a necessary 

precaution as 25% of children born each year are fed formula from birth.[15, 16] By the 

time they reach three months of age, three million infants per year are reliant on formula. 

Most infant foods are milk-based products fortified with ingredients such as vegetable oils, 

starches, and vitamins to mirror the molecular composition of human milk.[17–19] 

Molecular composition is critical as infant formula is the sole source of nutrition for a 

vulnerable population. The first four to six months of life represent a period of rapid growth 

and development. Thus, nutritional requirements are greater during this period than at any 

other time in life. Unlike foods included in a mixed diet, inadequate nutrition in formula 

cannot be compensated for by other foods. Therefore, it is critical that breast milk substitutes 

meet the dietary requirements needed during infancy to ensure proper growth and 

development.

An important area of development is the gut microbiota,[20] which plays a critical role in 

facilitating normal growth and providing optimal protection against infection during the first 

months of life.[21–24] Microbial gut colonization in infants is influenced by several factors 

including location of birth, mode of delivery (vaginal vs. caesarian),[25, 26] gestation 

period,[21] antibiotic use,[21] and method of feeding.[25, 27–29] Prebiotics and probiotics 

promote gastrointestinal health by governing the composition of the microbiota.

The breast-fed microbiota is dominated by bifidobacteria[30, 31] and lactobacilli[31], 

whereas the formula-fed microbiota is highly variable in composition and influenced by the 

molecular composition of the formula.[32] Several studies have suggested that human milk 

contains oligosaccharides that play a defensive role against pathogens.[33–40] Evidence 

suggests that several classes of naturally occurring fibers are prebiotics that select for the 

growth of symbiotes over pathogens. A number of additional studies have demonstrated 

further health benefits of these molecules, including reducing the incidence of necrotizing 

enterocolitis (NEC) and improving immune function.[41–45]
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In order to mimic these properties, infant food products can be supplemented with 

carbohydrate additives marketed as prebiotics.[15–17, 19, 28, 32] Three classes of 

oligosaccharides are currently recognized as prebiotics: (i) inulin-type fructans, (ii) trans-

galactooligosaccharides, and (iii) lactulose. Oligosaccharides studied for use in infant 

formula are presented in Table 1. Formulas supplemented with galacto-oligosaccharides, 

fructooligosaccharides, inulin, lactulose, and polydextrose have been marketed in Japan and 

Europe and have been studied extensively in the clinic in the United States. These molecules 

generally resist gastric acidity, hydrolysis by mammalian enzymes, and intestinal absorption. 

They are also fermented by the intestinal microflora into short chain fatty acids (SCFAs), 

which assists in selectively stimulating the growth of symbiotic bacteria in the colon.[46] 

While many of these molecules have adult food applications,[47–49] this focused review 

aims to discuss the structure, production, and function of carbohydrates used to assist in the 

development of a healthy infant gut flora and promote other health benefits.

2. Carbohydrate additives

2.1. Fructans

2.1.1. Chemical structure—Fructans are a heterogeneous group of polymers composed 

of fructose (1) residues.[50–53] The chemical structure of a fructan varies with respect to 

glycosidic linkage and degree of polymerization.[51–57] In general, fructan structure 

consists of a linear chain of fructose (1) units terminated by a glucose (2) residue (Figure 1). 

The simplest example of this structure is sucrose (3), which contains one fructose (1) unit 

terminated by a glucose (2) residue. Chains contain either β−2,1 or β−2,6 glycosidic bonds 

suggesting that the polymeric chain is resistant to enzymes in the human digestive track 

specific for α-glycosidic linkages. Chain lengths are highly variable and incorporate 

between 2 and 200 residues. Due to the heterogeneity of the family, fructans have been 

organized into structurally distinct subclasses based on chain length: short chain 

fructooligosaccharides (scFOS), oligofructose (fructooligosaccharides, FOS), inulin (4), and 

levan (5).[58, 59]

scFOS are defined as mixed, polymerized chains of fructose (1) incorporating between 3 and 

5 residues per chain.[60, 61] Oligofructose contain between 6 and 10 residues, with 9 

residues being most common. Inulin (4) has a degree of polymerization ranging from below 

10 to 200 residues with an average of 12 units per chain. Interestingly, while plant inulin 

chains incorporate fewer than 200 residues, bacterial inulin chains incorporate 10,000 to 

100,000 residues per polymer.[62] Inulin (4) containing a degree of polymerization above 10 

is known as long-chain inulin. Finally, levan oligosaccharides (5) are structurally similar to 

inulin (4), but feature β−2,6 glycosidic bonds.

2.1.2. Production and synthesis—scFOS and oligofructose (fructooligosaccharides) 

are produced by β-fructofuranosidase, a transfructosylating enzyme that transfers fructose 

(1) from one molecule of sucrose (3) to another (Figure 2).[63, 64] β-fructofuranosidase first 

breaks the β−2,1 sucrose glycosidic bond then covalently binds to the freed fructose (1) 

residue to form intermediate (6). The fructose (1) unit of this covalently linked intermediate 

(6) is then transferred to a molecule of sucrose (3) or additional fructooligosaccahride.[64] 
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The raw starting material is sugar beet, a plant whose juices contain ca. 60% sucrose (3).[65] 

Fructans are also directly isolable in varying amounts from onions, garlic, artichoke, wheat, 

and bananas. During fructan production, three linear oligomers are produced: 1-kestose 

(40%) (7), nystose (50%) (8), and 1-fructofuranosylnistose (10%) (9). Additionally, scFOS, 

oligofructose, and inulin (4) can all be produced on industrial scale through the hydrolysis of 

“long-chain inulin” isolated from chicory, dahlia, or Jerusalem artichoke.[64] Levan (5) is 

produced by levansucrase, a fructosyltrasferase with both hydrolase and transferase activities 

that belongs to the glycoside hydrolase (GH) family 68.[66–69] As it is of the same clan of 

enzymes (GH-J) as β-fructofuranosidase, levansucrase uses sucrose (3) as its source of 

fructose (1).[69]

2.1.3. Function—Fructans (4–5) are a class of nondigestible oligosaccharides [70–75] 

that provide both energy and immunoprotective benefits.[73] Because the pancreas and 

small intestinal mucosa do not secrete enzymes capable of hydrolyzing β−1,2 

fructosylfructose glycosyl linkages, fructans are not degraded between the mouth and small 

intestine. Once they reach the colon, bacteria ferment fructans into SCFAs.[46]

In vitro culture studies have demonstrated scFOS and oligofructose are selectively used by 

bifidobacteria and lactobacilli.[76–78] Marx and coworkers have studied the growth of 

various strains of bifidobacteria using fructans as the sole carbon source.[79] The study 

demonstrated that different strains of bifidobacteria are capable of metabolizing β−2,6 

linked FOS when it is supplied as the sole carbon source. B. adolescentis demonstrated the 

greatest growth increase and was the only strain successful at metabolizing fructans of all 

lengths. Growth of other strains slowed or stopped once short-chain oligosaccharides were 

consumed. In a related experiment, Kaplan and Hutkins measured the ability of distinct 

strains of lactobacilli to ferment scFOS.[80] Of the 16 strains of lactic acid bacteria 

examined, 12 were able to ferment FOS to SCFAs. Interestingly, some bifidobacteria and 

lactobacilli are substrate specific and act selectively on fructans based on chain length. For 

example, some species of lactobacilli are able to use 1-kestose (7) and nystose (8) but not 

fructosylnystose (9).[81]

Fructan supplementation has been shown to increase the occurrence of beneficial bacteria, 

such as bifidobacteria and lactobacilli, while decreasing counts of potential pathogens, such 

as Clostridium perfringens and Escherichia coli.[82, 83] This provides a secondary 

mechanism by which fructans contribute to a healthy microbiota. Moreover, because the 

fermentation of fructans produces SCFAs, the pH of the gut is lowered, which inhibits the 

growth of many pathogenic species.[46, 84]

The benefit of fructans for digestive health extends beyond balancing gut composition to 

positively impacting various aspects of digestive health spanning regulation of inflammation 

and immune responses to preventing diarrhea.[85–88] These health effects are likely due to 

the promotion of select bacteria, which are known to be immunostimulatory (e.g., 

bifidobacteria and lactobacilli) and/or the increase in concentration of selected SCFAs, 

which are known to promote healthy colonic tissue and function.[84] Moreover, because the 

increased presence of fructans increases the amount of carbohydrates in the gut, 

carbohydrate metabolism will be increased relative to milk protein metabolism. This shift 
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would be accompanied by an increase in the healthy byproducts of carbohydrate 

metabolism, such as SCFAs, but not the harmful by-products produced through protein 

metabolism and fermentation, such as urea, uric acid, ammonia, and nitrogenated 

heterocycles.[89, 90]

Inulin (4) and oligofructose are considered safe inducers of a bifidus flora. The first 

prebiotics added to infant foods featured a combination of GOS (12–14) and long-chain 

inulin (4), vide infra.[91] While this formulation has been distributed throughout Europe for 

close to twenty years, it is not currently available in the American market. Post-marketing 

reports on this formulation suggest a beneficial effect on the infant gut flora after one month 

of use as counts of bifidobacteria and lactobaccili increased significantly from baseline 

levels to levels observed in breast-fed infants.[92, 93] Additionally, the species of 

bifidobacteria and lactobacilli present paralleled those seen in breast-fed children.[94] A 

significant reduction in common pathogens was also observed.[95]

Fructans (4–5) also have the potential to modulate immune activity. Various studies have 

shown that a combination of inulin (4) or GOS (12–14) and FOS (4–5) tends to increase 

blood IgG levels in infants.[96, 97] IgG is an important antibody in the fight against 

bacterial and viral infections. Additionally, an inulin (4)/GOS (12–14) mixture was shown to 

lead to a reduced occurrence of allergic symptoms in infants as shown by increased levels of 

IgA in fecal matter.[98, 99] Other immunological properties attributed to fructans are 

detailed in a recent review by Vogt, et. al.[100]

Inulin (4) and oligofructose have also been studied in weaning foods for toddlers. In addition 

to decreasing the presence of pathogens and increasing the presence of bifidobacteria, inulin 

(4) and oligofructose supplementation led to fewer incidences of fever and diarrhea in 

healthy toddlers.[96]

2.2. Galactooligosaccharides (GOS)

2.2.1. Chemical structure—Galactooligosaccharides (GOS) (12–14) are nondigestible 

oligosaccharides composed of repeating galactose (10) units capped with lactose (11) at the 

reducing end (Figure 3). The chemical structure of GOS (12–14) varies with respect to chain 

length, branching, and glycosyl linkage. GOS (12–14) typically have degrees of 

polymerization ranging from 2 to 10 Glycosyl linkages include β−1,3 (12), β−1,4 (13), 

and/or β−1,6 (14), and the type of linkage is determined by enzyme source.[101, 102] For 

example, β-galactosidases from Kluyveromyces lactis and Aspergillus oryzae generate 

predominantly β−1,6 linked GOS (14).[103, 104] In contrast, β-galactosidase from Bacillus 
circulans produces predominately β−1,4 linked GOS (13).[103, 104]

2.2.2. Production and synthesis—Galactooligosaccharides (12–14) are produced by 

the transglycosylation of lactose (11) by microbial β-galactosidases (Figure 4). Although 

GOS (12–14) can be prepared from purified lactose, it is typically prepared from lactose in 

the whey by-products of the dairy industry.[105, 106] β-galactosidase is a glycosyl 

hydrolase with two catalytic activities, hydrolysis and transglycosylation.[107, 108] The rate 

of hydrolysis to transglycosylation is dependent on enzyme source, but it can be altered by 

several factors including substrate concentration, temperature, buffer, reaction time, and pH.
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[109–111] Following cleavage of the glucose-galactose glycosidic bond of lactose (11), a 

covalent bond is formed between β-galactosidase and galactose (10). Next, the galactose 

residue from this covalent intermediate (15) is transferred to an acceptor. When the acceptor 

is lactose (11), the resulting trisaccharide is a β−1,3 galactooligosaccharide (16). This cycle 

can then be repeated to further elongate the original galactooligosaccahride to yield longer-

chain β−1,3 galactooligosaccharides (12). Because any available nucleophile, including 

water, can serve as the acceptor, the resultant GOS mixture contains substantial amounts of 

glucose (2) and galactose (10) (products of lactose hydrolysis), along with unreacted lactose 

(11) and GOS of various lengths. Commercially available GOS products contain a range of 

concentration of monosaccharide and lactose byproducts but typically contains upwards of 

55% GOS content.[101, 105]

While β-galactosidases are found across nearly all species, microbial β-galactosidases from 

fungi, yeast, and bacteria are commonly used in the industrial synthesis of GOS (12–14) due 

to ease of handling and increased oligosaccharide yields.[101] Additionally, β-

galactosidases are used in a variety of forms including both crude and purified enzymes, 

recombinant enzymes, immobilized enzymes, and whole-cell biotransformations.[101] 

Protein engineering to increase GOS (12–14) production has also been explored. The 

Jorgensen group found that a truncated β-galactosidase from B. bifidum increased the 

transgalactosylation activity of the enzyme relative to the parent enzyme.[101, 112] 

Immobilized enzymes provide a means of “green” prod uction as the enzymes can be reused 

for several batches and often increase GOS (12–14) production. Systems for β-galactosidase 

immobilization include microparticle carriers such as ion exchange resins, chitosan, 

cellulose, agarose or acrylic beads, and silica nanoparticles.[77, 101, 106, 113, 114] Fibrous 

supports such as cotton cloths are also used.[101, 106]

2.2.3. Function—Similar to fructans, GOS (12–14) are able to withstand the acidic 

environment of the stomach and the digestive enzymes of the small intestine. Once in the 

large intestine, they act as prebiotics and are fermented selectively by symbiotic bacteria. 

The biological effects of human milk versus infant formula supplemented with GOS (12–14) 

have been studied. A recent review by Macfarlane and coworkers gives an extensive outline 

of the bacterial metabolism and health-related benefits of GOS (12–14) and other prebiotics.

[106] In this review, the authors summarize several studies on the effect of GOS (12–14) on 

the microbiota of infants. These studies show that infants fed GOS (12–14) have higher 

counts of certain bifidobacteria and lactobacilli strains in their feces than those on a placebo. 

Watson and co-workers found that when compared to other carbohydrates, GOS (12–14) and 

lactulose (24) (described below) have favorable growth characteristics for 29 strains of 

lactobacilli and 39 strains of bifidobacteria.[31] The authors also suggested that although not 

all strains of tested bacteria have the ability to use GOS (12–14), it is possible the intestinal 

community may metabolize GOS (12–14) in a way beneficial to these strains. In a study by 

Haarman and Knol, it was found that infants fed a combined GOS (12–14)/inulin (4) (9:1 

ratio) supplement had increased total bifidobacteria counts dominated by B. infantis, B. 
longum, and B. breve. This microbiota composition is similar to that of breast-fed infants.

[93],[106]
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GOS (12–14) supplementation is accompanied by a number of safety concerns. GOS-

supplemented formula tends to result in softer stool. Additionally, infant dehydration was 

observed but was eventually found negligible in a study by Williams et. al.[115]

In a study by Verheijden and coworkers, dietary GOS (12–14) were shown to suppress 

allergic asthma in a murine model.[116] Similarly, it has been shown that GOS (12–14) 

enhances response to vaccination and decreases development of allergic responses in murine 

models.[117] This study was extended to clinical trials of infants with a family history of 

allergy. Infants fed a GOS-supplemented diet had a reduction of plasma IgE levels and an 

increase of plasma IgG4 levels, which correlates with reduced allergic response.[117] Using 

a piglet model, Alizadeh and et. al found that in addition to stimulating the development of a 

healthy microbiome, GOS (12–14) were able to modulate responses of the innate immune 

system.[118] Specifically, they saw an increase in pBD-2, a defensin that provides protection 

against invading pathogens, and sIgA, which binds harmful antigens and neutralizes toxins. 

These results and others demonstrate the possibility of an immune system enhanced by 

GOS-supplemented formula.[119]

2.3. Lactose and congeners

2.3.1. Chemical structure, production, and synthesis—Lactose (11) is a 

disaccharide consisting of glucose (2) at the reducing end linked to galactose (10) through a 

β−1,4 linkage. In mature human milk, lactose (11) is the largest macronutrient component at 

a concentration of 70 g/L.[120] Lactitol (22) is a non-naturally occurring sugar alcohol 

derived from the reduction of lactose (11). Lactulose (24) is an unnatural ketose disaccharide 

consisting of a reducing end fructose (1) linked to galactose (10) through a β−1,4 glycosydic 

linkage.

Lactose (11) is synthesized in the mammory gland by the lactose synthase complex via the 

transfer of uridine 5’-diphosphate galactose (UDP-galactose) (19) to glucose (2) (Figure 

5B). The generation of UDP-galactose (19) can occur through two pathways. In the first of 

these pathways, glucose 1-phosphate (17) is converted to UDP-glucose (18) by UDP-

glucose pyrophosphorylase (Figure 5A). Next, UDP-glucose 4-epimerase epimerizes the C4 

stereocenter to generate UDP-galactose (19). Presumably, epimerization occurs through 

selective oxidization of the alcohol to its corresponding ketone followed by reduction back 

to the alcohol. In the second possible pathway, galactose (10) is phosphorylated by 

galactokinase to yield galactose 1-phosphate (20) (Figure 5A). Galctose-1-phosphate 

uridylyltransferase then transfers a uridine 5’-monophosphate (UMP) from UDP-glucose 

(18) to galactose-1-phosphate (20) to generate glucose 1-phosphate (17) and UDP-galactose 

(19).[121]

The lactose synthase complex consists of two proteins, galactosyltransferase and α-

lactalbumin.[122] While galactosyltransferase is found outside the mammory gland, α-

lactalbumin is expressed only in the mammory gland. α-lactalbumin is vital to lactose 

production as it promotes the preferential use of glucose (2) by galactosyltransferase. In the 

absence of α-lactalbumin, glucose (2) is a poor substrate and galactosyltransferase will 

catalyze the transfer of UDP-galactose (19) to N-acetylglucosamine. In the presence of α-
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lactalbumin, however, the Km of galactosyltransferase for glucose (2) is reduced by three 

orders of magnitude, allowing for lactose (11) synthesis at physiological glucose 

concentrations.[123]

Lactitol (22) was first described by J.B. Senderens in 1920. Senderens, along with Paul 

Sabatier, also founded the modern process for lactitol (22) production via lactose (11) 

hydrogenation using a nickel catalyst.[124] Following this initial preparation, additional 

preparations were described by Karrier and Buchi and Wolfram, et. al.[125] Currently, 

lactitol (22) is prepared industrially via catalytic hydrogenation (Figure 6). Once heated to 

100°C, lactose ( 11) in its open chain form (21) is subjected to hydrogenolysis at 40 bar. The 

solution is then filtered, purified using ion-exchange resins and activated carbon, 

concentrated, and crystallized to yield lactitol (22).[125] Lactose (11) hydrogenation can, 

however, often result in numerous undesired side products.[126] Hydrogenation is generally 

performed with a Raney nickel or sponge nickel catalyst.[125] Ruthenium over carbon 

catalysts have also been used. While sponge nickel and Ru/C catalysts have been shown to 

be highly selective for lactitol (22) production, these catalysts can suffer from severe catalyst 

deactivation.[126]

Lactulose (24) is an isomeric form of lactose (11) produced through Lobry de Bruyn-

Alberda Ekenstein rearrangement of lactose (11) in basic solution (Figure 7A). The initial 

preparation of lactulose (24) was reported by Montgomery and Hudson in 1930 via the 

heating of a lactose solution in limewater.[127] Since its initial preparation, a variety of 

catalysts for lactulose production have been reported including various alkaline hydroxides, 

sulphites, phosphates, and tertiary amines.[128] A second method of production relies on the 

Amadori rearrangement (Figure 7B). Under this method, reaction with an amine and 

subsequent hydrolysis results in lactulose formation. To reduce side products, aluminates or 

borates are added as complexation reagents to shift the reaction equilibrium toward lactulose 

production.[129] Lactulose (24) is also produced by heating milk. As such, lactulose (24) 

may be present in heat-processed dairy products even though it is not present in nature.[130],

[131] Finally, lactulose (24) can be synthesized via enzymatic synthesis using β-

galactosidases from various sources, such as Kluyveromyces lactis and Aspergillus oryzae, 

in a transglycosylation reaction of lactose (11) and fructose (1).[132], [133]

2.3.2. Function—Lactose (11) cannot be directly absorbed in the small intestine. Rather, 

when lactose (11) reaches the small intestine, it is hydrolyzed into galactose (10) and 

glucose (2) by the intestinal lactase β-galactosidase.[134] Glucose (2) then enters circulation 

where it is used as an energy source. Galactose (10), however, must be converted to glucose 

(2) in the liver before it can be used as an energy source.[135] When lactose (11) is digested 

in the small intestine, it provides about 4 kcal/g of energy. Although lactase deficiency 

causing lactose intolerance is rare in full-term infants, if lactose (11) escapes digestion it is 

fermented by saccharolytic colonic bacteria into SCFAs providing approximately 2 kcal/g of 

energy.[136] This anomaly has led some to consider lactose (11) as a conditional prebiotic.

[137]

While simple sugars such as glucose (2), sucrose (3), or fructose (1) are also potential 

energy sources, their increased sweetness relative to lactose (11) makes them less appealing 
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as carbohydrate infant formula additives. An increased sweetness of milk has been thought 

to potentially encourage overeating and lead to an increased preference for sweet foods. In 

addition to lower sweetness levels, lactose (11) has been found to be less cariogenic than 

simple sugars. This is likely due to the relatively slow fermentation of lactose (11) in the oral 

cavity.[136]

Interestingly, lactose (11) enhances mineral absorption. In a study by Ziegler and Fomon, 

infants fed formula featuring lactose (11) as the sole carbohydrate source showed 

significantly greater net absorption and retention of calcium, magnesium, and manganese 

than infants fed formula containing sucrose (3) and corn starch hydrolysate.[138] In a 

similar study by Abrams, et. al. infant formula containing lactose (11) was found to 

significantly increase calcium absorption compared to formula containging glucose 

polymers.[139] Moya et. al. also found lactose (11) to enhance calcium absorption compared 

to glucose polymers.[140]

Unlike lactose (11), lactulose (24) cannot be broken down by lactase and is not digested and 

absorbed in the small intestine.[141] Instead, lactulose (24) is fermented predominately by 

bifidobacteria and lactobacilli. The lack of digestion and the selective fermentation by 

symbiotic bacteria qualifies lactulose (24) as a prebiotic. Bacterial fermentation of lactulose 

(24) results in about 2 kcal/g of energy.[136] Petuely first reported lactulose’s ability to 

serve as a bifidus factor in 1957.[142] Since this initial report, lactulose’s prebiotic effects 

have been well documented and it is often cited as the original prebiotic.[143]

In a report by Nagendra et. al., supplementation of infant formula with 0.5–1.0% lactulose 

(24) was sufficient to stimulate bifidobacteria growth comparable to that found in breast-fed 

infants. Lactulose incorporation of 1%, however, also resulted in a partial laxative effect. In 

addition, formula with 0.5% lactulose (24) was shown to have similar pH lowering effects as 

that of breast milk.[144] Numerous additional studies have illustrated the ability of lactulose 

(24) to stimulate the growth of bifidobacteria and lactobacilli.[31, 145–147] In a study by 

Watson and coworkers, 29 human-derived lactobacilli and 39 bifidobacteria strains were 

tested for their ability to metabolize ten different carbohydrates. Of the ten tested, lactulose 

(24) (along with GOS) supported the most favorable growth for both lactobacilli and 

bifidobacteria.[31] In an additional study by Rastall et. al. comparing in vitro fermenation of 

various disaccharides by lactobacilli and bifidobacertia, lactulose (24) was again found to 

support one of the highest levels of growth for both bacterial types.[148]

In addition to increasing counts of healthy bacteria like bifidobacteria and lactobacilli, 

lactulose (24) has also been shown to inhibit the growth of several gram-negative bacteria. In 

a nine week study by Ballongue et. al., the effect of lactulose (24) on human intestinal flora 

composition was determined via microbial analysis of feces.[149] Their analysis showed a 

decrease in the populations of Bacterosides, Clostridium, Eubacterium, and coliforms. This 

decrease was accompanied by an increase in bifidobacteria and lactobacilli populations and 

a drop in fecal pH. The ability of bifidobacteria and lactobacilli to better use lactulose (24) 

was also shown by Rastall et. al.[148] In this study, while lactulose (24) was found to 

increase bacterial populations of Bacterosides, Clostridium, and Eubacterium after 12 h of 

fermentation, the increase in bacterial counts for bifidobacteria and lactobacilli were much 

Ackerman et al. Page 9

Carbohydr Res. Author manuscript; available in PMC 2018 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



larger. These selective growth patterns gave lactulose (24) the second highest prebiotic score 

of the fructose-containing disaccharides tested.

Much like lactose (11), lactulose (24) does not cause tooth decay do to its low cariogenicity.

[136] Lactulose (24) is also similar to lactose (11) in its lowered sweetness compared to 

sucrose (3). It is, however, sweeter than lactose (11).[150]

Lactitol (22) is not digested in the upper gastrointestinal tract due to the lack of a suitable β-

galactosidase. A study by Jägerstad and Nilsson fo und hydrolytic activities of β-

galactosidase towards lactitol (22) to be less than 2% of that towards lactose (11).[151] 

Lactitol (22) thus reaches the colon where it can be metabolized by saccharolytic bacteria to 

provide 2 kcal/g.[136] As with lactulose (24), higher lactitol (22) intakes can produce 

laxative effects. Several studies have shown lactitol (22) to act as a prebiotic by promoting 

the growth of bifidobacteria and lactobacilli.[125, 145, 146] Kontula et. al. tested nine 

strains of lactic acid bacteria and human fecal and biopsy isolates.[152] While various 

lactobacilli strains were found to grow well on lactitol (22), lactulose (24) was generally 

able to stimulate greater bacterial growth. Similar results were found in an in vitro study by 

Kneifel et. al. investigating the influence of various reported prebiotic carbohydrates on the 

growth of several bifidobacteria and lactobacilli strains.[147] Again, while lactitol (22) was 

shown to promote growth for several of the tested strains, the growth was not as high or as 

consistent as was seen with lactulose (24).

Fermentation of lactitol (22) by saccharolytic bacteria has also been shown to decrease 

counts of proteolytic bacteria such as Bacteroides, coliforms, Enterobacteria, and 

Enterococci.[125, 153] In the aforementioned study by Ballongue et. al., lactitol treatment 

over nine weeks was shown to decrease bacterial populations of Bacteroides, Clostridium, 

coliforms, and Eubacterium. The population decreases were not as large as those seen with 

lactulose treatment. Additionally, the tempered population decreases were accompanied by a 

smaller drop in fecal pH with lactitol (22) as compared to lactulose (24). This led to the 

conclusion that the total concentration of undissociated acids may not have been large 

enough to inhibit the gram-negative flora sufficiently.[149]

As a polyol, lactitol (22) is not fermented, or is fermented poorly, by oral bacteria. As the 

acid fermentation products would dematerialize enamel and cause cavities, lactitol (22) is 

considered non-cariogenic.[125, 136] Lactitol (22) is also considered to be of mild 

sweetness and has been found to have a lower sweetness than lactulose (24). For many, the 

lowered sweetness of lactitol (22) serves as an advantage of lactitol-supplementation 

compared to lactulose-supplementation.[125, 150]

2.4. Glucose Polymers

2.4.1 Chemical structure—Glucose polymers exist in several forms and can be 

categorized as starch, glycogen, or cellulose (27), each of which has subclasses (Figure 9). 

Cellulose (27) is the most abundant glucose polymer found in nature and consists of 

hundreds to thousands of glucose (2) residues connected through β−1,4 linkages.[154] 

Largely found in plant cell walls, cellulose (27) is a linear polysaccharide with no branching.
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While animals can store energy as glycogen, plants store energy in the form of starch. Starch 

consist of α−1,4 and/or α−1,6 linked glucose (2) residues. Amylose (28), a subcategory of 

starch, consist of linear polymers containing only α−1,4 linkages.[154] Amylopectin (29) 

are branched polysaccharides containing both α−1,4 and α−1,6 linkages.[154] Although 

starch consists of α-linkages, which have the potential to be broken down by human 

enzymes in the small intestine, resistant starch, named for their ability to resist hydrolysis, 

are not hydrolyzed in the small intestine due their complex branching motifs. Instead, they 

are often fermented by bacteria in the colon.[154]

Polydextrose (30) is an artificial glucose polymer synthesized by heating glucose (2) in the 

presence of acid and sorbitol.[155] Due to its method of synthesis, polydextrose (30) is 

randomly branched with both α and β linkages. Many feature β−1,6 glycosidic linkages and 

contain sorbitol or citric acid residues.[156]

2.4.2. Production, synthesis, and function.—While the cellulose (27) and starch 

found in plants are synthesized by cellulose and starch synthases,[157] glucose polymers 

found in infant formula are typically produced through the hydrolysis of starch into smaller 

oligosaccharides with chain lengths ranging from 5 to 10 glucose (2) units.[158] Handling 

methods and source of glucose polymer additives alter the biological effect of these 

polymers.[158–160]

Fortification of infant foods is most important for infants who are born preterm and/or with 

low-birth weights as well as those with short bowel syndrome, metabolic disorders, or 

lactose intolerance.[158, 160] As fortifiers, glucose polymers provide carbohydrate and 

energy sources to meet some of the nutritional requirements of fast-growing or diet-

restricted infants.[159, 160] Lactose (11) and various monosaccharides are often substituted 

with glucose polymers to lower the osmotic concentration of infant formula.[158, 161] A 

decrease in osmotic concentration is thought to be advantageous because hyperosmolarity is 

associated with diarrhea and necrotizing enterocolitis.[158, 161, 162] Conversely, fortifying 

human milk with glucose polymers has been shown to increase the osmotic load due to the 

action of endogenous breast milk amylase that breaks down polysaccharides into smaller 

oligosaccharides and monosaccharides.[18, 159, 160]

Reducing the amount of lactose (11) in formula is also beneficial for low-birth weight and 

premature infants because they have increased chances of lactose intolerance.[162] A study 

by Fagundes-Neto and coworkers demonstrated that symptoms of infants who had diarrhea 

due to lactose intolerance were improved by replacing cow milk-based formula with a 

lactose-free soy protein formula supplemented with glucose polymers.[162]

Not surprisingly, glucose polymers added to infant formula vary in length due to the 

aggressive method of production (acidic hydrolysis). Consequently, polymer lengths affect 

break down and absorption of glucose polymers in the body. In a study monitoring the 

absorption and oxidation of glucose polymers by young infants, it was shown that long-

chain glucose polymers were absorbed at a slower rate than short-chain glucose polymers.

[164] While it is thought that a lack of pancreatic amylase in infants less than four months 

old accounts for the lack of absorption of glucose polymers, other mechanisms such as 
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salivary amylase and colonic flora may also aid in the absorption of glucose polymers.[164] 

In one Canadian study, an infant diagnosed with glycogen storage disease type 1b was 

successfully treated with a diet including soy-based infant formula enriched with glucose 

polymers from cornstarch.[163]

Glucose polymers are also used as thickening agents. Infant formula thickened with 

modified starch from rice increased the availability of calcium, iron, and zinc from formula 

when compared to a standard infant formula control.[165, 166] In the same study, when 

maltodrextrin was used as the thickener there was an increase in calcium availability but a 

decrease in both iron and zinc availability.

Dumping syndrome is a common complication in children and infants. The need to delay 

gastric emptying time in these patients has led to treatments that replace shorter saccharides 

with complex carbohydrates such as uncooked starch.[167]

While polydextrose (30) is an FDA-approved food additive for adults and children, it has not 

yet been approved for use in infant foods. Herfel et. al. sought to investigate the safety of 

polydextrose (30) in infant formula by studying its effect on neonatal pigs.[156] It was found 

that polydextrose (30) was non-toxic and displayed prebiotic properties similar to known 

prebiotics.

Unlike starch, cellulose (27) and its derivatives are typically banned from use in infant 

formula. One derivative of cellulose that can be used for special medical purposes in infants 

and toddlers is carboxymethyl cellulose (CMC).[168] The European Union allows a low 

dosage (10 g/L) of CMC for infants who have disorders in fatty acid metabolism in order to 

help maintain a stable blood-glucose level.[168]

2.5 Hemicellulose

2.5.1 Chemical Structure—Hemicelluloses are heteropolymers found in plant cell 

walls. Incorporating several different compositional motifs, their structure and abundance 

vary among different species and cell types (Figure 9).[169] Xylans (31) are polysaccharides 

with a backbone featuring repeating xylose residues connected via β−1,4 linkages.[169] 

Modifications of the xylose backbone vary, but some common modifications include 

glucuronosylation, arabinosylation, and acetylation. Xylooligosaccharides (XOS) (31) are 

composed of varying numbers of β−1,4 linked xylose residues.[170] Glucuronoxylans (32) 

are composed of a polymeric β−1,4 linked xylose backbone with glucuronic acid branches 

and acetyl groups.[171] Arabinoxylans (33) are polysaccharides consisting of a polymeric β
−1,4 linked xylose backbone with arabinose substituents of varying linkages.[172] 

Glucomannans (34) are a component of secondary cell walls that aid in structural stability.

[173] They are branched polysaccharides isolated from the tubers and stems of plants 

containing D-mannose and D-glucose in a molar ratio of 1.6:1. Xyloglucans (35) contain a 

polymeric β−1,4 linked glucose backbone with various xylose side chains.[169] The xylose 

side chains can include other carbohydrate moieties such as galactose (10), arabinose, and 

fucose.[169]
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2.5.2 Production and Synthesis—Hemicellulose biosynthesis occurs in the Golgi and 

uses a number of glycosyltransferases. Due to the varying compositions of hemicelluloses, 

there are a number of unknowns concerning the specific enzymes involved in their 

production.[169] Xylan biosynthesis features several membrane-bound transferases that 

elongate the xylose backbone and install various modifications.[174] While XOS (31) are 

present in small quantities in bamboo shoots, fruits, vegetables, milk, and honey, commercial 

XOS sources consist of the hydrolysis products of xylan containing lignocellulosic 

materials.[170] Glucuronoxylan biosynthesis uses a number of enzymes including 

glycosyltransferases, acetyl- and methyl transferases.[171] Arabinoxylan biosynthesis is 

believed to occur by the action of a xylopyranose synthase and arabinose synthase.[175] 

Glucomannan (34) is produced by a glucomannan synthase complex.[176] Finally, the 

backbone of xyloglucans is synthesized by cellulose synthase-like proteins, and the side 

chains are added with the aid of the corresponding glycosyltransferases.[169]

2.5.3 Function—There are few studies to date detailing the function of hemicelluloses in 

infant formula. Nevertheless, several hemicellulose mixtures intended for use in infant 

formula have been patented. In one recent example, xylans (31), arabinoxylans, (33) 

glucomannans, (34), and xyloglucans (35) were added to infant formula due to their 

symbiotic effects on Bifidobacterium breve and their potential prevention of immune 

disorders.[177]

XOS (31) are believed to be fermented slower than other prebiotic oligosaccharides resulting 

in an increased production of butyric acid, an important SCFA.[46, 178] Arabinoxylans (33) 

are considered to be prebiotics and to improve the function of the intestinal epithelium. 

Unfortunately, there exist no extensive studies on their efficacy in infant foods.[179]

Glucomannans (34) form gels and are used as thickening agents in foods. Clinical trials have 

assessed the effects of glucomannan (34) on children with constipation.[180] However, no 

studies have included infants due to concerns regarding undesired effects on growth rate 

and/or vitamin status. In a mouse model, the prebiotic effects of glucomannan (34), acid-

hydrolyzed glucomannan, and cellulose (27) were compared.[181] While the acid-

hydrolyzed glucomannan had the greatest prebiotic effect, it was found that both types of 

glucommanans was more capable of promoting the growth of intestinal bifidobacteria and 

suppressed the growth of C. perfringens, a pathogenic bacterium, when compared to 

cellulose.

2.6. Other Plant Polymers

2.6.1. Chemical stucture—Pectins (36) are a family of structurally complex 

polysaccharides composed mainly of galacturonic acid in an α−1,4 linked backbone.[182] 

Pectins (36) also incorporate other monosaccharides into both the backbone and side chains. 

These polysaccharides are diversified further via methyl esterification and acetylation.[182]

Galactomannans (37) consist of β−1,4 linked mannose residues with varying amounts of α
−1,6 linked galactose (10) residues.[183] Carrageenans (38) are a family of sulfated 

galactans isolated from red seaweeds of the Rhodophyceae class.[184] They are linear 
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hydrophilic saccharides containing varying numbers of α and β linkages as well as varying 

degrees of sulfonation.[184]

2.6.2. Production and synthesis—Due to the diverse structure of pectins (36), there 

are over 67 biosynthetic transferases used during biosynthesis. Research continues to 

elucidate how these transferases work together to make this class of complex 

polysaccharides.[182]

Galactomannan synthesis requires three enzymes: mannan synthase, galactosyltransferase, 

and α-galactosidase.[185] The mannan backbone is constructed by mannan synthase, while 

the galactosyl side chains are added by the action of galactosyltransferases. Finally, α-

galactosidase is responsible for the degree of galactose substituion.

Recent genome sequencing of several seaweeds has given insight into the enzymes involved 

in carrageenan biosynthesis.[186] Accordingly, glycosyl transferases are believed to be 

involved in the biosynthesis. Carbohydrate sulfotransferases are responsible for modifying 

the carbohydrate moieties with sulfo groups.

2.6.3. Function—Prebiotic mixtures containing acidic pectic oligosaccharides have been 

used recently to mimic the beneficial effects of the acidic fraction of human milk 

oligosaccharides. The immune modulating effects of these prebiotic mixtures show their 

ability to influence the development of an infant’s immune response. A study by Stam and 

coworkers demonstrated that a combination of GOS (12–14), long chain FOS, and pectin-

derived acidic oligosaccharides had no adverse effects on vaccine specific antibody levels in 

healthy term infants.[187] Additionally, it was postulated that this mixture could promote 

TH1 and Treg dependent immune responses and induce a downstream regulation of IgE 

allergic responses. In two mice studies it was shown that adding a similar oligosaccharide 

mixture containing acidic pectic oligosaccharides had similar immunologic benefits. In one 

of these mice studies a combination of GOS/FOS mixture and arabino-oligosaccharides gave 

an optimal TH1 dependent DTH response and reduced TH2 cytokine production in young 

adult mice compared to GOS/FOS alone .[188] In the second mouse study, the same 

combination of oligosaccharides decreased symptoms of allergic asthma, such as airway 

hyperreactivity and inflammatory cells.[189]

Bean gum (galactomannan) (37), sodium carboxymethylcellulose (Gelilact), pectin (36), and 

cellulose (27) are used as milk-thickening agents, which help to reduce regurgitation and 

improve sleep.[190] Carrageenans (38) can also be added to infant formulas as thickening 

agents.[168]

Some pectins (36) and hemicelluloses exhibit undesired effects. In an in vitro model, 

supplementation of infant formulas with either esterified pectin or locust bean gum resulted 

in a decrease in the availability of calcium, iron, and zinc when compared to standard infant 

formula and mature human milk.[165] The decrease in the availability of these nutrients has 

the potential to correlate to a change in the bioavailability of nutrients in vivo.

Fabiani and coworkers found no significant effect of galactomannans (37) on gastric 

emptying time when fiber amounts ranged from 0.4–0.6 g per feeding, but they did caution 
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against potential prolonged gastric emptying times when using greater amounts or different 

forms of fiber. [191]

Diagnosis of invasive aspergillosis is often done through detection of galactomannans (37), 

which are present in the cell wall of Aspergillus spp.[192] As such, there has been some 

concern about false-positive testing for invasive aspergillosis in infants who are fed formula 

thickened with galactomannans (37).[193]

3. Future Perspectives

While carbohydrate polymers have been extensively studied and used in a select number of 

infant formulas, the future of infant prebiotics will revolve around the human milk 

oligosaccharides (HMOs). Over the past two decades, we have learned that these molecules 

are of great importance to infant health and development.[34, 44, 120, 194] While major 

advances have been made in producing authentic samples of HMOs, these compounds are 

currently not used as additives to infant food products. Their production, using both 

chemical and chemoenzymatic strategies is a frontier topic in synthetic carbohydrate 

chemistry. Presently, a number of research teams are focused on bridging the gap between 

HMOs and carbohydrate polymers, by synthesizing so called “HMO mimics” that simulate 

the size, tertiary structure, and functional groups (i.e. sialylation and fucosylation) present in 

HMOs.[195, 196] In addition to being easier to synthesize than native HMOs, these 

unnatural glycoconjugates have been shown to reduce necrotizing enterocolitis in neonatal 

rats.[44] Ultimately, the field of carbohydrate prebiotics will continue to pursue products 

that assist in allowing the formula-fed infant to develop a microbiome mirroring the breast 

fed infant.
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Figure 1. 
Structure of fructans and their common building blocks. Fructan type oligosaccharides are 

composed of sucrose and fructose residues.
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Figure 2. 
Enzymatic fructan production. The shaded circle in structure (6) represents a covalent 

linksage between the carbohydrate and the enzyme β-fructofuranosidase.
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Figure 3. 
Stucture of galactooligosaccharides (GOS) and GOS building blocks.
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Figure 4. 
Enzymatic GOS (12–14) production. The shaded circle in compound (15) represents β-

galactosidase, the enzyme that facilitates the iterative glycosylation process.
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Figure 5. 
Uridine 5’-diphosphate galactose (UDP-galactose, 19) generation and lactose (11) 

biosynthesis.
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Figure 6. 
Lactitol (22) is produced through hydrogenation of Lactose (10).
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Figure 7. 
Lactulose (24) is synthesized from lactose (11) using either the Lobry de Bruyn-Alberda 

Ekenstein or Amadori rearrangements.

Ackerman et al. Page 28

Carbohydr Res. Author manuscript; available in PMC 2018 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Structure of glucose-based polymers. Each molecule differs significantly in terms of 

branching and the location and configuration of glycosidic linkages.
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Figure 9. 
Structures of the different subclasses of hemicellulose polymers.
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Figure 10. 
Structure of additional carbohydrate polymers that have been evaluated for prebiotic 

properties.
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Table 1.

Oligosaccharides used in commercial or clinical infant formulas.

Oligosaccharide Abbreviation Degree of
Polymerization Usage

Galactooligosaccharides GOS 2–8 residues Commercial

Inulin IN 3–60 residues Commercial

Lactulose LOS 2 residues Clinical Trials

Polydextrose PDX 3–30 residues Clinical Trials

Fructooligosaccharides FOS 2–8 residues Clinical Trials
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