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There is growing evidence that humans and other animals can taste certain starch 

hydrolysis products, namely, maltooligosaccharides (MOS), and that their detection is 

independent of the known sweet receptor, T1R2/T1R3. The overall goal of this study was 

to further investigate the taste perception of low degree-of-polymerization (DP) MOS in 

humans. However, research in this area is limited, presumably due to a lack of MOS with 

specific, narrow DP profiles that are safe for human testing. In order to achieve the overall 

goal, a method was first developed to prepare specific groups of food-grade MOS (DP 3, 

3-4, 5-6, and 6-7) by fractionating commercial mixtures of glucose oligomers and 

polymers. Psychophysical testing using the four prepared MOS stimuli in addition to 

glucose (DP 1) and maltose (DP 2) at the same concentration showed that all six stimuli 

were detected with similar discriminability in normal tasting conditions. In order to assess 

the potential role of T1R2/T1R3 in MOS taste detection, the stimuli were additiona lly 

prepared with lactisole, a sweet inhibitor. All stimuli in both lactisole treatments were 

prepared with acarbose to prevent oral digestion of glucosidic bonds by salivary α-amylase. 

Here, it was found that subjects could not detect DP 1, 2, or 3, but could still detect the 

MOS mixtures (DP 3-4, 5-6, and 6-7). Together, these results support the presence of a 

MOS taste perception mechanism independent of the T1R2/T1R3 taste receptor, and 

suggest it is stimulated by MOS greater than three units. After completing psychophys ica l 



 

 

 

testing, modifications to the MOS fractionation protocol were found to allow isolated MOS 

products from DP 3 to 7 to be collected. A second study thus presents the method to obtain 

these isolated products in a food-safe quality. Differential solubility using aqueous ethanol 

is first used to obtain a refined MOS preparation, which can then be further refined using 

column chromatography. A cellulose-based column in conjunction with aqueous ethanol 

mobile phases is used to separate the MOS preparation into linear, isolated MOS DP 3 to 

7 in high purity. This fractionation method will not only be of high relevance to researchers 

interested in studying the physiological impacts of MOS consumption in humans, but will 

also be useful to future studies involving human taste perception of these saccharides. 
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CHAPTER 1 

 

GENERAL INTRODUCTION 

 

1.1 The human sense of taste 

When a food is masticated within the oral cavity, non-volatile compounds released from 

the food matrix are dissolved in saliva and transported to specialized receptors on the 

tongue and soft palate (Lawless & Heymann, 2010; Salles, 2016). The sense of taste, which 

facilitates perception of nutrients and other food-derived tastants through stimulation of 

these specialized receptors, provides animals with information about the quality and 

nutritional values of foods (Breslin, 2013). Accordingly, taste is the main sensory modality 

that guides animals, including humans, on what foods may be beneficial (e.g., nutrient-

dense, electrolyte-rich) and what foods to avoid (e.g., spoiled, toxic) (Breslin & Spector, 

2008). Taste has further been found to play a critical role in stimulating the physiologica l 

processes that prepare the body for assimilation of nutrients via cephalic phase reflexes 

(Glendinning et al., 2015; Spector & Schier, 2016).  

Humans typically encounter a wide variety of tastants through their diets, but the 

scientific community currently partitions these into five taste categories: sweet, salty, 

umami, sour, and bitter (Adler et al., 2000). Generally, sweet taste indicates the presence 

of sugars, saltiness signals sodium and other electrolytes, umami signifies the presence of 

amino acids and small peptides, sour taste is generated by acids or low pH, and bitterness 

signals potential toxins (Breslin & Spector, 2008). In addition to these five canonical tastes, 

additional taste categories in humans have been proposed, including that of calcium 

(Gabriel, Uneyama, Maekawa, & Torii, 2009; Tordoff, Alarcón, Valmeki, & Jiang, 2012), 

fatty acids (Galindo et al., 2012; Mattes, 2009; Tucker, Mattes, & Running, 2014), and 

starch hydrolysis products (Lapis, Penner, & Lim, 2016; Sclafani, 2004; Spector & Schier, 

2016). 
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1.2 Starch and its hydrolysis products 

Starch serves as the predominant food reserve 

in plants and exists in discrete, partially-

crystalline particles called granules (Bertolini, 

2009; Damodaran, Parkin, & Fennema, 2007). 

Although specific properties of starch granules 

(i.e., size, shape, composition, and morphology) 

vary depending on the source of the starch (e.g., 

corn, cassava, potato etc.), all granules are pre-

dominantly composed of two types of glucose 

homopolymers: amylose (Figure 1.1A), 

composed of principally linear (α-1,4-linked) 

glucose residues, and amylopectin (Figure 

1.1B), with branched points (α-1,6-linkages) 

occurring more frequently (roughly 4-5% of 

linkages are α-1,6, versus 0.3-0.5% in amylose) 

(Bertolini, 2009; Hamley, 2010). Most starches 

are typically composed of about 25% amylose, 

though some commercial high-amylose corn-starches can have amylose contents of 50 to 

75%; in contrast, waxy starches have amylose contents approaching less than 2% 

(Damodaran et al., 2007). Together, amylose and amylopectin molecules are arranged 

radially to form a granule. Clustered branches of amylopectin packed in left-handed double 

helices form the dense, crystalline layers of the granule, and alternate with less dense, 

amorphous layers (Damodaran et al., 2007) (Figure 1.2, below). Right-handed helices of 

amylose molecules occur among the left-handed amylopectin helices, and typically make 

up most of the amorphous material (Bertolini, 2009; Blanshard & Galliard, 1987). When 

starch is hydrolyzed through cooking (see Section 1.3.1, below), eating (Section 1.3.2, 

below) or industrial procedures (Section 1.4, below), the resulting products include glucose 

and glucose polymers of various degrees-of-polymerization (DP). These include maltose 

Figure 1.1 Structure of A) amylose and  

B) amylopectin depicting the α-1,4-  

(linear) and α-1,6- (branched) linkages 

between D-glucose units. 
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(DP 2), maltooligosaccharides (MOS), 

and maltopolysaccharides (MPS). It is 

important to note that the definition of 

MOS and MPS (in terms of which DP 

ranges it encompasses) varies among 

fields; here, MOS and MPS are 

defined as having a DP of 3-10 and 

>10, respectively. 

1.3 Starch: role in the human 

diet, cooking, and oral processing 

Starch-rich foods such as bulbs, 

corms, and tubers, are thought to have been the prominent source of carbohydrate to the 

human diet for millions of years (Hardy, Brand-Miller, Brown, Thomas, & Copeland, 

2015; Laden & Wrangham, 2005). Even today, it is estimated that roughly 50-80% of the 

modern human’s energy intake is derived from starch-based foods (Atkins & Bowler, 2001; 

Damodaran et al., 2007). However, the inherent properties of raw starch, particularly its 

bulky structure and low solubility, make its complete breakdown within an intact granule 

relatively slow (Butterworth, Warren, & Ellis, 2011), thereby limiting the nutritiona l 

capabilities of raw starchy foods.  

1.3.1  Cooking 

The advent of cooking, estimated to have occurred at least 1.8 million years ago (Hardy et 

al., 2015; Wrangham, 2010; Wrangham & Conklin-Brittain, 2003), served as a way to 

greatly increase the energy-yielding potential of starch-containing foods. In fact, it has been 

suggested that our ancestors’ increased consumption of cooked starchy foods played a 

critical role in hominin evolution, providing a way to meet heightened metabolic demands 

(e.g., due to increased brain size) (BeMiller & Whistler, 2009; Hardy et al., 2015; Ungar 

& Teaford, 2002). When starches are appropriately heated in an aqueous medium, they 

undergo the process of gelatinization. This process involves the disruption of molecular 

order within granules, and consequently, loss of crystallinity (Damodaran et al., 2007). 

Gelatinization occurs at a range of temperatures, usually starting at 60 °C and continuing 

Figure 1.2  Starch granule showing A) semicrystalline and  
B) amorphous growth rings. C) Shows a section of the 

amorphous and crystalline lamellae. D) Clustered model  

of amylopectin. Image adapted from Hamley, 2010. 
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until nearly 100 °C, typically higher for starch within the native plant cell. Throughout this 

process, amylose leaches into solution and the starch experiences an overall increase in 

solubility. The process thus leaves composite molecules more prone to oral breakdown 

(Bertolini, 2009; Damodaran et al., 2007).  

1.3.2  Oral processing 

Oral breakdown of starch and its hydrolysis products is facilitated by a number of enzymes 

present within saliva and various taste tissues (Sukumaran et al., 2016). Two enzymes of 

particular importance, the endo-acting salivary α-amylase and glucose-producing maltase-

glucoamylase (MGAM), catalyze the hydrolysis of α-1,4-linkages present in starch and its 

derivatives (Glendinning et al., 2015; Quezada-Calvillo et al., 2008; Robyt & French, 

1970). Depending on the state of starch (i.e., raw vs. cooked), salivary α-amylase 

respectively acts slowly (Butterworth et al., 2011) or rapidly (Lapis, 2016) to produce low-

DP MOS/MPS and maltose from longer saccharides. MGAM then acts on maltose and 

low-DP MOS to generate glucose (Quezada-Calvillo et al., 2008). Together, these enzymes 

not only generate smaller products that may be suitable for taste perception (Lapis, 2016), 

but also facilitate the body’s preparation for digestion and nutrient assimila t ion 

(Glendinning et al., 2015).  

1.4 Commercial processing of starch 

In addition to its low cost, wide availability, and nutritional value, starch and its derivatives 

see a wide use in the food industry for their ability to impart a broad range of functiona l 

properties, including but not limited to: improved texture, volume, and shelf life; enhanced 

taste, hygroscopicity, and browning; and freezing point depression (Damodaran et al., 

2007; Hofman, van Buul, & Brouns, 2016; Takeiti, Kieckbusch, & Collares-Queiroz, 

2010). It is thus not surprising that the amount of starch used in the preparation of food 

products exceeds that of all other food hydrocolloids combined (Damodaran et al., 2007).  

Commercial starch hydrolysis products, normally produced through acid or 

enzymatic hydrolysis, are typically categorized by their average dextrose equivalence, or 

DE (Brooks & Griffin, 1987; Hofman et al., 2016). The DE is a quantitative measure of 

the average reducing power of starch hydrolysis products as a percentage of the reducing 
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power of an equivalent dry-weight of D-glucose; it is thus inversely related to the average 

DP (Brooks & Griffin, 1987). As such, preparations having a higher DE have undergone a 

greater extent of hydrolysis and have a smaller average DP. Some common commercia l 

starch hydrolysis products, typically produced from corn, include maltodextrins and corn 

syrup solids (Dziedzic & Kearsley, 2012; Kenyon & Anderson, 1988). Maltodextrins, with 

an average DE less than 20, are frequently utilized for their viscosity properties, used in 

the food industry as fillers, stabilizers, pastes, and glues (Dziedzic & Kearsley, 2012). Corn 

syrup solids have higher MOS and simple sugar contents, with average DE values greater 

than or equal to 20 (Kenyon & Anderson, 1988). Due to their average low molecular 

weights, corn syrup solids serve fairly different functions than their low DE counterparts, 

and are rather desirable in the food industry for their mild sweetness and solubility 

(Damodaran et al., 2007). Clearly, the functional and organoleptic properties these products 

impart on foods is highly correlated to the unique DP profile of the product, which is itself 

determined by the component saccharides (Marchal, 1999). As such, the widespread use 

of these compounds as food ingredients has generated interest in the properties of 

MOS/MPS, particularly in studies involving their chemical, biochemical, and sensory-

related aspects. In addition to the use of these products in manufactured foods, the 

ubiquitous nature of starches from natural sources 

begs the question of whether MOS and MPS 

themselves are tasted by humans.  

1.5 MOS and MPS: Candidates for  

taste perception? 

It is widely accepted that sweet taste is mediated 

by the heterodimeric combination of type 1 taste 

receptors, members 2 and 3 (Bachmanov et al., 

2001; Briand, 2013; Montmayeur, Liberles, 

Matsunami, & Buck, 2001; Nelson et al., 2001), 

abbreviated here as T1R2/T1R3 (see Figure 1.3). 

T1R2/T1R3 is a G-protein coupled receptor that 

responds to sugars, peptides, small sweet proteins, 

Figure 1.3 The mammalian sweet taste 

receptor, composed of T1R2 and T1R3 

protein subunits, each possessing seven 

transmembrane helices. Image adapted 

from Briand 2013. 
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and some D-amino acids (Nie, Vigues, Hobbs, Conn, & Munger, 2005; Zhao et al., 2003). 

Although this receptor recognizes a relatively broad array of compounds, it has long been 

assumed that mono- and disaccharides are the only class of carbohydrate it detects. 

However, given the nutritional value of starch, along with its ubiquitous presence in natural 

food sources, it follows that the ability to taste starch or its hydrolysis products (i.e., MOS 

and MPS) would be highly adaptive. 

1.5.1 Complex carbohydrate sensing in rodents 

A unique complex carbohydrate taste quality was first hypothesized by Sclafani and 

Nissenbaum (1987) following a series of studies on rats. Using a behavioral-based 

approach, the authors reported that rats tend to treat the taste of Polycose (a cornstarch-

derived product consisting of approximately 2% glucose, 7% maltose, 55% MOS, and 36% 

MPS) differently to that of various sweeteners. Conditioned taste aversion studies simila r ly 

suggested that sucrose and Polycose may elicit different taste qualities (Nissenbaum, 

Sclafani, & Vigorito 1987; Sako et al., 1994). Electrophysical data further supported this 

claim: Giza et al. (1991) found that the neural profile of Polycose is unlike that of other 

sweet stimuli, poorly correlating with responses to sucrose, maltose, glucose and fructose; 

Sako et al. (1994) later reported that chorda tympani nerve responses to Polycose and 

sugars (sucrose, glucose, and fructose) were differentially affected by the treatment of the 

sweet suppressant gurmarin. Specifically, gurmarin strongly suppressed responses to 

sugars, but had essentially no effect on responses to Polycose; the opposite effect was 

observed when a sweetness enhancer (KHCO3) was used. A similar study found that chorda 

tympani readings revealed virtually no response to sucrose in T1R3 KO mice, but near-

normal responses to Polycose (Zukerman, Glendinning, Margolskee, & Sclafani, 2009). A 

number of additional combined genetic and behavioral studies using individua l 

T1R2/T1R3 single or double KO rodents have given further evidence that the sweet taste 

receptor does not fully explain the taste perception of MOS/MPS mixtures. These studies 

have generally indicated that when one or both components of the T1R2/T1R3 receptor are 

absent, responses to different sugars (Treesukosol, Smith, & Spector, 2011; Treesukosol & 

Spector, 2012) and artificial sweeteners (Treesukosol, Blonde, & Spector, 2009) are greatly 

attenuated, while sensitivity to Polycose is generally retained. Nonetheless, it remained the 
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assumption that although an additional carbohydrate receptor may exist in rodents, MOS 

and MPS were still tasteless to humans (Feigin, Sclafani, & Sunday, 1987; Ramirez, 1991, 

1994).  

1.5.2 Complex carbohydrate sensing in humans 

A handful of studies in the field of exercise physiology have explored the link between oral 

complex carbohydrate sensing and physical activity performance. It should be prefaced 

that the variability between studies in this area is relatively high (e.g., requirement of 

fasting and its duration, mouth rinse duration, type of activity, exercise protocol, etc.) (de 

Ataide e Silva et al., 2013), and perhaps expectedly, some mixed results have been 

reported. Nonetheless, many studies have shown significant, positive correlations between 

a complex carbohydrate mouth rinse and an improvement in physical performance  

(Anantaraman, Carmines, Gaesser, & Weltman, 1995; Below, Mora-Rodriguez, Gonzalez-

Alonso, & Coyle, 1995; Carter, Jeukendrup, & Jones, 2004; Painelli, Nicastro, & Lancha, 

2010). Carter et al. (2004) reported that subjects performed significantly better on a one-

hour period of endurance cycling after having been given a brief maltodextrin mouth rinse 

versus a placebo. The researchers suggested that the mechanism responsible for this 

improvement appeared to have been due to an increase in motivation, versus a metabolic 

cause (Carter et al., 2004). Chambers et al. (2009) confirmed this when examining regions 

of the brain activated by oral carbohydrate stimulation using functional magnetic resonance 

imaging (fMRI). In addition, they found that when comparing brain scans of subjects after 

independent ingestion of glucose and maltodextrin solutions, very similar brain areas were 

activated, but noted that the two solutions were perceived as qualitatively different by 

subjects. Overall, these results suggest that humans can detect complex carbohydrates 

(Chambers et al., 2009).  

The first psychophysical evidence to show humans can taste complex 

carbohydrates was published by Lapis, Penner, and Lim (2014), wherein the taste 

perception of a series of commercial maltodextrins (DE 5, 10, and 20) was investigated. 

The authors found that taste responsiveness to the two maltodextrin preparations containing 

proportionately longer glucose polymers (DE 5 and 10) was independent to that of simple 
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sugars (the correlation of DE 20 to simple sugars was attributed to the detectable amounts 

of glucose and maltose inherently present in the preparation; see Section 1.6 below). Thus, 

the authors concluded that carbohydrates beyond simple sugars are likely to be consciously 

detected by humans, and further that this detection may be independent from that of mono-  

and disaccharides (Lapis et al., 2014). 

1.6 Limitations of previous work on MOS taste perception 

Together, the aforementioned studies provide evidence for a complex carbohydrate taste 

quality stimulated independently of the T1R2/T1R3 taste receptor. However, when 

reviewing those works directly addressing taste perception of MOS and MPS, two notable  

limitations arise: 1) the stimuli used in these studies have broad saccharide profiles, and 2) 

the studies do not account for the presence of α-glucosidases (i.e., α-amylase and MGAM) 

in the mouth. The first limitation concerns the complex nature of the stimuli. Polycose, 

which has served as the principal MOS/MPS stimulus for nearly all rodent studies cited 

herein, contains a notable amount of simple sugars (~ 9%) and possesses a highly disperse 

saccharide profile. Studies have additionally found that ionic contaminants present within 

Polycose may be detected by some rodents (Giza et al., 1991; Rehnberg, MacKinnon, 

Hettinger, & Frank, 1996) and that there may be olfactory component (Hettinger, Frank, & 

Myers, 1996). The maltodextrins used in Lapis et al. (2014) were also highly DP-disperse 

and may have been of lower purity (see analysis of DE 20 in Balto, et al. (2016)). 

Consequently, the nature of the stimuli used in these studies has limited interpretations of 

what ranges of MOS/MPS are consciously perceived by rodents and humans. The second 

limitation concerns the influence of oral enzymatic hydrolysis of the stimuli during tasting. 

This is of particular concern because changes to the original DP-profile of a stimulus can 

confound the identification of perceptible targets. In addition, simple sugars generated by 

the enzymes upon tasting may further impact results and conclusions.   

Two studies in humans (Lapis et al., 2016) and rats (Sclafani, Hertwig, Vigorito, 

Sloan, & Kerzner, 1987) have made an effort to address one or both of these issues. Both 

studies used stimuli with considerably narrower saccharide profiles, and arrived at similar 

conclusions: the detectable range of carbohydrate likely includes MOS and perhaps lower-
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DP MPS (Lapis et al., 2016; Sclafani et al., 1987). Importantly, Lapis et al. (2016) gave 

this evidence after controlling for enzymatic digestion by preparing all stimuli with 

acarbose, and α-glucosidase inhibitor.  

In light of these findings, it would be of interest to more closely investigate the taste 

perception of these lower-DP saccharides, particularly low-DP MOS in similar controlled 

conditions. However, the lack of narrow, well-defined MOS products that are suitable for 

human testing has hindered the progress of these studies. Thus, there is a need to develop 

methods to fractionate DP-specific MOS products in high enough purity so as to be suitable 

for human taste perception studies. 

1.7 Previous works in fractionating MOS and MPS 

Many fractionation approaches have been proposed to refine starch and commercia l 

maltodextrin preparations. Techniques that have been particularly successful include those 

using charcoal (Andrews, Hough, & Powell, 1956; Hoover, Nelson, Milner, & Wei, 1965; 

Moon & Cho, 1997) or combination charcoal/celite chromatography; (French, Robyt, 

Weintraub, & Knock, 1966; Whelan, Bailey, & Roberts, 1953; Whistler & Durso, 1950), 

cellulose paper (Commerford, VanDuzee, & Scallet, 1963; Thoma & French, 1957) and 

column (Thoma, Wright, & French, 1959) chromatography; and differential solubility 

(Balto et al., 2016). However, these protocols were usually developed with the intent of 

using the products for the purpose of chemical analyses or enzyme studies, or only sought 

to narrow the DP profile of the starting material. Thus, the methods either did not present 

a protocol that would be applicable to generating products for human studies (i.e., food 

grade) or would generate products with DP profiles too broad for the purposes required 

herein. The method developed should also aim to reduce contaminants and not be 

excessively costly to scale up. Two fractionation techniques—differential solubility and 

column chromatography—were selected to achieve this goal. 

1.7.1 Differential solubility 

Differential solubility involves the use of a solvent system to selectively precipitate solutes 

from a mixture. The approach itself is very broad, in that it can be tailored to fractionate a 

wide range of macromolecules including proteins (Esen, 1986), lipids (Ismail, Love, & 
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McKinney, 1972), and carbohydrates (Balto et al., 2016; Frigård, 2002; Hall, Hoover, 

Jennings, & Webster, 1999). Ethanol is frequently used as a solvent to fractionate 

carbohydrates because the solubility of glucose, maltose, and MOS/MPS in aqueous 

ethanol mixtures is well understood (Balto et al., 2016; Bouchard, Hofland, & Witkamp, 

2007). Furthermore, ethanol is particularly useful for protocols that are food grade due its 

acceptability for human consumption, its volatility (allowing it to easily be removed from 

final products), and its antimicrobial properties. Whereas this technique may not 

necessarily be useful for generating isolated MOS/MPS products, it can be used as a 

primary partitioning step in conjunction with secondary, more selective steps to allow for 

complex mixtures to be refined rapidly and efficiently.  

1.7.2 Liquid chromatography 

There are multiple types of liquid chromatography, primarily classified by mode (i.e., 

planar vs. column). Liquid column chromatography can further be classified by degree of 

applied pressure, e.g., gravity vs. flash vs. high performance liquid chromatography 

(HPLC). The use of all of these techniques to separate sugars and larger carbohydrate 

mixtures is well documented (Brooks & Griffin, 1987; French et al., 1966; Hough, 1954; 

Robyt & Mukerjea, 1994; Thoma et al., 1959; Whelan et al., 1953). However, the majority 

of developed methodologies do not yield products that are fit for human consumption. For 

example, French et al. (1966) and Thoma et al. (1959) developed methods suitable for 

isolating MOS/low-DP MPS up to DP 12 and 18, respectively, but the optimal solvent 

systems reported contained either non-food safe solvents (i.e., tert-BuOH in French et al. 

1966) or solvents that, if purchased at food-grade quality, would be excessively costly 

(Thoma et al., 1959). On the other hand, other studies report methods that may not be 

suitable for fractionating sufficient quantities of MOS product (Robyt & Mukerjea, 1994). 

1.8 Thesis objectives 

The overarching goal of this type of work is to understand the mechanisms underlying 

glucose oligomer taste. In order to move one step closer towards this understanding, the 

project presented herein had two aims: 1) to investigate human taste detection of low-DP 

MOS, and 2) to provide insight to the role of hT1R2/T1R3 in low-DP MOS taste. In order 
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to address these aims, it was first necessary to fractionate proper carbohydrate stimuli—

that is, specific ranges of low-DP MOS suitable for human consumption. Furthermore, it 

was important to develop these MOS preparations in such a way that would eliminate any 

impurities that can elicit potential sensorial cues (e.g., traces of ions, solvents, etc.). 

The initial study developed a relatively simple, cost-effective approach to 

fractionate sufficient quantities of paired-DP MOS (in addition to isolated DP 3), up to 

seven units in length (Chapter 2). This chapter additionally provides some characteriza t ion 

data (Section 2.4.1) on the MOS preparations that were used as stimuli. Importantly, the 

primary focus of Chapter 2 involves the sensory results collected from testing these MOS 

products (Section 2.4.2). Specifically, the objectives of the psychophysical component to 

this study were 1) to determine whether the specific DP ranges of the target stimuli were 

tasted by humans, and whether they were detected to similar degrees; and 2) to address the 

potential role of T1R2/T1R3 in the detection of the target stimuli.  

 After completing the sensory work described in Chapter 2, post-modifications to 

the fractionation method were found to allow isolated MOS to be obtained in high recovery. 

Thus, Chapter 3 of this thesis describes the preparation and characterization of isolated 

MOS up to DP 7. In addition to providing more detailed information on the optimiza t ion 

of the fractionation protocol (similar to that described in Chapter 2), this chapter provides 

a more detailed characterization of the isolated products (Section 3.4.1). Overall, Chapter 

3 provides a relatively low-cost approach to fractionate 40-100 mg (per run) quantities of 

isolated, food-grade MOS that are suitable for use in future human sensory work. 
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2.1 Abstract 

Studies have reported that some animals, including humans, can taste mixtures of glucose 

oligomers (i.e., maltooligosaccharides, MOS) and that their detection is independent of the 

known T1R2/T1R3 sweet taste receptor. In an effort to understand potential mechanisms 

underlying the taste perception of glucose oligomers in humans, this study was designed 

to investigate: 1) the variability of taste sensitivity to MOS with low degree-of-

polymerization (DP), and 2) the potential role of hT1R2/T1R3 in the MOS taste detection. 

To address these objectives, a series of food grade, narrow-DP-range MOS were first 

prepared (DP 3, 3-4, 5-6, and 6-7) by fractionating disperse saccharide mixtures. Subjects 

were then asked to discriminate these MOS stimuli as well as glucose (DP 1) and maltose 

(DP 2) from blanks after the stimuli were swabbed on the tongue. All stimuli were 

presented at 75 mM with and without a sweet taste inhibitor (lactisole). An α-glucosidase 

inhibitor (acarbose) was added to all test stimuli to prevent oral digestion of glucose 

oligomers. Results showed that all six stimuli were detected with similar discriminability 

in normal tasting conditions. When the sweet receptor was inhibited, DP 1, 2, and 3 were 

not discriminated from blanks. In contrast, three higher DP mixed MOS stimuli (DP 3-4, 

5-6, and 6-7) were discriminated from blanks at a similar degree. Overall, these results 

support the presence of a sweet-independent taste perception mechanism that is stimulated 

by MOS greater than three units.  
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2.2 Introduction 

There is mounting evidence that humans (Lapis, Penner, & Lim, 2014; Lapis et al., 2016) 

and other animals (Laska, Kohlmann, Scheuber, Salazar, & Luna, 2001; Sclafani, 2004) 

are capable of tasting glucose oligomers and polymers, namely, maltooligosacchar ides 

(MOS) and maltopolysaccharides (MPS), and that this detection is largely independent of 

the known sweet receptor, T1R2/T1R3 (Lapis et al., 2016; Treesukosol et al., 2009, 2011; 

Zukerman et al., 2009). Nearly all of these prior studies, however, have used MOS/MPS 

stimuli with disperse saccharide profiles, and/or appreciable amounts of simple sugars 

(e.g., Polycose; see Lapis et al., (2014) for detailed composition). Consequently, the use of 

such disperse stimuli has prohibited further interpretation as to which saccharides in stimuli 

mixtures were consciously tasted, or the mechanisms by which the perceptible stimuli 

elicited the taste response.  

Two studies so far have made an effort to understand the target MOS/MPS that are 

being perceived by using stimuli with considerably less disperse degree-of-polymeriza t ion 

(DP) profiles. Note that MOS and MPS are defined herein to have a DP of 3-10 and DP > 

10, respectively. Behavioral work by Sclafani and colleagues (Sclafani, Hertwig, et al., 

1987) reported that rats preferred a MOS stimulus composed of roughly equal amounts DP 

4 to 8 (average DP 6) over maltotriose (DP 3), maltose (DP 2), and glucose (DP 1). When 

comparing this MOS stimulus to a MPS mixture (average DP 43), rats significantly 

preferred the MOS over the MPS. Lapis et al. (2016) reported similar trends when 

exploring taste perception of two mixed MOS/low-DP MPS stimuli (average DP 7 and 14) 

and a MPS stimulus (average DP 44) in humans. Specifically, subjects were able to detect 

the stimuli with the average DP 7 and 14, but not the average DP 44 stimulus at equimo lar 

concentration, while oral digestion by salivary α-amylase was inhibited. These works 

together suggest that MOS and potentially low-DP MPS are the most probable stimuli 

eliciting taste perception.  

 Based on a number of genetic (Treesukosol et al., 2009; Zukerman et al., 2009), 

behavioral (Nissenbaum & Sclafani, 1987; Sclafani, Nissenbaum, et al., 1987), and human 

psychophysical studies (Lapis et al., 2016; Lapis et al., 2014), it is clear that the known 
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sweet receptor, T1R2/T1R3, cannot fully explain the taste perception of MOS/MPS 

mixtures (see Spector & Schier (2016) and Lapis et al. (2016)). Interestingly, a recent study 

(Treesukosol et al., 2011) suggested that maltotriose (DP 3) is detected through 

T1R2/T1R3 in mice. This result is intriguing because it has generally been assumed that 

mono- and disaccharides (i.e., simple sugars) are the only class of carbohydrate detected 

by this receptor. Pilot studies conducted in our laboratory suggested the same trend 

occurred in humans; this led us to raise the question of whether additional MOS, especially 

lower DP MOS, would also be detected, at least to some degree, by T1R2/T1R3. 

In order to explore the possibility of a T1R2/T1R3-independent mechanism 

underlying MOS taste perception, at least three issues should be addressed. First, it is 

critical to further narrow down the DP ranges of target stimuli that are being tested. Second, 

it is of interest to determine whether the specific DP ranges of target stimuli are detected 

to similar degrees and how these degrees of detection compare to that of simple sugars. 

Third, it is important to assess the potential role of T1R2/T1R3 in the detection of any 

target stimuli tested, especially low-DP MOS. These three issues are addressed in this 

paper. Due to a lack of commercially available MOS with specific, narrow DP profiles 

suitable for human testing, a series of food-grade MOS, having DP ranges of 3 to 7, were 

prepared and characterized herein. The results confirm that humans can taste pairs of 

glucose oligomers having a DP of 3 to 7, and that their stimulatory impact is similar to that 

of simple sugars on an equimolar basis. Furthermore, the results suggest that glucose 

oligomers greater than 3 units stimulate a taste perception pathway independent of 

T1R2/T1R3. 

2.3 Materials and Methods 

2.3.1 Sample preparation and characterization 

2.3.1.1 Materials  

Maltodextrin (MD) was provided by Tate & Lyle Ingredients Americas, Decatur, IL (Corn 

syrup solids: STARDRI® DE20). Solvents included ACS/USP-grade 100% ethanol 

(Pharmco Aaper, Shelbyville, KT) and deionized (DI) water (18.2Ω) produced using a 
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Millipore Direct-Q® 5 UV-R water purification system. Microcrystalline cellulose (Avicel 

PH 101) was purchased from FMC Corp. (Philadelphia, PA) and potato starch (Bob’s Red 

Mill, Milwaukie, OR) was purchased from a supermarket.  

Thin layer chromatography (TLC) silica gel 60 plates were purchased from EMD 

Millipore (Billerica, MA). Carbohydrate standards included glucose and maltose from 

Sigma Aldrich Corporation (St. Louis, MO); maltotriose and maltotetraose from 

Carbosynth Limited,(UK); maltopentaose, maltohexaose, and maltoheptaose from TCI 

America (Portland, OR). 1-napthol (ReagentPlus® ≥99%) and butyl alcohol (≥99%, FCC, 

FG) were from Sigma-Aldrich (St. Louis, MO); sulfuric acid (ACS-grade anthrone, 99%) 

from Alfa Aesar (Ward Hill, MA); bicinchoninic acid sodium salt (BCA) from Pierce 

Chemical Co. (Rockford, IL); and deuterium oxide (99.96%) from Cambridge Isotope 

Laboratories (Tewksbury, MA). 

2.3.1.2 Methods 

Column-ready sample preparation. Two grams MD was dissolved in 3 mL DI water at 

50-55 °C with stirring. After complete dissolution, 9.5 mL ethanol was added in 1 mL 

increments with 1-2 min stirring/heating in between additions, allowing for increased 

precipitation of high-DP MOS/MPS. This resulted in a 76% ethanol/water mixture (all 

solvents described herein are on a v/v basis). The top liquid phase, containing the target 

low-DP oligomers (i.e., column-ready sample) was then pipetted off for loading onto the 

column. This step took advantage of the higher solubility of low-DP MOS (vs. the lower 

solubility of higher-DP MOS and MPS) in high ethanol solutions (Balto et al., 2016), thus 

allowing a majority of higher-DP MOS and MPS to precipitate out of solution, giving a 

sample enriched in low-DP components (i.e., DP 1-7). 

MOS fractionation using starch/cellulose columns. A combination of cellulose and 

starch were chosen as stationary phase materials due to their low cost, food-safe nature, 

and MOS separation capabilities; specifically, potato starch was selected after comparing 

other starches (e.g., corn, tapioca) due to its larger granule size, which led to a better flow 

rate and thus minimized column running time. Pilot studies with the combined 
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starch/cellulose stationary phases found proportions of 150g cellulose to 50g potato starch 

gave optimal results. To this cellulose/starch mixture, 75% ethanol was added and mixed 

to form a slurry, which was then funneled down the walls of a previously wetted column 

(dimensions: 73 mm I.D. x 305 mm length). The packed column was then rinsed with 

additional 75% ethanol, aided by compressed air (~1 psi), until the eluate went from deep 

yellow to colorless and a final column height of roughly 12 cm was reached. Column-ready 

sample preparations (~12 mL) were layered on the top of packed/washed columns, and step 

gradients, in percent ethanol, were then run as follows: 1.2 L of 90%, 1.2 L of 85%, 2.0 L 

of 80%, 1.0 L of 75%, and 0.5 L of 70%. Fractions of 100-300 mL (determined 

experimentally) were collected and their content was analyzed by spotting each fraction on 

thin layer chromatography (TLC) plates. These plates were developed in an enclosed 

chamber using an ethanol/water/butanol solvent system (69/17/14, respectively). 

Saccharides on developed plates were visualized using a staining solution described by 

Robyt & Mukerjea (1994). This step allowed for qualitative and rough quantitat ive 

estimates of the MOS character of each collected fraction. 

Solvent removal and lyophilization. Removal of ethanol from the MOS preparations was 

critical to avoid any interference of residual ethanol with the sensory properties of the final 

MOS products. Ethanol removal was achieved by solvent removal followed by water 

washing three times using a rotary evaporator (Büchi Rotovapor R-205, Büchi 

Labortechnik AG) equipped with a 55° water bath (Buchi B-490) and vacuum pump 

(Chemglass Scientific Apparatus/10 Torr). Concentrated MOS preparations were stored at 

-23 °C until drying by lyophilization in a VirTis CONSOL 4.5 freeze dryer.  

High performance liquid chromatography (HPLC). Lyophilized MOS samples were 

re-solvated and loaded onto a Prominence UFLC-HPLC system (Shimadzu, Columbia, 

MD) equipped with a system controller (CMB-20A), degasser (DGU-20A), solvent 

delivery module (LC-20AD), autosampler (SIL-10A), column oven (CT20-A), and 

evaporative light scattering detector (ELSD-LT II; kept at 60 °C with nitrogen gas pressure 

of 350 kPa) on a combined Ag2+ polystyrene ion-exchange guard and analytical columns 

run at 80 °C (Supelcogel, Hercules, CA). DI water was used as the mobile phase at a rate 
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of 0.20 mL per minute. Standard curves were prepared using commercially available 

glucose/oligomer (DP 1-7) standards. LOD values for DP1-7 standards were found to be ≤ 

0.006 mg/mL (Balto et al., 2016). LCsolution computer software (Shimadzu, Kyoto, Japan) 

was used for peak integration.  

Nuclear magnetic resonance (NMR). NMR analyses were carried out to 1) verify the 

absence of ethanol from the preparations and 2) determine if α-1,6 linkages were present 

in the samples, characterized by a signal at 4.881–4.924 ppm (Nilsson, Gorton, Bergquist, 

& Nilsson, 1996). A Bruker AVIII 700 MHz 2-channel spectrometer with a 5 mm dual 

carbon (DCH) cryoprobe with z-axis gradient was used to analyze samples at room 

temperature dissolved in D2O. Topspin 2.1 computer software was used to acquire spectra.  

Reducing sugar assay. Reducing ends were quantified using the BCA/copper-based assay 

in order to determine average DP values of the MOS preparations. The protocol described 

in Balto et al. (2016) was followed. A calibration curve was produced using aqueous 

maltose samples of 0 to 75 μM. Assays were done in triplicate. 

Total carbohydrate assay. Total carbohydrate content was determined using the 

spectrophotometric anthrone/sulfuric acid assay described by Brooks and Griffin (1987). 

The protocol described in Balto et al. (2016) was followed. A calibration curve was 

produced using aqueous glucose samples at 0 to 2 mg/mL. These values were multip l ied 

by 0.90 to adjust for water of hydrolysis. Assays were done in triplicate. 

2.3.2 Psychophysical study 

2.3.2.1 Subjects 

Twenty-three subjects were recruited from Oregon State University and surrounding areas 

to participate in an initial screening session (see 2.3 below). Of these, a total of 16 subjects 

(10 female, 6 male) between the ages of 21 and 59 (median = 27 yrs) qualified and 

participated in the following testing session. Participating subjects confirmed they were 

non-smokers, not pregnant, not taking prescription pain medication or insulin; had no 

history of taste or smell loss or other oral disorders; had no oral lesions, canker sores, or 

piercings; and did not have a history of food allergies. Subjects were further asked to 
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comply with the following restrictions prior to their testing session: 1) no dental work 

within 48 hours; 2) no alcohol consumption within 12 hours; 3) no consumption of acidic 

and/or caffeinated foods and beverages or dairy products within 4 hours; 4) no consumption 

of food or beverage except water within 1 hour; 5) no use of any menthol-containing 

products within 1 hour; and 6) no physically demanding activity within 1 hour. Subjects 

gave written consent and were paid for the sessions attended. The experimental protocol 

was approved by the Oregon State University Institutional Review Board and complies 

with the Declaration of Helsinki for Medical Research. The experimental protocol was also 

registered under the Clinical Trial registry (NCT02589353), www.clinicaltrials.gov. 

2.3.2.2 Stimuli 

In addition to the four MOS samples produced (DP 3, 3-4, 5-6, and 6-7), glucose (DP1) 

and maltose (DP2) were purchased separately from Spectrum Chemical Mfg. Corp. (New 

Brunswick, NJ). All six test stimuli were prepared as 75 mM aqueous solutions with 

corresponding water blanks; equimolar MOS stimuli were prepared from lyophilized MOS 

samples based on values calculated from the reducing sugar assay (Table 2.1). In addition, 

two stimuli were used for subject screening: 1) 75 mM DP 2 and 2) 150 mM glucose 

oligomer mixture (S1; prepared in Balto et al. (2016)) with an average DP of 7 (composed 

of 75% DP 3-8, 25% DP 9+). All stimuli and water blanks included 5mM acarbose, which 

was found to be effective at inhibiting α-amylase (Lapis et al., 2016). Test stimuli and 

corresponding blanks were also prepared without and with 1.4 mM lactisole, which binds 

to the transmembrane region of hT1R3 (see Figure 1.3), effectively inhibiting sweet taste 

(Jiang et al., 2005). Although lactisole itself is tasteless, it has been known to elicit a sweet 

“water-taste” sensation when rinsed away from the receptor (Galindo-Cuspinera, Winnig, 

Bufe, Meyerhof, & Breslin, 2006); data suggest this “water-taste” effect is attenuated in 

colder temperatures (Green & Nachtigal, 2013). Thus, all target stimuli, blanks, as well as 

rinse water were presented at 10 °C to prevent sweet “water-taste”. Stimuli were prepared 

at least 16 h prior to the testing session to allow for complete mutarotation of glucose 

tautomers (Pangborn & Gee, 1961). The stimuli were presented by swabbing technique 

(see below) to prevent any textural cues. Similarly, potential olfactory cues from the stimuli 

were controlled by using nose clips. 
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2.3.2.3 Psychophysical test 

An initial screening session was included to confirm that all subjects could detect a simple 

sugar as well as glucose oligomers at a relatively low concentration (i.e., 75 mM). During 

this session, two target stimuli (75 mM DP 2 and 150 mM S1) were given to subjects four 

times each, in counterbalanced blocks, in the form of a triangle test. Thus, subjects were 

given a total of eight trials. Prior to testing, subjects were verbally instructed on the task 

they were to perform, rinsed their mouths three times with room temperature water, and 

put on a nose clip. Subjects were then instructed to extend their tongue out of the mouth 

and hold it steady between the lips. Three stimuli (one target and two water blanks) were 

presented, one at a time, to the subject by swabbing across the tip of the tongue three times 

(volume of stimuli absorbed by the swab was approximately 0.15 mL) with rinsing in 

between. After all three stimuli in the set had been received, subjects were asked to verbally 

identify which stimulus of the three was different. A one minute break was given between 

trials, during which subjects were instructed to rinse their mouth three times with water. In 

order to qualify for subsequent low DP MOS discrimination testing, subjects were required 

to correctly discriminate the target stimulus from the blanks three out of four times (for 

both DP 2 and S1). In cases where the subject was nearing qualification but did not meet 

the above stated criteria, an additional trial for the incorrectly identified stimulus was 

provided. In total, 16 of the 23 subjects qualified for the testing session. 

For the testing session, six stimuli were presented in two blocks (without and with 

lactisole), giving a total of 12 trials; the presentation order of the blocks, the order of the 

target stimuli within the blocks, and the three stimuli within each triangle test, was 

randomized across subjects. Triangle tests were carried out as described for the screening 

session. During the test session, subjects were asked to provide their responses on a paper 

ballot. In addition to the one minute break between trials, a three minute break was given 

between blocks, during which subjects were asked to rinse their mouth three times with 

water.  
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2.3.2.4 Data analysis 

The number of correct identifications among all subjects for each target stimulus was 

tallied and converted to a proportion correct. The proportions were then used to find 

corresponding d’ values by consulting the d’ table for a triangle test (Ennis, 1993). The d’ 

value represents the degree of perceptible difference between two stimuli, and specifica lly, 

is a measure of the separation of the signal (stimulus) and noise (blanks) distributions in 

terms of the standard deviations of the distributions (Lawless, 2010.). The d’ analysis was 

then used to determine if the target stimuli were significantly discriminated at p < 0.05. 

 

2.4 Results  

2.4.1 Sample MOS characterization 

MOS preparation described above led to one isolate and three glucose oligomer pairs. 

Chemical characteristics are described in Table 2.1. The carbohydrate content of all four 

samples was found to be > 98% (Table 2.1). The DP 3 sample consisted of only maltotriose, 

supported by both the reducing sugar analyses (Table 2.1) and HPLC data (Figure 2.1A). 

Whereas the DP 3-4 and DP 6-7 samples were composed of roughly equivalent quantit ies 

of neighboring chain-lengths, the DP 5-6 sample was notably heavier in DP 6 versus DP 

5. The saccharide compositions of the three mixed samples can be easily visualized in 

Figures 2.1B, C, and D. NMR analyses indicate the removal of ethanol from the 

preparations and the linear nature of the saccharides making up the four samples (i.e., only 

α-1,4-linkages were detectable; see Figure 1S in Supplemental materials for spectra). 
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Table 2.1 Chemical characterization of MOS samples prepared for psychophysical testing. 

Sample 
Percent 

Carbohydrate a,b 

moles RE per 
100 gram a,c 

Linkage prevalence d  
(1,4-):(1,6-) 

DP 3 99.7 ± 0.1 0.199 ± 0.004   ND e 

DP 3-4 98.2 ± 0.1 0.166 ± 0.004 ND 

DP 5-6 99.8 ± 0.1 0.100 ± 0.010 ND 

DP 6-7 99.3 ± 0.1 0.093 ± 0.002 ND 

a Values are means ± SD in triplicate, expressed on a dry weight basis. 
b Determined using anthrone/H2SO4-assay with glucose as a standard. 
c Determined using Cu/bicinchoninic acid-assay with maltose as a standard. 
d Determined from NMR spectra. 
e ND = α-1,6 linkage signal not detected in NMR spectrum. 

 

 

 

Figure 2.1  Representative chromatograms from HPLC-ELSD depicting saccharide character of the four 

samples (A: DP 3;  B: DP 3-4;  C: DP 5-6; and D: DP 6-7) produced through column chromatography.   
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2.4.2 Psychophysical Results 

Table 2.2 shows the proportion of subjects to correctly identify the target stimulus from 

blanks, along with corresponding detectability (d’ values) of the six test stimuli in the 

absence and presence of lactisole. Results indicate that all target stimuli were significantly 

discriminated from blanks in the absence of lactisole, i.e., under the normal tasting 

condition. Moreover, d’ values between all six stimuli were found to be statistica l ly 

insignificant from each other (p > 0.05), suggesting all stimuli were detected at a similar 

degree. In the presence of lactisole, subjects were not able to discriminate DP 1, DP 2, or 

DP 3 from blanks (p > 0.05). In respect to the MOS of DP 4-7 (i.e., DP 3-4, DP 5-6, and 

DP 6-7), however, all remained significantly discriminable even in the presence of 

lactisole. The three higher-DP MOS-containing samples were detected similarly within 

lactisole treatments (p > 0.05).  

 

Table 2.2  Proportion correcta and discriminability (d’ value)b of target stimuli in the absence and 
presence of lactisole. 

d' DP 1 DP 2 DP 3 DP 3-4 DP 5-6 DP 6-7 

Lactisole absent 
a 0.69 

b 2.45** 
0.69 

2.45** 
0.69 

2.45** 
0.81 

3.20** 
0.75 

2.78** 
0.75 

2.78** 

Lactisole present 
0.25 

0 
0.25 

0 
0.31 

0 
0.63 

2.13* 
0.63 

2.13* 
0.63 

2.13* 

 

Discrimination results (proportion correct and calculated d’ value) from triangle tests performed using six 

stimuli at 75 mM. All stimuli were prepared with 5 mM acarbose, without or with 1.4 mM lactisole.  

DP = degree of polymerization. 

*,** p-values significant at 0.001 and 0.0005, respectively by d’ analysis. 

 

2.5 Discussion 

2.5.1 Characterization of food-grade MOS samples 

In order to achieve the primary goal of this study, it was necessary to produce a series of 

food-grade MOS with narrow, well-defined saccharide profiles. By applying the described 

food-safe fractionation protocol to MD preparations, we obtained isolated DP 3 and 

neighboring pairs of low-DP MOS (i.e., DP 3-4, 5-6, and 6-7). These MOS samples were 



 

25 

 

found to be of high purity (>98%) and contained no detectable amounts of ethanol 

remaining from the fractionation steps; thus, sensory cues that could be imparted by ethanol 

or other impurities in the stimuli were negligible. NMR spectra indicated all sample 

preparations were composed of isomerically pure (linear) MOS. This property is optimal 

for studies investigating receptor-ligand interactions, where stimuli containing mixed 

linear and branched MOS would complicate interpretations.  

2.5.2 Humans can taste glucose oligomers of DP 3-7 

The findings of the current study, which employs the narrowest MOS stimuli tested in 

humans to date, provide further psychophysical evidence that humans can taste glucose 

oligomers of DP 3 to 7. These findings are consistent with a previous report that tested less 

refined MOS preparations in humans (Lapis et al., 2016). Note that any olfactory and 

textural cues were carefully controlled by using nose clips and swabbing presentation, and 

hence these sensory cues were not responsible for the stimuli detection. In normal tasting 

circumstances, introduction of glucose oligomers and polymers into the oral cavity results 

in hydrolysis of the α-1,4 linkages between glucose residues, principally through the action 

of α-amylase in saliva (Mishra, Ragunath, & Ramasubbu, 2002; van der Maarel, van der 

Veen, Uitdehaag, Leemhuis, & Dijkhuizen, 2002). To keep the saccharide profiles of the 

MOS preparations intact, all stimuli were prepared with acarbose, an α-amylase inhibitor. 

We were thus able to infer that taste perception was due to the target stimuli proposed.  

When the degrees of detectability between glucose oligomers and simple sugars were 

compared, the d’ values were statistically insignificant (see Table 2.2). This finding is 

consistent with Lapis et al. (2016), where a MOS preparation (average DP 7) gave a nearly 

equivalent dose-response function to that of glucose when the two stimuli were compared 

on an equimolar basis from 45 mM to 225 mM. d’ values between the three mixed MOS 

stimuli were also found to be statistically insignificant (Table 2.2), indicating that each of 

the MOS stimuli tested had approximately the same stimulatory impact on the mode of 

perception when considered on an equimolar basis (75 mM). It remains unknown as to 

whether isomers of linear MOS DP 3-7 (i.e., non-linear saccharides containing α-1,6 
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branch points) would give similar results; the taste perception of branched saccharides was 

not addressed herein. 

2.5.3 Taste detection of maltotriose is through hT1R2/T1R3 

In order to investigate the potential role that hT1R2/T1R3 receptors play in MOS taste 

perception, lactisole was used as a means to block normal hT1R2/T1R3 function. 

Accordingly, subjects were unable to detect mono- and disaccharides (glucose and maltose, 

respectively) in the presence of lactisole. In contrast, the subjects still could detect the 

paired glucose oligomer stimuli (i.e., DP 3-4, 5-6, and 6-7) in the presence of lactisole; in 

fact, the detectability of the paired glucose oligomer stimuli between the two lactisole 

conditions were statistically indifferent (p > 0.05), although the presence of lactisole 

somewhat lowered their detection rates (see Table 2.2; 75~81% to 63% correct).  

Importantly, significant discrimination of DP 3 (maltotriose) was no longer observed when 

hT1R2/T1R3 was blocked. Consequently, we conclude that the taste perception of 

maltotriose, but not the higher-DP glucose oligomers tested, is mediated by hT1R2/T1R3. 

This result supports studies using T1R2/T1R3 KO mice, where responses to maltotr iose 

were severely impaired in the absence of either component of the receptor (Treesukosol et 

al., 2011). This observation is worth noticing, given that maltose and maltotriose are both 

final products of α-amylase hydrolysis (Whelan & Roberts, 1952). 

2.5.4 Potential taste mechanisms of glucose oligomers greater than DP 3 

Two mechanisms separate from the T1R2/T1R3 sweet receptor have been suggested to 

explain taste detection of glucose oligomers. The first suggestion is based on glucose 

oligomer catabolism in the oral cavity. Some glucosensors, namely, glucose transporters 

(GLUTs), the sodium-glucose cotransporter 1 (SGLT1), and the ATP-gated K+ (KATP) 

channel are expressed in T1R3 taste cells of mice (Sukumaran et al., 2016; Yee, 

Sukumaran, Kotha, Gilbertson, & Margolskee, 2011). Importantly, α-glucosidases 

expressed in taste cells (e.g. maltase-glucoamylase) along with salivary α-amylase serve to 

break down the α-glucosidic bonds of glucose oligomers/polymers to liberate glucose for 

these pathways when carbohydrate-containing foods are consumed. Based on these 

findings, it is reasonable to consider that this mechanism may be involved in the taste 
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perception of glucose oligomers (Sukumaran et al., 2016). If this were the case, we would 

expect to see similar responses to glucose as we would with glucose oligomers when they 

are  discriminated against water when hT1R2/T1R3 was blocked. This hypothesis, 

however, does not appear to be supported by human psychophysical studies conducted here 

or in previous work (Lapis et al., 2016); rather, the ability to discriminate glucose- and 

maltose-containing solutions from water is greatly diminished in the absence of normal 

hT1R2/T1R3 function. Supporting this idea, Glendinning and colleagues reported that 

KATP channels are necessary for taste-mediated cephalic phase insulin release, but not for 

taste-mediated behavioral attraction of mice to sugars (Glendinning et al., 2015, 2017).  

A second possibility to explain the taste perception of glucose oligomers is that of 

a novel taste transduction mechanism, originally hypothesized by Nissenbaum and Sclafani 

(1987) to exist in rodents. When consumed, starch is rapidly hydrolyzed to primarily 

maltose and glucose oligomers of various DP (Robyt & French, 1970). A taste perception 

mechanism for MOS would thus seem plausible, given the importance of starch in 

mammalian diets. A mechanism catered specifically towards these types of hydrolys is 

products would presumably be highly beneficial for rapidly identifying food sources rich 

in digestible carbohydrates in nature.  

2.6 Summary 

The work presented herein aimed to investigate specific targets for glucose oligomer 

perception in humans as well as the role of hT1R2/T1R3 in mediating the perception. This 

approach used MOS stimuli with narrower DP profiles than in previous studies involving 

humans. It was found that all of the glucose oligomer preparations tested (up to 7 units in 

length) could be tasted by humans and that their discrimination was similar to that of simple 

sugars at a equimolar concentration. It was also found that in the absence of T1R2/T1R3, 

subjects could no longer discriminate maltotriose, which had previously not commonly 

been considered to be a ligand of the sweet receptor. Conversely, MOS with a DP between 

4 and 7 were still tasted when T1R2/T1R3 was blocked. These results support the proposed 

novel taste perception mechanism in humans stimulated by glucose oligomers greater than 

three units.  
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3.1 Abstract  

Research involving human responses to the consumption of starch and its hydrolys is 

products would benefit from convenient sources of well defined, low cost, food-grade 

maltooligosaccharides (MOS). This report addresses such need by presenting an approach 

to obtain aforementioned MOS. A chromatography-ready MOS sample containing 

proportionately high amounts of low degree-of-polymerization (DP) MOS is initia l ly 

prepared from commercially-available maltodextrins (MD) by taking advantage of the DP-

dependent differential solubility of MOS in aqueous-ethanol solutions. The low DP-

enriched MOS preparation is subsequently fractionated via preparative column 

chromatography using cellulose-based stationary phases and step-gradient aqueous-

ethanol mobile phases. The resulting fractions yielded isolated food-grade MOS ranging 

in DP from 3-7. NMR spectra of isolated MOS indicated minimal amounts of branched 

saccharides. Typical yields from a single fractionation protocol (2 g MD starting material), 

including solvent partitioning through preparative chromatography, ranged from ~40 mg 

for DP 4, 5, and 7 to ~100 mg for DP 3 and 6. 
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3.2 Introduction 

Hydrolysis of native starch yields a variety of shorter-chain starch hydrolys is 

products (SHP) that are widely used throughout the food industry (Brooks & Griffin, 1987). 

Of these, maltodextrins (MD) are primarily composed of glucose oligomers and polymers, 

i.e., maltooligosaccharides (MOS) and maltopolysaccharides (MPS), with an overall 

average degree of polymerization (DP) greater than 5 (Damodaran et al., 2007). 

Throughout this paper, we will define MOS and MPS as SHP with a DP of 3-10 and DP > 

10, respectively. MD are typically sold as soluble white powders for use in foods to 

improve texture, volume, and shelf-life (Takeiti et al., 2010). Other food properties 

enhanced by MOS/low DP MPS include taste, hygroscopicity, humectancy, fermentability, 

browning, and freezing point depression (Damodaran et al., 2007; Hofman et al., 2016). 

These attributes have led researchers to explore their use as replacements for sugar (Chen, 

Zhao, Pang, & Li, 2015), fat (Hadnađev, Dokić, Hadnađev, Pajin, & Krstonošić, 2011), 

artificial preservatives (Barreteau, Delattre, & Michaud, 2006), antistaling agents (Durán, 

León, Barber, & Benedito de Barber, 2001), and as encapsulating food ingredients 

(Kenyon, 1995). The use of these compounds as food ingredients has generated interest in 

the structural/functional aspects of MOS, including studies in chemistry, biochemistry, and 

sensory-related fields. The properties of these saccharides are of direct relevance to starch, 

because when consumed, native starch is hydrolyzed by α-glucosidases to generate MPS, 

MOS, maltose, and glucose (Zhang, Hasek, Lee, & Hamaker, 2015). 

The extent to which a given MD preparation influences the different functional and 

organoleptic properties of a food is highly dependent on the product’s DP profile, which is 

itself determined by the component saccharides. Commercial MD products are typically 

polydisperse; i.e., the component saccharides have a wide DP distribution, and are sold 

based on their average DP. However, the DP profile of an MD product, as compared to the 

product’s average DP, is a more adequate determinant of the product’s functiona lity 

(Marchal, 1999). This is a consequence of the fact that MD products with the same average 

DP may have substantially different saccharide compositions (Kearsley & Dziedzic, 1995). 

Commercial MD products with high dispersity are often not appropriate for studies aimed 

at determining the role of DP in dictating the characteristics of MOS/MPS-preparations. In 
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such cases it would be superior to have MOS/MPS preparations that cover a relative ly 

narrow range of DP.  

Preparative fractionation of MOS- and lower DP MPS-containing MD preparations 

has been accomplished using a variety of techniques. A manuscript from Whistler and 

Durso (1950) reported that charcoal/celite stationary phases, in conjunction with 

water/ethanol mobile phases, could remove mono-, di-, and trisaccharides from MOS. This 

technique became the basis for several following studies on MOS separation with charcoal 

(Andrews et al., 1956; Hoover et al., 1965; Moon & Cho, 1997; Whelan et al., 1953). 

French et al. (1966) substantially improved this method by substituting tert-butanol for 

ethanol, allowing for clean separation of oligosaccharides up to DP 12. Charcoal has 

additionally been used in batch mode to remove lower molecular weight saccharides from 

higher MOS in natural products (Morales, Sanz, Olano, & Corzo, 2006). Cellulose 

adsorbents have also been used for MOS separation; this being done using both paper 

(Commerford, VanDuzee, & Scallet, 1963; Thoma & French, 1957) and column (Thoma, 

Wright, & French, 1959) chromatography. Commerford was perhaps the most successful 

worker using paper chromatography for MOS separation, producing isolated glucose 

polymers DP 4-11 in milligram to gram quantities, greatly improving the yield over 

previous works describing similar techniques (Jeanes, Wise, & Dimler, 1951; Rl. Whistler 

& Hickson, 1955). Although Thoma et al. (1959) were successful in isolating MOS/MPS 

up to DP 18 using a cellulose-based column, with DP 3-7 isolated in similar quantities to 

those cited in this paper, the dependence on butanol made a food-grade application of this 

method excessively costly. Alternative sorbents for preparative MOS fractionation, 

including other polymer-based materials, have also been explored (Kondo, Nakatani, & 

Hiromi, 1981; Lee, Kwon, & Moon, 2003). Balto et al. (2016) developed a food-safe 

preparative fractionation method based on differential solubility in aqueous-ethano l 

solutions to significantly narrow the DP range of MOS/MPS-containing preparations. That 

approach is attractive in the sense that the resulting products are food-grade and recovered 

in relatively high yields (hundreds of grams), but is limited in that the resulting preparations 

do not provide isolated MOS. Nearly all of the aforementioned fractionation approaches 

aimed to acquire isolated MOS preparations for chemical analyses and/or enzyme 
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specificity studies (e.g., amylase subsite mapping) or only sought to narrow the MOS DP 

profile. Thus, all of these techniques suffer from one or more of the following: 1) the 

resulting MOS preparation is not food-grade, 2) the MOS preparations are prohibitive ly 

polydisperse, or 3) the approach is excessively expensive and/or tedious on the scale 

necessary to produce sufficient refined MOS for metabolic and sensory work. 

Studies that would benefit from refined food-grade MOS preparations include those 

that attempt to understand the role DP plays in dictating physiological responses to MOS 

consumption (for related review, see Hofman et al., 2016). Three active areas of research 

falling within this general subject area are (a) taste perception of MOS (Lapis et al., 2016; 

Lapis et al., 2014) (b) impact of oral carbohydrate/MOS sensing on physical performance 

(Jeukendrup & Chambers, 2010; Rollo & Williams, 2011), and (c) metabolic responses to 

MOS (Glendinning et al., 2017). These physiological phenomena undoubtedly involve 

enzyme, receptor and/or transporter systems that are at least somewhat DP-specific. Studies 

within these fields of research sometimes involve human subjects (as opposed to animal, 

cell culture, or cell-free systems). In such cases the MOS preparations must not only be 

well defined; they must also be food-grade and in sufficient quantity for human testing. 

The objective of this study was to develop a separation method that would (1) yield 

isolated MOS from SHP in quantities sufficient for human testing, (2) use only food-safe 

materials and thus result in food-grade MOS preparations, (3) use relatively inexpens ive 

materials and equipment, and (4) be highly reproducible. In particular, the work focused 

on optimizing a relatively simple fractionation approach using a combined effort of DP-

dependent differential solubility of MOS/MPS in aqueous-ethanol solutions and 

microcrystalline cellulose-based preparative chromatography to generate isolated MOS 

preparations. Various aqueous-ethanol washes were examined and compared for use in the 

solubility step, and multiple stationary phases, solvent systems, and chromatographic 

conditions were explored to optimize the chromatographic procedure. 
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3.3 Materials and Methods 

3.3.1 Materials: 

Maltodextrin (MD) was kindly provided by Tate & Lyle Ingredients Americas , 

Decatur, IL (Corn syrup solids: STARDRI® DE20). Solvents included ACS/USP-grade 

100% ethanol (Pharmco Aaper, Shelbyville, KT); and deionized (DI) water (18.2Ω), 

produced using a Millipore Direct-Q® 5 UV-R water purification system. Microcrystall ine 

cellulose (Avicel PH 101) was from FMC Corp. (Philadelphia, PA). TLC silica gel 60 

plates were purchased from EMD Millipore (Billerica, MA). Carbohydrate standards 

included glucose and maltose from Sigma Aldrich Corporation (St. Louis, MO); 

maltotriose and maltotetraose from Carbosynth Limited, (UK); maltopentaose, 

maltohexaose, and maltoheptaose from TCI America (Portland, OR). 1-napthol 

(ReagentPlus® ≥99%) and butyl alcohol (n-butanol, ≥99%, FCC, FG) were from Sigma-

Aldrich (St. Louis, MO); sulfuric acid (ACS-grade anthrone, 99%) from Alfa Aesar (Ward 

Hill, MA); bicinchoninic acid sodium salt (BCA) from Pierce Chemical Co. (Rockford, 

IL); and deuterium oxide (99.96%) from Cambridge Isotope Laboratories (Tewksbury, 

MA). 

3.3.2 Methods: 

3.3.2.1 Chromatography-ready maltooligosaccharides (CMOS) preparation 

Two grams MD was dissolved in 3 mL deionized water at 50-55° with stirring. 

Following dissolution, 3 mL of 100% ethanol was added and stirring/heating continued 

until a clear solution was obtained. Additional 1 mL increments of ethanol were then added 

up to a total of 9.5 mL ethanol, giving a 76% ethanol/water mixture (all solvents described 

herein are on a v/v basis). Up to 2 minutes, with stirring/heating, was given between each 

incremental ethanol addition to ensure sufficient mixing and allow higher DP MOS 

precipitation. After making the sample 76% ethanol, the mixture was stirred for an 

additional five minutes, after which the top liquid phase, which appeared as a translucent 

white suspension, was pipetted off for immediate loading onto the column or freeze dried 

for subsequent analyses. 
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3.3.2.2 CMOS fractionation using microcrystalline cellulose (MCC) columns 

Column chromatography was performed using a 73 mm I.D. x 305 mm long column 

with 1 L reservoir and fritted disc. The microcrystalline cellulose stationary phase was 

prepared by making a 140 g slurry in 70% ethanol and then carefully funneling the slurry 

down the walls of the previously wetted column. The packed column was then rinsed with 

70% ethanol, aided by compressed air (~1 psi), until the eluate went from deep yellow to 

colorless and a final column height of roughly 10 cm was reached. Note that the cellulose 

bed should not be disturbed during or after this step, as this was found to negatively impact 

flow rates. The column was then equilibrated with 100 mL 90% ethanol and allowed to 

drain until the packing surface was infinitesimally submerged. CMOS sample (~12 mL) 

was then added by pipetting it slowly down the walls of the column; the sample was 

allowed to percolate into the packed bed of the column. A step gradient, in percent ethanol, 

was then run as follows: 1.25 L of 90%, 1.25 L of 85%, 1.50 L of 80%, 1.0 L of 75%, and 

1.0 L of 70%, totaling 6.0 L of mobile phase. The first 1700 mL of eluate contained only 

glucose and maltose and were discarded. Collection began immediately thereafter in 100 

mL increments. Fractions were analyzed during the chromatography run by thin layer 

chromatography (2.2.3). 

3.3.2.3 Thin layer chromatography (TLC) 

TLC was used to verify contents of collected fractions. A capillary spotter was used 

to introduce 1 μL of each fraction 6 times to a single spot, totaling 6 μL of each fraction on 

a given plate. Plates were developed using an ethanol/water/butanol solvent (69/17/14, 

respectively) until a solvent front of ≥ 5.5 cm was achieved. Plates were removed from the 

solvent, dried completely with a heat gun, and then dipped in the staining solution 

described by Robyt & Mukerjea (1994). Spots were visualized by evenly waving a heat 

gun across the plate for 20-30 seconds. Upon heating, plates became light gold and 

carbohydrates develop a deep purple color. Spots were immediately marked with pencil 

and recorded; fractions with the same MOS composition were combined in sealed 

containers. For routine semi-quantitative analyses, test samples were developed on plates 

alongside known concentrations of MOS standards and compared visually; where more 
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precise quantitative results were desired (e.g., for developing chromatograms), plates 

containing samples and known concentration standards were digitally scanned and then 

quantified in silico using ImageJ or similar software. 

3.3.2.4 Solvent removal and lyophilization 

Ethanol removal from MOS-containing chromatography fractions was achieved 

using a rotary evaporator (Büchi Rotovapor R-205, Büchi Labortechnik AG) equipped with 

a 55 °C water bath (Buchi B-490) and vacuum pump (Chemglass Scientific 

Apparatus/10 Torr). Fractions were reduced to a minimal volume and rinsed using two 

subsequent 50 mL DI water additions to completely remove traces of ethanol. Concentrated 

samples were stored at - 23 °C until drying by lyophilization in a VirTis CONSOL 4.5 

freeze dryer. Complete ethanol removal was confirmed using NMR (see 2.2.6). 

3.3.2.5 High performance liquid chromatography (HPLC) 

Lyophilized samples were re-solvated in DI water and percent saccharide 

compositions were determined using a Prominence UFLC-HPLC system (Shimadzu, 

Columbia, MD) equipped with a system controller (CMB-20A), degasser (DGU-20A), 

solvent delivery module (LC-20AD), autosampler (SIL-10A), column oven (CT20-A), and 

evaporative light scattering detector (ELSD-LT II) on a combined Ag2+ polystyrene ion-

exchange guard and analytical columns run at 80 °C (Supelcogel, Hercules, CA). DI water 

was used as the mobile phase at a rate of 0.20 mL per minute. The ELSD was kept at 60 °C 

with a nitrogen gas pressure of 350 kPa. Standard curves prepared with commercia l ly 

available MOS DP 1-7 standards were used to determine MOS concentrations; LOD values 

for DP 1-7 standards were found to be ≤ 0.006 mg/mL (Balto et al., 2016). Integration was 

done using LCsolution computer software (Shimadzu, Kyoto, Japan).  

3.3.2.6 Nuclear magnetic resonance (NMR) 

 NMR analyses were carried out to verify the absence of ethanol from the 

preparations and also to determine relative amounts of α-1,4 and -1,6 linkages (Nilsson et 

al., 1996). A Bruker AVIII 700 MHz 2-channel spectrometer with a 5 mm dual carbon 

(DCH) cryoprobe with a z-axis gradient was used to analyze samples at room temperature 
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dissolved in D2O. Topspin 2.1 computer software was used to acquire spectra. Prevalence 

of bond linkages were determined by integration of peak areas for α-1,4 (5.305–5.395 ppm) 

and α-1,6 (4.881–4.924 ppm) signals. 

3.3.2.7 Total carbohydrate assay 

 Total carbohydrate content of the MD preparation, CMOS, and final MOS products 

was determined using the spectrophotometric anthrone/sulfuric acid assay described by 

Brooks and Griffin (1987). Three mL of anthrone reagent (0.1% (w/v) in 12.4 M sulfur ic 

acid) was added to test tubes containing 25 μL of aqueous carbohydrate solution. Tubes 

were topped with glass marbles and immersed in a boiling water bath for 5 minutes, 

followed by placement in an ice water bath for 15 minutes. Solutions were distributed into 

cuvettes and absorbance was read at 630 nm. A calibration curve was produced using 

aqueous glucose samples at 0 to 2 mg/mL. These values were multiplied by 0.90 to adjust 

for water of hydrolysis. Assays were done in triplicate. 

3.3.2.8 Reducing sugar assay 

 Reducing ends of MD preparation and CMOS were quantified using the 

BCA/copper-based assay described by Kongruang, Han, Breton, & Penner (2004). One mL 

of BCA working reagent, as prepared in Garcia, Johnston, Whitaker, & Shoemaker (1993), 

was added to test tubes containing 1 mL of aqueous carbohydrate solution. Tubes were 

immediately capped and immersed in an 80 °C water bath for 30 min., followed by 

immersion in an ice water bath for 1 minute and then brought room temperature. The 

solutions were distributed into cuvettes and absorbance was read at 560 nm. A calibration 

curve was produced using aqueous maltose samples of 0 to 75 μM. Assays were done in 

triplicate. 

3.4 Results 

 The following results describe the combined use of differential solubility and 

preparative chromatography to prepare gram quantities of individual, low-DP, food-grade 

MOS from commercially-available MD products. The DP-dependent differential solubility 

of MOS allows preparation of a “chromatography-ready MOS” (CMOS) sample enriched 
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in DP 1-7 MOS. Preparative chromatography with a cellulose-based stationary phase and 

a 5% step-gradient aqueous-ethanol mobile phase (9070% ethanol) was used to isolate 

MOS ranging from DP 3-7. 

3.4.1 Preparation and Characterization of CMOS 

 Appropriate aqueous-ethanol solutions for the preparation of CMOS from starting 

MD were determined by guided trial-and-error (Balto et al., 2016). A single wash of 76% 

ethanol was found to be optimum based on two criteria: recovery of lower-DP MOS (DP 

3-7) and removal of the higher DP MOS (DP ≥ 8). The percent of the individual MOS 

recovered in the CMOS preparation under the recommended conditions ranged from 33% 

(DP 7) to 93% (DP 1); this percent recovery was correlated with the DP of the individua l 

MOS (see Supplementary Material, Table 1S). Overlaid chromatograms depicting the DP 

profiles of the starting MD 

material and CMOS (Figure 

3.1) illustrate the notable extent 

to which high DP MOS were 

eliminated from the CMOS 

preparation. Quantitative values 

for individual DP MOS in the 

MD and CMOS preparations 

are presented in Table 3.1; 

further characterizations of each 

preparation is presented in 

Table 3.2. Values for MOS/ 

MPS with DP ≥ 8 are combined 

in Tables 3.1 and 1S due to the 

limited resolution of the analytical system and lack of commercially available standards 

for higher DP MOS/MPS. Roughly half of the original MD preparation was comprised of 

MOS/MPS with DP ≥ 8; the preparation of CMOS successfully dropped this fraction to 

~4% while maintaining, at a minimum, at least one-third of each of the targeted MOS (DP 

3-7). This compositional change is reflected in the average DP values for the two 

Figure 3.1 Overlaid chromatograms from HPLC-ELSD depicting 

the shift in degree of polymerization (DP) profiles of the starting 

maltodextrin (MD) preparation and the chromatography-ready 

maltooligosaccharides (CMOS), produced through a single wash 

of the MD preparation with 76% aqueous ethanol. 
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preparations: MD DPavg = 6.6, CMOS DPavg = 3.3 (see Table 3.2). Removal of DP ≥ 8 

MOS/MPS from the MD preparation also significantly increased the ratio of α-1,4 to α-1,6 

linkages in the resulting CMOS preparation (see Table 3.2), this being indicative of a 

higher ratio of branched saccharides in the higher DP MOS/MPS (see Supplementary 

Materials, Figure 2S for NMR spectra).  

Table 3.1  Percent saccharide composition of starting maltodextrin (MD) preparation and 
chromatography-ready maltooligosaccharide (CMOS) preparation. 

 MD Preparationb CMOSb 

DPa 1 1.7 ± 0.1b 5.59 ± 0.03b 

DP 2 5.1 ± 0.1 17.96 ± 0.03 

DP 3 7.6 ± 0.1 20.1 ± 0.1 

DP 4 4.79 ± 0.04 9.7 ±  0.1 

DP 5 5.2 ± 0.1 9.10 ±  0.04 

DP 6 16.16 ± 0.04 23.1 ± 0.1 

DP 7 8.0 ± 0.1 10.47 ± 0.03 

Total DP 1-7 48.4 ± 0.1 96.0± 0.2 

Total DP 8 + 51.56 ± 0.03 4.0 ± 0.2 

 

a DP = degree of polymerization  

b Values are means ± SD of three replicates determined by HPLC-ELSD analyses (see 2.2.5) 
 
 

 

Table 3.2  Chemical characterization of starting maltodextrin (MD) preparation and 
chromatography-ready maltooligosaccharides (CMOS). 

Sample 
Percent 

Carbohydratea, b 

moles RE 
per 100 ga, c DEd Average 

DPe 

Linkage prevalencef 
(1,4-):(1,6-) 

MD 
Preparation 92.5 ± 0.8 0.09 ± 0.09 16.7 6.6 16.6:1 

CMOS 94.1 ± 0.1 0.19 ± 0.04 33.3 3.3 50:1 

 
a Values are means ± SD in triplicate, expressed on a dry weight basis  
b Determined using anthrone/H2SO4-assay with glucose as a standard. 
c Determined using Cu/bicinchoninic acid-assay with maltose as a standard. 
d DE = dextrose equivalent; a quantitative measure of the average reducing power of starch hydrolysis 

products as a percentage of the reducing power of an equivalent dry-weight of D-glucose. Calculated as 

moles of reducing ends per 100 g x 180. 
e DP calculated as 111/DE. 
f Determined from NMR spectra. 
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Figure 3.2  Representative elution pattern of chromatography-ready maltooligosaccharides (CMOS) on 

cellulose column described herein. Chromatogram developed by measuring relative spot densities of each 

collected fraction on TLC plates. Elution began with 1.25 L of 90% (v/v) ethanol, followed by 1.25 L of 

85%, 1.5 L 80%, and 1.0 L of each 75% and 70%. (The values across the top of the chromatogram 

represent % ethanol values.) Fractions of 100 mL were collected. Only isolated material was kept for 

further analyses. 

 

 

3.4.2 Chromatographic preparation and Characterization of MOS  

 A representative chromatogram depicting an entire chromatographic run is given 

in Figure 3.2. The data is taken from digitized density readings of TLC plates developed 

for each collected fraction (see 3.3.2.2 and 3.3.2.3); the chromatogram thus allows 

visualization of each independent MOS. The chromatogram illustrates that the resolution 

is sufficient to allow recovery of the majority of each individual MOS simply by avoiding 

leading and tailing peak edges. Typically, independent chromatographic runs were 

reproducible in that elution volumes for each of the isolated MOS varied by less than 20 

mL. HPLC-ELSD chromatograms of individual MOS collected in this way are overlaid in 

Figure 3.3; these chromatograms illustrate that the approach outlined in this work allows 

isolation of individual MOS. Table 3.3 gives further information on the isolated MOS. 

Notably, the NMR signal indicating the presence of α-1,6 linkages was not detected in any 

of the MOS preparations (see Supplementary materials, Figure 3S), indicating the isolated 



 

41 

 

MOS collected are exclusively linear saccharides. Recoveries of individual MOS, based 

on amount recovered as isolated MOS from the column relative to the amount in the CMOS 

preparation, were all above 90% (Table 3.3). 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Chemical characterization and column recovery for isolated maltooligosaccharides. 

Sample 
Percent 

Carbohydratea,b 

Linkage 
prevalencec 
(1,4-):(1,6-)  

Mass 
Recoveryd 

(mg) 

Percent 
Recoverye  

(mg) 

DPf 3 98.19 ± 0.02  1,6 NDg 94.5 ± 0.7  94.5 ± 0.7 

DP 4 98.24 ± 0.01 1,6 ND 45.0 ± 1.4 93.8 ± 2.9 

DP 5 99.27 ± 0.01 1,6 ND 42.5 ± 2.1 94.4 ± 4.7 

DP 6 99.28 ± 0.01 1,6 ND 106.0 ± 2.8 93.0 ± 2.5 

DP 7 99.50 ± 0.01 1,6 ND 48.5 ± 2.1 93.3 ± 4.1 

 
a Values are means ± SD in triplicate, expressed on a dry weight basis. 
b Determined using anthrone/H2SO4-assay with glucose as a standard, performed in triplicate. 
c Determined from NMR spectra. 
d Indicates average mass ± SD collected off two columns. 
e Percent recovery based off expected mass; these values include isolated material only. 
f DP = degree of polymerization. 
g 1,6 ND = α-1,6 linkage not detected in NMR spectrum. 

Figure 3.3  Overlaid chromatograms depicting individual, isolated MOS (i.e., those from fractions 

showing a single MOS) collected from chromatographic fractionation of chromatography -ready 

maltooligosaccharides (CMOS) as depicted in Figure 2. DP = degree of polymerization. 
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3.5 Discussion 

A commercial MD product with a relatively low average DP (~6.6, based on 

reducing sugar equivalents per gram product) was chosen as the starting material due to 

the target MOS being those with DP  7. The initial step in MOS production is solvent 

extraction of higher DP MOS and MPS from this starting material. A single aqueous 76%-

ethanol extract proved adequate for this purpose (see Table 1). The removal of the higher 

DP MOS and MPS, and thus enrichment of MOS with DP < 7, was important for two 

reasons: 1) the higher DP MOS and MPS are only sparsely soluble at the high ethanol 

concentrations corresponding to optimum column performance and 2) the enrichment step 

allowed greater amounts of DP 1-7 MOS to be chromatographed in each run. 

The choices of suitable mobile and stationary phases for MOS chromatography 

were limited due to the overall goal of obtaining relatively inexpensive food-grade MOS. 

Water, ethanol, and butanol were considered as the mobile phases of choice due to their 

history of use in MOS chromatography (dating back to Thoma & French, 1957; Thoma et 

al., 1959) as well as their availability as food grade solvents. MOS chromatography done 

with a three-component mobile phase (butanol/ethanol/water) gave somewhat better 

resolution than the corresponding system with a two-component mobile phase 

(ethanol/water) (data not shown). However, the protocol described herein uses a two-

component ethanol/water mobile phase for two reasons: 1) the improvement in resolution 

was rather small and 2) food-grade butanol is relatively costly. A side-benefit of using 

either of the alcohol/water mobile phases is that they are antimicrobial.  

Several stationary phases were considered for the chromatographic separation of 

MOS (including silica, potato starch, microcrystalline cellulose, and paper). Cellulose was 

found to be the most productive when coupled with the food-grade mobile phases. All 

others failed to give isolated products in the quantities desired. Specifically, excessive 

tailing was observed with analogous silica columns. Starch-based columns approached the 

resolution of cellulose, but suffered from extremely slow flow rates. Attempts using paper 

chromatography were limited by the inability to chromatograph sufficient quantities of 

CMOS and the amount of work required to identify and extract MOS from the paper.  
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The chromatographic isolation protocol described herein fractionates CMOS 

preparations which are themselves derived from commercial MD products by taking 

advantage of the DP-dependent solubility of MOS/MPS (Balto et al., 2016). The MOS 

products resulting from the application of this protocol are isolated, linear, food-grade 

MOS ranging in DP from 3 to 7. These products, in addition to the novelty of being food-

grade, are produced at relatively low cost. The linearity of the products obtained in this 

study appear to be a result of the MD starting material having minimal amounts of branched 

low DP MOS. Yields of individual MOS per g starting material will be highly dependent 

on the DP-profile of the starting material. The major factor limiting the recovery of all 

MOS is the loss that occurs during the preparation of CMOS as a result of the low 

resolution of the solvent extractions. MOS yields were not the sole determinant in 

developing the presented protocol since the MD starting materials are relative ly 

inexpensive. The protocol presented herein was deemed optimum based on 

reagent/material costs and labor input as well as MOS yield. The presented protocol is 

flexible; e.g., if isolated MOS are not required then one can obtain MOS preparations with 

relatively narrow DP ranges by increasing mobile phase polarity which, in turn, would 

shorten run times and decrease solvent usage. 

3.6 Conclusions 

 A straightforward method to fractionate commercial MD preparations to obtain 

isolated, low-DP (3-7), food-grade MOS has been presented. Such MOS are anticipated to 

be of most direct importance in studies investigating human responses to starch and starch 

hydrolysis product consumption. This includes, but is not limited to, research dealing with 

human sensory perception. The method is distinct from previous work concerning MOS 

isolation in that the process is performed with relatively simple, cost-friendly materials 

(i.e., food-grade cellulose, ethanol, and MD products). Single runs result in ~40 mg of DP 

4, 5, and 7, and ~100 mg of DP 3 and 6. The preparative approach described herein is 

robust in that it can be modified based on the resolution required for the final MOS 

products. The nature of the commercial starting material, the extraction scheme used to 

prepare CMOS, and the chromatographic conditions are all expected to have an impact on 

final yields of individual MOS. 
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CHAPTER 4 

 

GENERAL CONCLUSION 

 

The objectives of the present work were to: 1) develop an approach to fractionate hundreds 

of milligrams of specific, food-grade, low-DP MOS and 2) to investigate human taste 

detection of low-DP MOS, and provide insight to the role of hT1R2/T1R3 in low-DP MOS 

taste. These goals were sequential, in that success of the first was essential in allowing the 

second to be achieved.  

 The overall objective of the first study (Chapter 2) was to investigate taste detection 

of low-DP MOS. Thus, the first goal was to develop a fractionation approach to produce 

specific MOS stimuli suitable for psychophysical testing. Psychophysical test objectives 

then addressed 1) if the ranges of MOS are discriminated similarly to each other and simple 

sugars, and 2) if the detection is independent of hT1R2/T1R3. Four MOS stimuli were 

produced (DP 3, DP 3-4, DP 5-6, and DP 6-7) through combination aqueous-ethano l 

differential solubility and cellulose/starch column chromatography. The MOS were found 

to be linear (i.e., α-1,4-linked), and were of high purity. These four stimuli, in addition to 

glucose (DP 1) and maltose (DP 2) were prepared at 75 mM with acarbose (to inhibit α-

glucosidase activity) and without or with lactisole (a sweet inhibitor). Subjects performed 

triangle tests to determine discriminability of these stimuli from water blanks. The results 

showed that all of the MOS tested could be significantly discriminated from blanks in 

normal tasting conditions; however, when T1R2/T1R3 was blocked, maltotriose could not 

be significantly discriminated by subjects. The other MOS stimuli, containing MOS of DP 

4 to 7, were still tasted. Overall, these results support prior work proposing that humans 

can taste low-DP MOS, and that suggest the presence of a taste perception mechanism 

separate from that of the sweet taste receptor. Additionally, we now suggest that in humans, 

this mechanism is stimulated by glucose oligomers greater than three units. 

 The second study (Chapter 3) involved modifications to the fractionation method 

reported in Chapter 2. The objective of this second study was thus to develop and report 
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on a method to fractionate isolated, food-grade MOS suitable for use in further taste 

perception studies. Differential solubility using aqueous ethanol was first used to obtain a 

refined MOS preparation, which was further refined using cellulose-based column 

chromatography in conjunction with aqueous ethanol mobile phases. From this, MOS from 

3 to 7 units were prepared; single runs resulted in ~40 mg of DP 4, 5, and 7, and ~100 mg 

of DP 3 and 6. Chemical analyses were carried out to address the character of the starting 

material and all stages of refined products. All isolated MOS were also found to be linear 

and of high purity. The method presented in Chapter 3 would not only be of high 

importance to researchers interested in studying the physiological impacts of MOS 

consumption in humans, but will also be of direct relevance to future studies involving 

human taste perception of these saccharides. 

 

 

 

. 
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APPENDIX 

 

SUPPLEMENTARY MATERIALS 

 

 

Figure 1S Representative 1H NMR spectra of MOS preparations (A: DP 3;  B: DP 3-4;  C: DP 5-6;   

D: DP 6-7) dissolved in D2O showing full and magnified spectra of the ppm range containing peaks 

corresponding to -1,4 (5.305-5.395 ppm) and -1,6 (4.881-4.924 ppm) linkages (circled). Absence of 

ethanol signal (1.1 ppm) circled. 
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A 

 

B 

 

 

Figure 2S  Representative 1H NMR spectra of A) maltodextrin and B) chromatography-ready 

maltooligosaccharides (CMOS) dissolved in D2O showing magnified spectra of the ppm range containing 

peaks corresponding to -1,4 (5.305-5.395 ppm) and -1,6 (4.881-4.924 ppm) linkages. 
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Table 1S Percent recovery of individual maltooligosaccharides after preparation of column-ready 
maltooligosaccharides (CMOS). 

Component 
Percent of MDa 

Preparation 
Expected mass of 
individual DPb,c 

Avg. mass recovered in 
CMOS preparation step 

Recoveryd 

DP1 1.7 34 mg 28 mg 93% 

DP2 5.1 102 mg 89 mg 89% 

DP3 7.6 152 mg 100 mg 66% 

DP4 4.8 96 mg 48 mg 50% 

DP5 5.2 104 mg 45 mg 43% 

DP6 16.2 324 mg 116 mg 36% 

DP7 8.0 160 mg 52 mg 33% 

DP 8+ 51.6 1032 mg 21 mg 2% 

 
a Starting commercial maltodextrin preparation. 
b DP = degree of polymerization 
c Expected values calculated based on percent of the individual saccharide in the MD preparation, 

  determined by HPLC-ELSD chromatograms.  
d Indicates average mass collected from two columns divided by the percen t saccharide composition of the 

  CMOS (Table 1) expected mass. 
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Figure 3S Representative 1H NMR spectra of isolated DP 3-7 (A-E, respectively) dissolved in D2O 

showing full and magnified spectra of the ppm range containing peaks corresponding to -1,4 (5.305-5.395 

ppm) and -1,6 (4.881-4.924 ppm) linkages (circled). Absence of ethanol signal (1.1 ppm) circled. 


