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Abstract 

To date, the majority of research on chewing gum has been conducted using 

human subjects in conjunction with time-intensity sensory analysis and/or real-time mass 

spectrometry techniques (proton transfer reaction mass spectrometry [PTR-MS] or 

atmospheric pressure chemical ionization [API-MS]).  The disadvantages of human 

subjects include their tremendous variability (salivary flow rate, masticatory force, mouth 

volume, mastication rate, respiration rate and others), low throughput of samples, and 

necessary training and compensation.  For these reasons, it is desirable to fabricate a 

chewing device to simulate human mastication.  Using this device, formulation and 

ingredient effects could be elucidated without convolution by inter-individual differences.  

The trade-off, however, is a lack of end-user perception, a potentially large capital 

investment, and difficulty replicating the conditions associated with human mastication. 

 In the work presented herein, we have developed such a chewing device to be 

used as a screening tool for ingredients and formulation effects in chewing gum.  The 

device simplifies the chewing process so a more basic understanding of the release of 

volatile and non-volatile components from chewing gum can be achieved.   

 Following the construction of the chewing device, suitable methodology was 

developed to examine the release of volatile aroma compounds into the air (using PTR-

MS or API-MS).  Aroma compounds extracted in the simulated saliva were evaluated 

using GC-FID.  Non-volatile compounds (polyols and high potency sweeteners) extracted 

into simulated saliva were measured using HPLC-MS and UPLC-MS.   
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Conducting a mass balance of chewing gum components validated the device and 

methodology.  Analysis of chewing gum after simulated mastication revealed that a large 

portion of the aroma compounds remained in the bolus after 21 min of simulated 

mastication; only a small portion were found in the air and simulated saliva; the amount 

depended on the properties of the aroma compound.  The water-soluble compounds, 

however, were almost entirely depleted from the chewing gum after 21 min. 

In the second study, the chewing device was used to evaluate ingredients designed 

to delay the release of acesulfame-K (Ace-K), a high potency sweetener commonly used 

in chewing gum, from chewing gum during mastication.  A response surface 

experimental design was used to optimize the entrapment of Ace-K in polyvinyl acetate 

(PVA).  Three parameters were examined (particle size of Ace-K, total particle size, and 

core to matrix ratio) at three levels.  Embodiments were incorporated into chewing gum 

containing no high-potency sweetener.  Release was examined using the chewing device 

connected to a fraction collector sampling at 1 min intervals.  Ace-K concentrations 

(mg/ml) were evaluated using UPLC-MS.  Statistical analysis revealed the optimum 

conditions for delayed release (from 11-21 min) to be smaller Ace-K particles with larger 

total particle size. 

The third study examined how differences in gum hardness affected the release of 

volatile aroma compounds and Ace-K.  Three chewing gum formulations contained 

different levels of glycerin (3%, 6% or 9%).  Static headspace was used as a measure of 

the effect of the matrix on volatility.  Samples were masticated in the chewing device and 

the release of volatile aroma compounds was measured using an API-MS.  Ace-K release 
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was quantified at 1 min intervals using UPLC-MS.  There were no significant differences 

in maximum intensity between the three chewing gums for the three volatile compounds 

(ethyl butyrate, isoamyl acetate, and limonene).  Vapor pressure also was not 

significantly different between the three samples.  These results potentially indicate that 

differences in perception between gums of differing textures are due to consumer 

perception and/or mastication rate and not differences in flavor release caused by the 

matrix or resistance to mass transfer.   
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Literature Review 
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1.1 Introduction  

 Many sensory modalities (taste, smell, texture, irritation, visual stimulation) come 

together to form the overall perception of a food in the consumer’s brain.  The amounts 

and ratio of volatile and non-volatile components as well as texture and mouthfeel 

contribute to the widely used term “flavor” (Overbosch et al., 1991; van Ruth, 2001).   

 Perception depends upon the stimuli released from a food during mastication. As 

a food is masticated, aroma molecules are released from the food matrix into the oral 

cavity.  The aroma compounds are transferred retronasally (through the mouth to the 

nasal passages) and interact with receptor cells in the nose and are perceived by the brain.  

The olfactory region in the nasal passage can respond to thousands of odors (van Ruth, 

2001).   

As the food’s chemical components interact with taste cells in the mouth, basic 

tastes are perceived.  The receptor cells on the human tongue are capable of responding to 

five basic stimuli (and potentially several more). The texture of the food is modified as 

the food matrix is crushed during mastication.  Interactions and/or irritation of the mouth 

lining may occur.  The composition of a food affects the way these aroma and taste 

compounds are released.  The aim of this review is to discuss flavor release, its 

measurement, and factors affecting it, in the context of current published literature about 

chewing gum and other relevant topics.   
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1.2 Sensory Perception   

Flavor is generally cited as the most important attribute of a food product for 

consumer acceptance.  The experience that one gains upon the consumption of a food 

product is a combination of several anatomical systems.  It is widely agreed upon that 

flavor perceptions draws on gustation (taste) and olfactory (smell) components as well as 

tactile (chemesthetic) sensations.  Additionally, visual appearance and temperature are 

thought to contribute to flavor perception as well (Delwiche, 2004). 

 

1.2.1 Taste 

The system by which the “true” tastes (sweet, salty, bitter, sour, and umami) are 

perceived is still not completely understood.  There are different physiological 

mechanisms that are responsible for the basic tastes.  The mechanism by which salty and 

sour are perceived is believed to be through direct interaction of the membranes on the 

tongue, through ion channels (Smith and Margolskee, 2001).  Conversely, perception of 

sweet, bitter, and umami are mediated by binding to surface receptors, which in turn 

signal neurotransmitters, which relay to the processing areas in the brain’s cortex (Smith 

and Margolskee, 2001).   

Response to bitter compounds varies widely among individuals and is considered 

to be an evolutionarily selected mechanism to avoid toxic plant components.  The wide 

variety of responses to bitter compounds by individual subjects suggests that a sole taste 

receptor may not be responsible, but a network of taste receptors and differences and 
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gene expression further along in the signal cascade.  The response to umami compounds 

requires both ion-channel mediated response and a G protein-coupled receptor. 

The mechanism by which the cortical taste centers processes this information is 

not well understood.  Literature suggests that taste buds on the tongue many not exhibit 

selectivity to only one basic taste stimuli (i.e. salty or sweet), but may respond most 

strongly to one type of stimuli and weakly to others (Smith and Stephen, 1999).   

Human taste perception exhibits highly adaptable behavior.  In experiments where 

a solution of constant stimulus is introduced across the tongue (to prevent saliva dilution), 

subjects report an initial spike in intensity, which begins to fade rapidly within a few 

seconds (Miller and Bartoshuk, 1991).  

 

1.2.1.1 Saliva 

Saliva secreted in the mouth by the salivary glands plays an important role in the 

digestion, lubrication, and olfactory detection of odorants.  While saliva is 99% water, it 

contains a large number of components in trace quantities (Bradley and Beidler, 2003).  

Ions (sodium, potassium, magnesium, chloride, phosphate, and bicarbonate being the 

predominant ones) are derived from blood plasma (Bradley and Beidler, 2003).  Over 200 

types of protein are found in mammalian saliva (Bradley and Beidler, 2003).  Enzymes 

are also present, the most predominant being α-amylase (Buettner, 2002).   The 

breakdown of starch in the diet is catalyzed by α-amylase; the degree of breakdown 

depends on the amount of time the food remains in the mouth prior to swallowing.  There 

are some indications that salivary amylase is protected in the stomach and may contribute 
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to further digestion in other parts of the digestive system besides solely the mouth.  

Glucoprotiens (mucin) are present for lubrication and increase viscosity of the saliva 

(Bradley and Beidler, 2003; Buettner, 2002; Friel and Taylor, 2001).  The pH of saliva 

ranges from 6.2-7.4, being higher upon secretion (Friel and Taylor, 2001).   

Three main salivary glands, parotid, submandibular, and sublingual, secrete the 

majority of saliva, although several smaller glands in the lips (labial), cheeks (buccal), 

palate (palatine), and tongue (lingual) are also important contributors (Bradley and 

Beidler, 2003).  Salivary flow is controlled by the autonomic nervous system.  The 

baseline flow of saliva is supplemented by saliva produced when a reflex to a stimulus 

illicit an autonomic nervous response (Bradley and Beidler, 2003).  Acids are the best 

chemical stimuli in eliciting saliva production (Bonnans and Noble, 1995).  Saliva affects 

the way acids are perceived due to its buffering action (Guinard, et al., 1997).   

 

1.2.1.1.2 Chewing Gum and Saliva 

 Chewing gum initially increases salivary flow rate, with the peak occurring during 

the first 1-2 minutes of chewing after which it declines, but remains significantly above 

an unstimulated salivary flow rate (Dawes and Kubieniec, 2004).  This increase in saliva 

production is thought to be in response to both the taste of the gum and the mechanical 

nature of chewing (Polland, et al., 2003).  Rosenhek et al. (1993) theorized that the drop 

in saliva production after the first few minutes is due to the softening of the gum base 

which maybe be caused by the increased temperature of the mouth or the up-take of 

saliva by the gum. Polland et al. (2003) concurred but added that after the non-volatile 
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flavorings (largely sweeteners) leach out of the gum and are swallowed, there is less 

stimuli present to promote salivation.  Further, Polland et al. (2003) showed that fatigue 

does not play a role in this decline, as response to fresh pieces of gum are almost identical 

to the response from the first piece.  Dong et al., (1995) found saliva flow rate to be 

independent of chewing frequency of the subject after the first minute of chewing.  After 

the gum is expectorated, salivary flow rate drops below what it was during gum chewing, 

but not below that of the normal unstimulated flow rate (Dawes, 2005).   

 

1.2.2 Olfactory System 

In addition to the basic tastes, the olfactory system plays a major role in flavor 

perception.  As the food makes contact with saliva, flavor compounds are partitioned into 

the aqueous liquid and then into the air in the mouth (Haar et al., 2004).  This is shuttled 

back to the retronasal passage or out the mouth.  These volatile flavor components 

released during chewing and in subsequent breaths make contact with the nasal passage 

in the olfactory epithelium in the upper part of the nasal cavity (Prescott, 1999).  Neuron 

receptors submerged in mucous line the nasal passage epithelium.  This mucous is 

partially responsible for the selectivity of the olfactory system; compounds that are not 

soluble in the lipophilic mucous will not be able to interact with the receptors (Prescott, 

1999).  Transport proteins in the mucus make detection of lipophilic aroma compounds 

possible.  Signals sent from the receptors send electrical impulses to the brain via the first 

cranial nerve.  After passing though the olfactory bulb, the signal is relayed to the 

piriform (or olfactory) cortex.   
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The mechanism by which chemical odorants interact with receptors in the 

epithelium has been the subject of several theories.  The theory published in 1952 by 

Amoore attributes the interaction of receptors and chemicals as a lock-and-key 

mechanism based on stereochemical structure of the odor molecule.  The genes likely 

responsible for encoding specific receptor sites were published by Buck and Axel in 

1991.  From this, it was theorized that a large number of receptor sites exist in the nasal 

cavity, each of which recognizes a small number of odor compounds.  Turin (1996) 

theorized that the vibrations of the molecules, not the shape, are responsible for the 

differences in compound odor.  Turin claimed the discrepancy of structure-based theories 

is exhibited by two molecules of acetophenone, one deuterated and one not, which 

exhibit different odors while being structurally identical.        

The olfactory system is extremely sensitive to compounds even at extremely low 

concentrations.  It is this attribute that makes it an ideal tool to use with analytical 

instruments (i.e. Gas Chromatography-Olfactometry) (Dattatreya et al., 2002).  Due to the 

complexity of odors, which may be comprised of hundreds, if not thousands of different 

compounds, the question of exactly how the brain puts this information together is also 

one in which much attention is also focused.  

 

1.2.3 Taste and Smell Interaction 

 There is evidence to suggest that taste and smell mechanisms interact in the brain 

to contribute to flavor perception.  When subthreshold levels of a volatile odor compound 

(benzaldehyde) were taken in conjunction with a subthreshold concentration of a basic 
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taste eliciting chemical (sodium saccharin or MSG) subjects were able to perceive the 

combination when the combinations were seen as related (Dalton et al., 2000).  Similar to 

this, the perception that so-called “sweet” flavors (strawberry and vanilla) increase the 

sweetness intensity of sucrose solutions has been well documented (Stevenson et al., 

1999).  Data from brain imaging studies using positron emission tomography (PET), 

functional magnetic resonance imaging (fMRI), and/or evoked related potential (ERP) 

supports the theory that taste and smell are interconnected (Small et al., 1997).   

 

1.2.4 Chemesthesis 

Another factor that plays into flavor perception is chemesthesis.  This type of 

sensation arises from chemical compounds eliciting tactile responses in the trigeminal 

nerve.  Examples include:  burning/pungency (capsaicin, horseradish), cooling (menthol), 

and astringency (tannins, proteins, acid, and salts).  These sensations are perceived by the 

fifth cranial nerves.  The response from these nerves is generally considered to be one of 

irritation.  Evidence suggests that these irritants may suppress odors and that the reverse 

may also be true.  Lim and Green (2007) concluded that there may be similarities in the 

mechanisms of bitter taste and capsaicin burn; thus the line between basic tastes and 

chemesthetic properties may be more convoluted than previously believed.  Green and 

Hays (2003) also found that capsaicin can increase and in some cases decrease sensitivity 

to bitter taste (depending on the bitter compound and positioning on the tongue).  To 

complicate matters, some odor and taste compounds can contain components that act as 

irritants as well.    
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1.2.5 Other Contributors to Flavor Perception 

Visual appearance also may also affect flavor perception.  Zellner, et al. (1991) 

found that certain colors are associated with specific flavors and when these expectations 

are not met, odor perception was lessened.  Other literature also indicates that when color 

intensity increases, intensity of odor does as well (Johnson and Clydesdale, 1982).  It is 

not clear, however, if the affects of color on flavor perception is learned or a 

physiological response. 

Literature on the effect of temperature on flavor perception has been somewhat 

ambiguous.  While chemicals partition into the gas phase more readily when heated, a 

study using sucrose solutions found that perception may not follow this increased release 

into the gas phase (Noble et al., 1991).  To the contrary, the temperature of a solid food 

product (e.g. beef) has been found to have an affect on flavor intensity (Olsen et al., 

1990).  This discrepancy was rationalized by suggesting that liquids may acclimate to 

body temperature quickly thus negating the affect of temperature on volatile chemicals in 

food, while solid foods come up to body temperature more slowly (Delwiche, 2004). 

It is clear that many factors contribute to the perception of flavor in foods.  The 

act of eating elicits multiple pathways in the brain all of which interact to shape flavor 

perception.  While current and past research has shed some light on these complex 

pathways and physiochemical interactions, flavor perception is still poorly understood. 
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1.3 Chewing Gum 

 The history of chewing gum is quite lengthy; anthropologists have discovered that 

the Ancient Greeks, Mayans, Eskimos, South American peoples, and American Indians 

were all chewers of local flora (Fenimore, 2008). The first commercial gum was put on 

the market in 1848; it was a product inspired by Native Americans in Maine who were 

chewing spruce resin.  Over 150 years later, the sale of chewing, bubble, and 

pharmaceutical gum continues to grow (Fenimore, 2008).  Gum formulations continue to 

evolve from the first commercial product.   

 Confectionary gum has two phases:  one that is insoluble in water (gum base) and 

one that is water-soluble (sugar, sugar alcohols, and numerous other ingredients).  

Multiple ingredients play a critical role in obtaining both desirable sensory properties as 

well as achieving the desired production efficiency, including: gum base, texturizers, 

sweeteners, and flavors (Fritz, 1995; Mestres, 2008).  Ingredients important to chewing 

gum formulation and to the proposed experimentation outlined in this proposal are 

explained in brevity below.  Sample chewing gum formulations are given in Table 1-1.    
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Table 1-1.  Example sugar-based and sugar-free chewing gum formulations (Fritz, 2008). 

Ingredient Stick Chewing Gum 
(% by wt.) 

Sugar-Free Chewing 
Gum (% by wt.) 

Gum base 18-20% 24% 

Glucose Syrup 18-20% -- 

Mannitol -- 0-5% 

Maltitol Syrup (85% solids) -- 7-12% 

70% Sorbitol Solution -- 0-10% 

Xylitol -- 0-10% 

Glycerin 0.50% 1-6% 

Flavoring 0.6-1% 1-1.5% 

Color 0.03% 0.03% 

Fruit Acid (optional) 0.70-2% 1% 

Sugar Add to 100% -- 

 

1.3.1 Gum Base 

The elastic nature of gum and its ability to be masticated for hours is due in part 

to its substantial composition of gum base.  Gum base can be composed of (any or all of 

these components): elastomers, elastomer solvents, polyvinyl acetate, emulsifiers, low 

molecular weight polyethylene, waxes, placticizers, and fillers (Cherukuri et al., 1985).  

A summary of gum base ingredients and their functions are included in Table 1-2.   

Over time, confectionary manufacturers have gravitated from natural resins and 

elastomers to synthetic polymers and rubbers due to quality, availability, and price 

concerns (Suck, 1988; Estruch, 2008).  Modern chewing gum is composed of gum base 

comprised of synthetic elastomers.  Due to the staunch competition within the 
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confectionary industry, gum base formations are tightly guarded trade secrets.  Corn zein 

is being explored as a biodegradable and digestible alternative to synthetic elastomers 

(McGowan and Lee, 2006).  The polymer responsible for the chewiness of gum depends 

upon gum type: different gum bases are used for chewing gum and bubble gum.  Gum 

bases for bubble gum are comprised of a higher concentration of polymer or rubber and 

higher molecular weight polymers that allow greater stretching to occur for bubble 

blowing (Fritz, 1995).   

 Gum bases contain a considerable amount of ingredients characterized as 

“texturizers.”  Texturizers are lower cost ingredients such as calcium carbonate and food 

grade talc (Mg3Si4O10(OH)2) which enhance the mouthfeel of gum bases and act as 

processing aids.  Texturizer levels range from 18% in high quality gum bases to 60% in 

economical grades (Fritz, 1995).  Texturizer selection partially depends on the nature of 

the flavoring to be used.  Flavor profiles that include acid must not be formulated with 

gum base that contains calcium carbonate due to its reactivity with acid.  Acids also react 

with magnesium chloride to produce carbon dioxide, which can damage packaging and 

crack candy coated gums (Fritz, 1995).  Acid-tolerant and non-acid tolerant gum bases 

must not be mixed during manufacturing to avoid the aforementioned problems.  Proper 

sanitation is necessary for dual-use equipment. Finished gum quality and chewing 

characteristics are highly dependent on the gum base selection (Mestres, 2008).  

Gum base has also contains additional ingredients to modify the physical chewing 

properties of the gum base.  These are resin ingredients often glycerol esters thereof, 

which contribute to the texture by providing cohesiveness and strength.  Waxes and such 
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as paraffin and microcrystalline, and hydrogenated oils, are used in the formulation to 

soften and plasticize the gum base to allow for easier blending (Suck, 1988).  Emulsifiers 

are added to increase the ease of hydration.   

 

1.3.2 Sweeteners    

1.3.2.1 Caloric Sweeteners   

Sucrose and glucose are the most common sugars in sugar-based chewing gums, 

but maltose, dextrin, invert sugar, fructose, galactose, and corn syrups are also used.  The 

particle size of the sugar included in the gum formation will directly impact the firmness 

of the final gum.  Sucrose is said to have two functions in chewing gum aside from 

sweetness:  it contributes bulk and carries the flavor during chewing (Ponakala et al., 

2008).  Gums sweetened with sucrose reach their maximum sweetness quickly and then 

perception diminishes quickly.  Glucose is often used because it is more economical than 

sucrose and can impart cooling to the product, but at high levels it has a negative effect 

on gum texture (Fritz, 1995). 
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Table 1-2.  Common components of non-adhesive gum base  

Type of Ingredient Weight (%)1 Examples1, 2 Function2 

Elastomer  10-30% 
Butadiene-styrene copolymers, polyisobutylene and 
isobutylene-isoprene copolymers, chicle, natural rubber 

 Provide rubbery, elastic 
nature 

Elastomer Solvent  2-18% 
Methyl, glycerol or petaerythritol ester of rosins or modified 
rosins, hydrogenated, dimerized or polymerized rosins 

 Soften elastomer 
components 

Plasticizer/Softener  20-35% 
Hydrogenated vegetable oil, lanolin, stearic acid, sodium 
stearate, potassium stearate 

 Better chewability, 
mouthfeel 

Emulsifier  2-10% 
Glycerol monostearate, lecithin, fatty acid monoglycerides, 
diglycerides, triglycerides, propylene glycol monostearate  

 Provide smooth surface, 
reduce adhesion 

Polyvinyl Acetate 15-45%  -- 

Increase cud volume, 
increase hydration 
capacity 

Low Molecular Weight 
Polyethylene (MW>2000) 0.5-15% -- 

High melting point 
reduces stickiness 

Wax  0.5-10% Microcrystalline wax, natural wax, petroleum wax 

Soften texture, solid at 
room temperature, melts 
at body temperature 

 Fillers  0-5% 

Titanium oxide, aluminum hydroxide, magnesium silicate, 
aluminum silicate, dicalcium phosphate, talc, magnesium 
carbonate, calcium carbonate 

Color, reduce tackiness, 
stickiness 

1Cherukuri et al., 1985; 2Estrunch, 2008 
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1.3.2.2 Polyols 

When making sugar-free gum, the high percentage of the formulation that was formerly 

comprised of sugar must be replaced; sugar alcohols (polyols) are used for this purpose.  

They are not completely digested and therefore contain fewer calories (generally around 

2) (Embuscado, 2006; Ladret et al., 2008).  Most are not as sweet as sucrose and as a 

result are often used in conjunction with high-potency sweeteners (Fritz, 1995).  A side 

benefit of sugar alcohols is that many have a negative heat of solution, which results in a 

cooling feeling in the mouth (Ladret et al., 2008).  The amount of cooling depends on the 

heat of solution, solubility of the polyol at mouth temperature and particle size; with finer 

particles dissolving faster and inducing greater cooling effects (Lardret et al., 2008).  A 

summary of commonly used sugar alcohols is shown in Table 1-3.  

Sorbitol and mannitol are widely used in chewing gum.  These two molecules 

only differ in the position of the hydroxyl groups on the second carbon.  Despite their 

similarity, they do exhibit some different properties.  Sorbitol (60% as sweet as sucrose) 

is the product of the hydrogenation of glucose.  Mannitol, the hydrogenated product of 

mannose (50% as sweet as sucrose), has limited solubility in water (22g/100g water at 

25°C) and a higher melting point (165-168°C) as compared to sorbitol (235g/100g 

solubility in water at 25°C and 96-97°C melting point).  As a result of its low solubility, 

mannitol does not exhibit as great of cooling properties as sorbitol.  Mannitol also 

exhibits a tendency to recrystallize faster (Dwivedi, 1991; Le, 2001).  In gum 

formulations, sorbitol is commonly used in particulate form or as a liquid (70% solution); 

mannitol and maltitol are sometimes added to sorbitol ingredients to prevent re-
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crystallization.  Sorbitol also acts as a humectant to ensure the product is soft and pliable 

due to its high solubility. While sorbitol and mannitol are present in significant quantities 

in nature in fruits and vegetables, it is more economical to produce them via the 

hydrogenation of sugars and starch than through extraction methods (Dwivedi, 1991).   

Xylitol has a sweetness equivalent to sucrose and exhibits a strong cooling effect.  

Xylitol is more expensive than other polyols and so is not used exclusively as the 

sweetener in sugar-free gums (generally at 10-20%) (Bar, 1991; Fritz, 1995).  Xylitol is 

produced via hydrogenation of xylose which is produced from xylan, which is extracted 

from birch tree wood, almond shells, straw, corn cobs, and paper and pulp industry waste 

(Bar, 1991; Olinger, 2001). 

 

1.3.2.3 High Potency Sweeteners 

High-intensity sweeteners are often added to sugar-free gums to increase sweet 

taste intensity and duration.  They are noncariogenic and suitable for diabetics and 

contribute few or no calories to the nutritional profile of the product.  Properties of 

commonly used high-potency sweeteners are listed in Table 1-4.  Saccharin, aspartame, 

and acesulfame-K are commonly used in chewing gum (Fritz, 1995).  High potency 

sweeteners are much sweeter than sucrose (30-8000 times sweeter) and are thus used in 

small amounts in the gum formulation in conjunction with bulk sweeteners to take the 

place of caloric ingredients.  High-intensity sweeteners do not exhibit the same sweetness 

profile as sucrose (quick rise and fall); they tend to have a later onset of sweetness and a 

slower, lingering decline (Ponakala, 2008).  The slower decline is valuable in a product 
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Table 1-3. Properties of commonly used sugar alcohols 

1Bar, 1991; 2Dwivedi, 1991; 3Embuscado, 2001; 4Embuscado, 2006; 5Kato, 2001; 6Lardet et al., 2008; 7Le, 2001; 8Mester, 2001; 
9Moskowitz, 1991; 10Olinger, 2001; 11Wijers, 2001

Sugar 
Alcohol 

Source1 Molecular 
Weight 
(g/mol) 

Heat of 
Solution 
(J/g)4 

Cooling 
Effect 

Relative 
Sweetness 
(Sucrose=1)4,6

Melting 
Pt °C6 

Solubility 
(g/100mL 
water at room 
temperature)6 

Non-
cariogenic 

Calories 
Kcal/g 
(US 
labeling)6 

U.S. 
Regulatory 
Status1 

Application4,6 

Maltitol 3,5,9 Hydrogenation of 
maltose 

344.31 -23 slight 0.8-0.9 149.4 105 yes 2.1 GRAS Confectionary (hard 
candies, sugar-free 
chocolate), Dietetic 
foods 

Lactitol 8 Reduction of the 
glucose molecule of 
lactose 

344.31 -53 slight 0.4 146 100 yes 2 GRAS Bakery, chewing gum, 
confectionary, ice 
cream, preserves 

Isomalt11 Hydrogenation of 
isomaltose, enzymatic 
transgluconsidation of 
sucrose 

344.31 -39 slight 0.45-0.64 145-150 25-28 yes 2  GRAS  Hard candy, toffee, 
chewing gum, baked 
good, nutritional 
supplements , cough 
drops 

Sorbitol2,7 Reduction of glucose 187.17 -111 yes 0.6 95 235 yes 2.6 GRAS  Chewing gum, hard 
candy, frozen desserts, 
cookies, icings, fillings, 
Diabetic foods, oral 
care products 

Mannitol 2,7 Reduction of mannose 187.17 -121 yes 0.5 165 22 yes 1.6 GRAS for 
specific 
applications 

 Dusting powder, 
coatings, Diabetic 
foods 

Xylitol 1,10 Hydrogenation of 
xylose 

152.15 -153 yes 0.95 94 169 yes 2.4 GRAS for 
broad usage 

 Chewing gum, mints, 
hard candy, toothpaste, 
mouthwash 

Erythritol 4 Conversion of glucose 
using enzymes and 
osmophillic yeast for 
fermentation 

122.12  -182 yes 0.6-0.7 126 37-43 yes 0.2 GRAS for 
specific 
applications 

Chocolate, bakery 
products, beverages, 
oral care products 
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Table 1-4.  Properties of commonly used high-potency sweeteners 

Sweetener Molecular 
Weight 

Relative 
Sweetness 
(Sucrose=1)5,8 

Melting 
Point °C9 

Solubility 
(g/100mL water, 
at room 
temperature 
unless 
specified)9  

Sweetness 
Quality 9 

Synergistic
9 

Non-
cariogenic9 

Calories 
Kcal/g 9 

U.S. 
Regulatory 
Status5 

Acesulfame-
K 9 

201 200 Decompose
s > 200 

27 at 20°C Sweet, slight 
bitter, metallic 
aftertaste 

Aspartame, 
cyclamate 

Yes 0 GRAS for 
general uses 

Alitame2 139 2000 139 13.1 at 25°C Clean, sweet taste Acesulfame
-K, 
cyclamate, 
saccharin 

 No 1.4 Petition 
pending 

Aspartame4 294 200 246-247 1.1 at 25°C Clean, sweet taste, 
sweet aftertaste 

Saccharin, 
cyclamate, 
Ace-K, 
stevioside 

Yes 4 GRAS for 
general uses 

Sodium 
Cyclamate1 

201 30 Decompose
s at 260 

19.5 at 20°C chemical sweet, no 
aftertaste 

Saccharin, 
aspartame, 
Ace-K, 
sucralose 

Yes 0 Petition 
pending 

Neotame 378 8000 81-83 1.26 at 25°C Clean sweet, 
delaying onset, 
lingering 
sweetness 

Saccharin  No 0 GRAS for 
general uses 

Glycyrrhizin  823 50-100 Decompose
s at 212-
217 

 No information slow onset, long 
aftertaste, bitter, 
licorice, cooling 

 No 
information 

 No 0 GRAS as 
flavor and 
flavor enhancer 

Neohesperidi
n 
dihydrochalc
one (NHDC)9 

613 1500-2000 172-174; 
152-174 

0.05 Delayed onset 
cooling, menthol-
like taste 

Most 
sweeteners 

Yes 2  GRAS as a 
flavor 
ingredient 
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Sodium 
Saccharin8 

241 300 >300 80 sweet, bitter, 
metallic aftertaste 

Cyclamate, 
aspartame, 
stevioside, 
NHDC 

 No 0  GRAS for 
general uses 

Stevioside6 805 300 196-198  0.125 Slow onset, 
lingering, licorice, 
bitter aftertaste 

Aspartame, 
glycyrrhizin 

Yes 0 Approved as  
supplement, 
recent GRAS 
status approval 

Sucralose7 398 600 125 with 
decompositi
on 

26 at 20°C sweet taste, close 
to sucrose, slightly 
delayed 

Cyclamate, 
Ace-K 

Yes 0 GRAS for 
general uses 

Thaumatin 21000 1600-3000 172-174 60 Slow onset, 
lingering, licorice 
aftertaste 

Saccharin, 
Ace-K, 
stevioside 

Yes 4 GRAS as 
flavor enhancer 
in some foods  

Aspartame-
Acesulfame 
(60:40 ratio)3 

(Twinsweet) 

457.56 350 Decompose
s prior to 
melting 

2.75 at 21°C Clean taste, rapid 
onset, no lingering 
sweetness or off-
taste 

 No 
information 

Yes No 
informat
ion 

GRAS for 
general uses 

1Bopp and Price, 1991; 2Hendrick, 1991; 3Hoek, 2008; 4Homler et al., 1991; 5Kemp, 2006; 6Kinghorn, 2001; 7Miller, 1991; 
8Mitchell and Pearson, 1991; 9Ponakala, et al., 2008; 10von Rymon Lipinski, 2001
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with extended mastication such as chewing gum.  Juxtaposed to sucrose, which exhibits a 

linear relationship between concentration and sweetness up to 12% (Ponakala, 2008) 

high-potency sweeteners do not have this type of relationship, which suggests a different 

mechanism for sweetness.  Some high-potency sweeteners exhibit undesirable metallic 

and bitter aftertastes.     

 

1.3.3 Flavor  

Flavor selection for chewing gum is of the utmost importance since it not only 

serves the obvious function, but it also serves as a softener of the gum base (de Roos, 

2008).  The amount of flavor in a gum formulation is generally about 1% (Suck, 1988; 

Fritz, 1995).  It must be at such a high level because the product remains in the mouth for 

a long time, and only a small fraction of the added flavoring is reported to be released 

during chewing (Kendall, 1974).   

 

1.3.4 Gum Manufacturing  

 Batches of chewing gum are commonly made in a double blade sigma mixer (also 

called double “Z” design) jacketed to heat the machine prior to starting mixing.  Proper 

temperature regulation (a range of 45°C-55°C) is imperative to the success of the batch; 

high temperatures will melt some of the powdered sugar crystals and the sugar will 

eventually recrystallize and change the texture of the gum (Fritz, 1995).  The two “S” 

shaped blades, one smaller than the other, rotate in opposite directions and different 

speeds to ensure that the gum is moved throughout the mixer during the process.  
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Alternately, blades that are said to be “overlapping” are used.  In this case, the blades 

have equal speeds and the mixture is transferred from one blade to another (Fritz, 1995).   

The ingredients are introduced in three groups and the entire mixing lasts about 

15 minutes.  For a sugar-containing gum, first the gum base, hard rework (salvage that 

was not fed through the forming and wrapping operation), glucose syrup, color, and 

plasticizers are added and then mixed for five minutes.  Then half of the sugar and 

glycerin are added; for large batches, the sugar may need to be added in more parts to 

ensure complete mixing.  Lastly, any soft salvage (generated during forming and 

wrapping), the other half of the sugar are added.  Flavor is added in the last 2-3 minutes 

of mixing after the sugar has become incorporated.  

 Continuous mixers can also be used, but are sometimes problematic to couple 

with forming machines because of the high volume they are able to produce (Suck, 

1988).  Single or double screws which rotate in the same direction are used.  The 

ingredients are fed into the mixer through metered feeds, although the gum base (often 

sold in blocks) can pose some problems.  To alleviate this, it can be melted until liquefied 

and kept below 100°C or pellets of gum base can be used as an alternative.  The softening 

or melting of gum base is necessary to reduce the stress on the mixer (Fritz, 1995).       

 

1.4 Flavor Release   

The process of flavor release is initiated when a food is introduced into the oral 

cavity.  It is first mixed with saliva and aroma molecules are extracted into the saliva.  

The two-film theory (Hills and Harrison, 1995), dictates that the aroma molecules are 
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transferred to the gas phase in the oral cavity from the boundary layer of saliva that 

comes in contact with air.  Obviously, the flavor molecules must have some solubility in 

saliva or be present in an emulsion in order for them to fit this theory.  The transfer of 

volatiles from the food into the olfactory region of the nasal passage is facilitated by the 

dynamic air-flow produced by breathing and swallowing motion.  

Different flavor compounds show different release profiles in the same food 

matrix (Linforth and Taylor, 2006).  This is because the physical and chemical properties 

of flavor compounds affect how they are released from a food matrix.  The main factors 

include the volatility (vapor pressure) and hydrophobicity.  Compounds exhibiting the 

greatest release are those that are most volatile in a given food system (Taylor, 2002).   

 

1.4.1 Saliva and Flavor Release 

The affects of saliva on flavor release have been evaluated in several studies. 

Buettner (2002a) examined the effect of salivary enzymes on ester and thiol flavor 

compounds.  The least polar ester compound tested (ethyl octanoate) was found to be the 

most degraded by saliva (decreased by 25%) at 37°C after 10 min.  The thiols were 

degraded even more rapidly; with 3-mercapto-3-methyl-1-butanol reduced 80% after 10 

min of incubation with human saliva.  The degree of degradation of the tested flavor 

compounds differed by individual panelists.   

Previously, van Ruth et al. (1995) found that the protein mucin was the main 

component in saliva that affected the partitioning of flavor compounds.  Mucin is 

comprised of a lengthy protein chain with charged oligosaccharide side chains that can 
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interact with solutes present in the food matrix.  It is thought that this phenomenon is 

what affects the interactions between the mucin and the flavor compounds.  Less volatile, 

more hydrophobic aroma compounds were found to be the most affected by interactions 

with mucin, although many compounds showed some effect; aldehydes were particularly 

affected as they react with proteins to form Schiff bases.   

Similarly, Friel and Taylor (2001) found the release of some compounds to be 

suppressed in the presence of mucin; but an increased release of some flavor compounds 

in the presence of salivary salts and sucrose in conjunction with mucin was observed.  

Friel and Taylor attribute this to possible charge shielding of the mucin protein by the 

salts or a configuration change that does not allow the mucin to bind to the compound in 

the presence of salts.  Interestingly, the order of addition was found to affect the release.  

They found no correlation between the log P values for the flavor compounds and the 

headspace concentration for the salt and mucin solutions, but found a strong correlation 

between the log P values and the headspace concentrations in sugar solutions.   

Since the process of collecting human saliva is time-consuming and components 

often vary from subject to subject, artificial saliva is frequently used for experimental 

purposes.  These substitutes contain the salts and enzymes present in saliva obtained from 

non-human sources, in the case of the enzymes.  Van Ruth and Roozen (2000) found no 

difference between human (collected saliva) and porcine (artificial saliva) α-amylase 

activity in the release of six aromatic compounds.  No differences were observed when 

both artificial and harvested saliva were used to examine the flavor release from 

dehydrated red peppers (van Ruth and Buhr, 2003).   
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1.4.2 Methods of Analysis 

The release of aroma compounds from foods has been recognized as an important 

piece of the puzzle necessary to understand flavor perception (Taylor, 2002; Reineccius, 

2006).  The high degree of interest in flavor perception has resulted in numerous 

published methods for evaluating flavor release.  Methods for various matrices have been 

developed.  They can be broadly classified as in vitro and in vivo methods; the former 

utilizing simulated eating (chewing in the case of gum using an “artificial mouth”), and 

the latter taking place in actual human subjects (Taylor, 2002).  Artificial mouths are 

most useful when examining how the food matrix components and ingredient interactions 

affect flavor release.  Of course, it is much easier to control replication variability with 

mechanical devices than with human subjects.  Conversely, using human subjects makes 

it possible to examine the interaction of flavor release and human perception, something 

that is impossible with the current artificial mouth technology.  Both methods have their 

advantages and limitations, so the method chosen depends on the goal of the experiment.   

Both in vitro and in vivo methods can be used in conjunction with one another.  

One such example is a study done by van Ruth et al. (2004), who examined flavor release 

from kidney beans using both human subjects and an artificial mouth.  They were able to 

find correlations between the two methods and concluded that the artificial mouth 

“satisfactorily” simulated in vivo conditions.  In vitro and in vivo methods are both useful 

tools to understanding the impact of the release of flavor compounds from food matrices. 
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1.4.2.1 In vitro Methodology  

An artificial mouth is a simplistic model of the mouth that can provide repeatable 

quantitative data on flavor release from foods.  The device itself can range from very 

simple to an extremely complicated apparatus that is designed to mimic the events that 

take place in the mouth during eating (Taylor 2002).  Artificial mouth technology is 

continuously improving.  Weel et al. (2004) published a method that simulates 

swallowing and the breath after the swallowing event.  Their device was only applicable 

to liquid and semi-liquid solutions because there was no shear event.  The Retronasal 

Aroma Simulator (RAS) was developed by Roberts and Acree (1995).  The device 

consisted of a modified blender to shear the test sample.  The temperature of the device 

could be controlled and allowed the addition of artificial saliva.  The blender vessel was 

purged and the released volatiles collected on a solid phase extraction cartridge (Sep-

Pack) for analysis with GC-MS.  A similar artificial mouth method was developed by van 

Ruth et al. (1995), which allowed the researchers to control the amount of sample, 

artificial saliva addition, and temperature, and agitation.  Recently, Salles et al. (2007) 

developed an artificial mouth with the capability to replicate compressive and shear 

forces of the human jaw that can potentially be interfaced to examine volatile and non-

volatile flavor release.  

Substituting an artificial mouth for a human subject allows the researcher to 

control and potentially understand the effects of multiple variables present during sample 

evaluation:  salivary flow rate, air-flow rate (respiration), and mastication rate (Taylor, 

2002).   Since it allows the precise control of all operating parameters thereby reducing 
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variability over human subjects, the in vitro technique is also very useful for 

understanding complicated food matrices (Roberts and Acree, 1995, Taylor 2002).  

Additionally, being able to hold parameters constant can aid in identifying the variables 

specific to individual physiology that affect flavor release (Rabe et al., 2004).  Taylor 

(2002) also highlights that artificial mouths can potentially hold a much larger volume of 

food than a human mouth and this may allow compounds present at very low 

concentrations to be monitored.  In preliminary studies, in vitro experiments often are a 

more efficient method of data collection than human subjects (no training or 

compensation necessary).  Artificial mouths may have commercial appeal to look at 

formulation and composition effects on flavor release; the wide variability of human 

subjects may convolute any ingredient effects (Taylor, 2002).   

There are limitations to using an artificial mouth.  It cannot provide information 

on how levels of compounds would be perceived by a human subject (no sensory 

feedback).  Additionally, there are some parameters that vary between individuals’ 

anatomy and physiology that can not be accounted for using the artificial mouth as a 

model system.  For example, the affects of mouth volume, mucus layer thickness, and the 

volume of air that goes into the throat during eating (Taylor, 2002).  The complexity of 

mechanically mimicking the human mouth, nasal passages, and throat has limited how 

well the artificial mouths have been correlated to in vivo studies (Taylor, 2002).   
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1.4.2.1.1 In vitro Chewing Gum Studies   

Several chewing machines have been constructed to examine the release of 

pharmaceutical ingredients from chewing gum.  Christrup and Moller (1986) developed 

an in vitro method that consisted of two horizontal pistons, which compressed and 

twisted the sample in a temperature-controlled reservoir filled with an aqueous solution.  

The liquid was removed at selected intervals for evaluation and the sample was removed 

after a set time period to determine the amount of pharmaceutical released. 

Yoshii et al (2007) used an up-and-down piston motion in an artificial mouth to 

examine the release of menthol from chewing gum.  A similar apparatus was developed 

by Jensen et al. (2003), which included three pistons: two horizontal and one vertical to 

simulate chewing and tongue action during mastication.  They used this method 

interfaced with a membrane inlet mass spectrometer to measure the flavor release rate 

from chewing gum into a buffer solution.  Their results were comparable to the in-nose 

concentrations measured by Atmospheric Pressure Chemical Ionization-Mass 

Spectroscopy (API-MS).  They did not evaluate non-volatile components.   

 To our knowledge, an in vitro (artificial mouth) method for the evaluation of 

volatile and non-volatile release from chewing gum has not been published.  Due to the 

variability of human subjects and the difficulties of working with them, such a method is 

highly desirable.  
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1.4.2.2 In vivo Methodology  

The use of human subjects in the study of flavor release can provide insight into 

the interaction of flavor release and how flavor is perceived.  In vivo methodology often 

involves placing tubes in subjects’ nasal passages while they consume a food product.  

The breath thus sampled moves through a heated capillary and is introduced into an 

analytical instrument, often an API-MS or PTR-MS for analysis (Harvey and Barra, 

2003).  For the MS to monitor the specific volatiles present in a food or model system, 

they must be known prior to experimentation.  Further complicating instrumental analysis 

is the co-occurrence of signals from oxygen, carbon dioxide, and acetone (a breakdown 

product from fatty acid catabolism) with the flavor compounds (Haahr et al., 2003a).  The 

information garnered from real-time release profiles obtained through in vivo studies can 

be used to correlate with mathematical models of flavor perception (Harvey and Barra, 

2003).   

A study by Boland et al. (2004) highlighted some knowledge that could not be 

garnered through the use of an artificial mouth.  They found that the texture of a food 

influenced perception such that subjects rated the samples as having differing flavor 

intensities even though the same concentration of the volatiles was present in the nasal 

cavity.  When using in vivo methods, simple model systems are often studied to lower the 

inherent variability of human subjects.  This can be a limiting factor when studying 

complicated systems is desired.    
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1.4.2.2.1 Effect of Oral Parameters  

Strict protocols must be employed to reduce individual differences between 

panelists (i.e. mouth must be closed during chewing, specific number of chews, chewing 

rate, etc.).  Obviously some factors that are unique to an individual cannot be controlled 

through laboratory protocol.  Mestres et al. (2005) allowed individuals to consume food 

as they naturally would to take into account natural variation of human subjects while 

other researchers have chosen to strictly control the mastication process.   

Recent studies have provided somewhat conflicting conclusions about how 

differences in oral variables contribute to differences in volatile release and perception.  

Individual differences in physiology and mastication parameters could confound or 

enhance flavor release patterns (Overbosch et al., 1991; Pionnier et al., 2004a).  An 

individual’s mastication pattern and jaw force is one such factor that may affect how 

compounds are released from the food. Additionally, volatiles are driven by respiration 

through the airways and into the olfactory system, which varies from across individuals.  

Loss of flavor components due to absorption in the upper respiratory system (Overbosch 

et al., 1991) and by the oral mucosa is another factor to consider (Buettner et al., 2002).  

Guinard et al. (1997) found that salivary flow rate differed substantially from individual-

to-individual and was likely to affect flavor perception on an individual basis.  They 

concluded that it did not affect the amount of flavor or the duration of release when 

evaluated by instrumental analysis. To the contrary, Pionnier et al. (2004a) found that the 

total amount of heptan-2-one and ethyl hexanoate released from model cheeses was 

similar across panelists, but the temporal profile was different for each individual.  They 
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found respiratory rate, chew number (amount of chewing prior to swallowing), 

masticatory muscle activity affected the maximum in-nose concentration.  They also 

found the time to maximum intensity and the slope of the rate of release to be 

independent of individual differences in these parameters.  In another similar study, 

Pionnier (2004b) found that most of the 12 non-volatile compounds they studied (amino 

acids, acids, and minerals) reached their maximum concentration at about the same time 

independent of mastication parameters.  However, the total amount of non-volatiles 

released (area under the curve) into the saliva varied between individuals.  Long chewing 

times, low salivary flow rates, low chewing rates, low masticatory performances, and low 

swallowing rates could all be correlated to reduced release of non-volatiles.  Pionnier et 

al. (2004a) went on to theorize that an increase in chewing efficiency leads to greater 

surface area of the masticated item thereby increasing the opportunities for mass transfer. 

Other studies also provide evidence that individual differences associated with 

chewing and swallowing (even when specific mastication procedures are followed), 

affect the timing and intensity of volatile transfer into the nasal cavity.  Bissett et al. 

(2006) was able to classify subjects into six distinct groups of eaters (“slow”, 

“unenergetic”, “average”, “efficient”, “fast”, and “energetic”) based on instrumental 

measures of chewing parameters.  They found volatile profiles as measured by API-MS 

to be variable across these groups as well depending on residence time of the food in the 

mouth and other mastication parameters.  Haahr et al. (2004) found that both menthol and 

menthone in-nose release and in-saliva release were significantly correlated to salivary 
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flow rate and chewing frequency, but with the in-saliva release having a higher 

correlation with these chewing parameters. 

Haahr et al. (2004) also measured non-volatile release in their study of menthone 

and menthol-containing chewing gum.  The amount of sweetener in the saliva mimicked 

the profile that was seen in the in-saliva concentration of both flavor compounds, peaking 

in the first minute of chewing.  The non-volatile compounds were correlated to a peak in 

salivary flow rate and muscle activity similar to the volatile components.   

 

1.4.2.2.2 Sensory Measurements  

Sensory analysis is widely used to gauge human response to many types of food 

products and utilizes many different testing methods (e.g. un-trained consumer 

perception, trained panelist analytical measurements, difference evaluation, time-

intensity, among others) depending on the desired knowledge outcome.  Time-intensity 

studies ask subjects to simultaneously report the intensity of an attribute over the time 

they consume the sample.  Time-intensity testing is well suited for the evaluation of 

chewing gum because it is one of the few products that require an extended mastication 

time.  In conjunction with instrumental analysis, the data can be used to pinpoint which 

factors of the food most contribute to flavor perception (Harvey and Barra, 2003).  

Correlations are sought between these sensory measurements and instrumental results.    

Quite a few studies have addressed flavor release from foods using human 

subjects.  Due to the difficulty of replicating the chewing of gum accurately using 

mechanical devices, human subjects have been used almost exclusively.  For example, 
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Davidson et al. (1999) used human subjects to examine the release of menthol from 

chewing gum in conjunction with time intensity sensory measurements.  Additional 

studies that utilize human subjects to evaluate chewing gum release have been conducted 

by Duizer et al. (1996), Guinard et al. (1997), Haahr et al. (2003a and 2003b), Fisker and 

Nissen (2006), Potineni and Peterson (2008a and 2008b) and others.  

 

1.4.3 Volatile Compounds 

1.4.3.1 Instrumental Methods for Measuring Volatile Flavor Release  

Methods that evaluate the volatile release of flavor into the headspace include 

static headspace, dynamic headspace (purge and trap), and solid phase microextraction 

(SPME) (Pillonel et al., 2002).  These methods are often used in conjunction with gas 

chromatography and/or mass spectrometry.  So-called “real-time” instrumental analysis is 

a technique that has become the preferred method in recent years.  This method is done 

using atmospheric pressure chemical ionization mass spectrometry (API-MS) or proton-

transfer reaction mass spectrometry (PTR-MS).  MS methods allow release profiles of 

specific compounds to be monitored through the mastication event (simulated or actual) 

and after swallowing (Harvey and Barra, 2003).   

 

1.4.3.2 Real-Time Techniques  

Due to the dynamic nature of food consumption so called “real-time” analytical 

techniques are extremely valuable.  Volatiles may be released by mastication, hydration 

of ingredients, salivary enzymatic interactions and interactions between volatiles and oral 



 

 

 

33 
 

and nasal membranes.  These interactions are not entirely understood nor can they 

necessarily be accounted for using static headspace techniques (Taylor and Linforth, 

1994). 

 

1.4.3.2.1 Atmospheric Pressure Ionization Mass Spectrometry (API-MS)  

Starting with the ion source, an API source consists of an inlet and an ionization 

source which is usually a corona discharge (Taylor et al., 2000).  Protonated water 

clusters (H3O
+) are formed from atmospheric water and act as the reagent ion when the 

instrument is operated in positive mode.  The charge from the hydronium ion is 

transferred to the analyte to form protonated analyte-water clusters (R+H+) (Taylor and 

Linforth, 2000).  The charge will transfer to molecules with a higher proton affinity than 

water (i.e. the flavor molecule), but will not react with air components (O2, N2, CO2) 

(Lindinger et al., 1998).  Water cluster ions in addition to H3O
+ can be formed in the 

source and in turn can confuse spectra and make quantification difficult unless the sum of 

all of the cluster ions is measured (Taylor and Linforth, 2000).  A curtain gas (often 

heated nitrogen) is used to break up water clusters produced via the charge transfer.   

A disadvantage API-MS is that volatiles present in high concentrations can 

suppress the ionization of minor components (Taylor et al., 2000; Haar et al., 2003a).  

API-MS is said to be a “soft ionization” technique because the reagent ions have enough 

energy to transfer the proton to the analyte, but do not have enough energy to extensively 

fragment the molecule (Taylor et al., 2000).   
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After ionization, the analyte ions are introduced into the analyzer, which is at very 

low pressure, necessitating that the opening between the two compartments (source and 

mass analyzer) must be extremely small (10 µm) and high-capacity pumps be used (De 

Hoffmann et al., 1996).  A quadrupole mass spectrometer is generally used for mass 

analysis.  The mass spectrometer can be operated in full scan or selected ion mode 

depending on the goal intended. 

In most applications, the API-MS is used for the quantification of volatiles 

released from a food. Quantification using API-MS can be problematic, but if the amount 

of water vapor that enters the source is controlled, a constant source temperature is 

maintained, and water cluster formation is limited through the use of a curtain gas (dry 

nitrogen) positioned between the ionization source and the entrance to the quadrupole, 

good data can be obtained. (Taylor et al., 2000). 

Sample introduction into an API-MS is generally accomplished using a venturi 

inlet, this device avoids the need for complex pumping systems. The venturi gas 

generally also serves as the source for the reagent ion and as such will keep the level of 

reagent ions steady from day to day.  Calibration prior to use is necessary for quantitative 

results (Taylor, et al., 2000).  Compounds can be quantified by introducing known 

amounts of a reference compound (internal standard) into the gas stream (Taylor and 

Linforth, 2000).  
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1.4.3.2.2 Proton Transfer Reaction Mass Spectroscopy (PTR-MS)  

Lindinger et al. (1998a) developed an instrument that connected chemical 

ionization (CI) (originally published in 1966) with the concept of a flow-drift tube 

developed in the 1970’s.  The aim of this device was to monitor volatile organic 

compounds present in air.  Similar to API-MS, PTR-MS uses H3O
+ reagent ions to react 

with the air pulled into the instrument via a heated inert fused silica capillary (Dunphy et 

al., 2006).  Charge is transferred to the analyte in the drift tube and ions are separated 

under carefully controlled conditions to minimize cluster formation (Taylor and Linforth, 

2000).  As with API-MS, H3O
+ ions are used for proton-transfer because they will not 

react with air (components of air have lower proton affinity than water).  Conversely, 

H3O
+ ions will participate in proton-transfer reactions to most organic compounds 

because these have greater proton affinities than water.   

PTR-MS is also a “soft” ionization technique because the reagent ions do not 

have enough energy to fully fragment the analyte molecule, but have enough energy to 

ionize it. Fragmentation of analytes does occur, but it is limited.  In the PTR reaction, the 

reagent ions are formed separately and then allowed to react with the analytes (which is 

different from API-MS) at reduced pressure, which reduces the background count and 

allows for greater sensitivity.  One drawback to both API- and PTR-MS is that is a uni-

dimensional technique making its use limited for isobaric compounds; replacing the 

quadrupole with an ion-trap (permit MS-MS) or a Time of Flight (accurate mass) based 

mass spectrometer would allow for more flexibility in analysis (Dunphy et al., 2006). 
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1.4.3.3 Volatile Release from Chewing Gum 

1.4.3.3.1 The Release of Components from Chewing Gum   

In an equilibrium state, the proportion of an aroma compound in a food that will 

partition into the gaseous phase is defined as the gas:food partition coefficient, kgf, which 

is equal to the concentration of a volatile compound in the gas phase divided by its 

concentration in the food phase at equilibrium (Taylor, 2002; Linforth and Taylor, 2006; 

Reineccius, 2006).  Similarly, in gum, the equilibrium concentration of a flavor 

compound for gum in water (saliva) would be defined as a different partition coefficient, 

Pgw (de Roos, 2008): 

 

Pgw=Cgum/Cwater   (Equation 1-1) 

Where Cgum is the concentration in the gum and Cwater is the concentration in the water. 

A higher value for the partition coefficient indicates a higher affinity of the flavor 

compound towards the gum and a lower affinity for the water phase, indicating a lower 

release.  The partition coefficient of the flavor compound between water (saliva) and air 

and gum and air can be expressed in the same manner.  Flavor perception (intensity) will 

be dictated by the concentration of the aroma in the nosespace (first transferred from gum 

to water (saliva) and then water (saliva) to air as well as directly from gum to air) (de 

Roos, 2008).  Chewing gum components may interact sufficiently with aroma 

compounds to affect their partition coefficients. Aside from influencing compound 

partitioning, the major component that governs flavor release is resistance to mass 

transfer by the food structure (de Roos and Wolswinkel, 1994).   
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 In general, mastication of chewing gum is not an equilibrium state.  It is for this 

reason the rate of movement of the flavor compounds is via mass transfer.  During 

mastication, saliva is swallowed and renewed prior to when equilibrium with the flavor 

compounds in the chewing gum is reached (de Roos, 2003).  Saliva is in contact with the 

surface concentration of volatile and non-volatile compounds in the gum. The 

concentration of these compounds at the surface interface is lower than in the bulk of the 

gum due to recurring extractions with saliva at the surface (de Roos, 2008 and others).   

 De Roos (2008) notes that there are two mechanisms by which mass transport 

from the gum phase takes place:  molecular (or static diffusion) and eddy diffusion.  The 

former of these is caused by random molecular movements in the gum phase; this rate is 

governed by the diffusion coefficient D, which is fairly constant across flavor 

compounds.  The second mechanism of mass transfer, and most important for chewing 

gum, is eddy diffusion.  Elements are transported from one location to another as a result 

of mastication, turbulence or mixing.  The initial concentrations of flavor components at 

the gum surface are restored before subsequent extractions.  A greater amount of surface 

area exposed will result in a larger amount of flavor extracted (de Roos, 1994; de Roos, 

2003).  Additionally, the amount of flavor compounds extracted also depends on the 

texture and composition of the gum base and the chewing efficiency of the consumer 

(Haahr et al., 2003b; Sostmann et al., 2003).   

 De Roos (2008) breaks down the release of flavor from chewing gum into two 

phases (Figure 1-1).  The first phase encompasses a rapid release of water-soluble 

compounds (mostly taste components), which is almost complete after 3-5 min (Davidson 
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et al., 1999).  Water-soluble aroma compounds will also be released at this time.  The 

rapid release that occurs during the first several minutes of mastication is due to a 

combination of the water-soluble portion of the product dissolving and it being 

continuously mixed and new surface area exposed.  De Roos (2003) found a fairly strong 

relationship during the first 10 min of consumption between the water-gum base partition 

coefficient and the flavor release.  After 10 minutes, however, this relationship was not as 

valid.  During this second phase, the hydrophobic flavor compounds are released as the 

gum base was extracted with saliva; a much slower process than those released in the first 

phase (dissolution).   

 

 
Figure 1-1.  General time-intensity sensory profile of chewing gum (adapted from de 
Roos, 2008) 
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Recent studies have examined the concentrations of the volatile compounds in the 

mouth during gum chewing.  The researchers that have examined this have found 

instrumental data do not necessarily reflect the perception of the consumer.  Real-time 

measurements taken using API-MS or PTR-MS instruments have been used to describe 

breath-by-breath analysis of volatiles in chewing gum.    

While subjects generally perceive a drop-off in the over-all flavor intensity of 

gum after the first few minutes of chewing, there is instrumental evidence to suggest that 

a large amount of odor active compounds are still present in the bolus and are being 

released during chewing.  Linforth and Taylor (1996) found panelists perceived a 

decrease in flavor intensity although in-nose measurements indicated the concentrations 

of volatiles were relatively steady.  The results from Davidson et al. (1999, 2000) also 

confirmed this phenomenon; the perception of mint flavor (menthone) followed the 

release of sucrose (analyzed saliva using liquid chromatography) and not the actual 

release of menthone as measured by API-MS over a five-minute period. Analysis of the 

bolus revealed that after 10 min of chewing, 23-27% of flavor compounds had been 

released from the gum bolus, and after 60 minutes only 58-62% had been released 

(Yamano and Tezuka, 1979).  Similarly, Kendall (1974) determined that 15% of methyl 

salicylate was depleted after one minute of chewing; after five minutes 20% had been 

released and 40% had been released after 30 minutes.   

Sostmann et al. (2009) evaluated the in-nose concentration of flavor release of 

selected compounds in chewing gum using a PTR-MS.  They found relatively 

hydrophilic compounds (Log P < 1.8) were released fastest in the first several minutes of 
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chewing and their maximum was reached at this during this time period.  Conversely, 

compounds with Log P > 1.8 showed an increasing release continually over the entire 

chewing period.  

There is no concrete evidence as to why the difference between perception and 

actual stimulus concentration occurs.  De Roos (2008) theorized that the loss of flavor 

perception during the second phase of gum flavor release is due to several mechanisms.  

One mechanism could be a drop in the non-volatile concentrations in the saliva.  This 

would be a result of an increase in the flavor compounds’ affinity for the gum base due to 

an increase in the hydrophobicity of the gum base as it loses hydrophilic compounds to 

saliva.  De Roos (2008) also proposed that sensory adaptation of the subject and loss of 

water-soluble taste ingredients might also be a contributor.     

 

1.4.3.3.1.1 Effect of Gum Texture on Volatile Flavor Release 

 Several studies have addressed the effect of food texture on flavor release.  A 

review by de Roos (2003) covers this topic quite extensively in all foods and specifically 

chewing gum.  In a non-equilibrium state, under dynamic conditions, the predominant 

force governing the transfer of volatiles to the vapor phase is mass transport.  De Roos 

(2003) was unable to determine whether higher flavor release in softer gum bases was 

due to a lower resistance to mass transfer of the flavor components from gum to saliva to 

air, or if harder gum resulted in a lower chewing efficiency.  Lower chewing efficiency 

would result in lower turbulence of the air and saliva resulting in an incomplete removal 

of the flavor compounds from the chewing gum 
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Pontineni and Peterson (2008a) examined the effect of different flavor solvents on 

chewing gum texture, flavor release, and perception.  They found that the effect of the 

solvents on release was not solely based on texture.  All of the solvents showed similar 

aroma release profiles.  Two of the solvents (propylene glycol and medium chained 

triglycerides) when incorporated into chewing gum, resulted in products with differing 

textures, but identical release profiles of sugar alcohols and aromatic components.  

Triacetin was found to be the only flavor solvent to have any effect on the release as it 

slowed the release of polyols and subjects perceived it to have a lower flavor intensity 

(measurements of in-nose volatiles were consistent across all samples, however).  They 

did not find the release of polyols was correlated to analytical hardness measurements.  

Pontineni and Peterson (2008a) theorized that triacetin uniquely plasticized the polymeric 

continuous phase of the gum base, which resulted in lower release of the sugar alcohols 

and lower perceived aroma intensity.  

 

1.4.3.4 Instrumental Methods for Measuring Non-volatile Flavor Release  

1.4.3.4.1 Gas-Chromatography (GC) with Derivatization   

Non-volatile compounds have been analyzed successfully using GC methodology 

in conjunction with derivatization reactions necessary to volatilize them.  Acetate 

derivatives were formed through the use of an acetic anhydride and pyridine reagent and 

used to quantify the amount of sorbitol, mannitol, and xylitol in chewing gum and mints 

(Daniels et al., 1982).  Analysis of extracts of soluble sugars and non-volatile acids of 

strawberries were carried out using GC-MS following trimethylsilylation (TMS) (Ayaz et 
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al., 2000).  Li and Schuhmann (1981) derivatized reducing and non-reducing sugars to 

trimethylsilated oximes and trimethylsilyl ethers, respectively, to analyze sugars in 

commercially available cereals.  Currently, there are many commercial kits available that 

make derivatization with only one step possible (Supelco, 1997). 

 

1.4.3.4.2 Liquid Chromatography Mass Spectrometry (LC-MS) 

 The role of taste compounds in influencing flavor perception has been studied less 

than that of volatiles.  Non-volatile compounds can be effectively quantified through the 

use of liquid chromatography (LC)-mass spectrometry (MS).   

Liquid chromatography (LC) a very versatile method used for separation.  LC is 

often paired with soft-ionization sources for mass spectrometry (atmospheric pressure 

ionization [API] and electrospray ionization [ESI]) (Moco et al., 2007).  LC is touted for 

its ability to separate compounds with a wide range of polarities while necessitating less 

sample preparation than GC analysis (Dunn and Ellis, 2005; Moco et al., 2007).  

Ultra Performance Liquid Chromatography (UPLC) was developed to allow a 

faster through-put of samples and better peak capacity (peaks resolved per unit of time) 

than is possible with a traditional HPLC system (Swartz, 2005).   The UPLC uses a 

column that contains a sub-2 µm stationary phase and high linear velocity of the mobile 

phase (Plumb et al., 2005).  Better peak resolution and higher peak capacity have also 

been observed by MS coupled with UPLC. Since the peaks detected by the UPLC are 

extremely narrow, an MS detector must be used that can capture data very quickly (i.e. 

TOF-MS).  Plumb et al. (2005) found UPLC-MS to exhibit increased specificity and 
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resolving power over traditional HPLC as well as lowering the chances of missing an 

important compound.  

 

1.4.3.4.3 Measurement of Taste Components in Chewing Gum 

  The main water-soluble components of chewing gum that can be separated by 

LC-MS (or HPLC) include: sugar, sugar alcohols, artificial sweeteners, and acids.  

Potineni and Peterson (2008a, 2008b) used HPLC-RID (high performance liquid 

chromatography-refractive index detector) to examine the amount of sorbitol, 

hydrogenated glucose syrup, xylitol, mannitol, and glycerin released in saliva during gum 

chewing.  Davidson et al (1999) used direct liquid introduction into an API-MS to 

quantify the sucrose in saliva swabbed from subjects’ tongues at set intervals throughout 

the mastication of chewing gum samples.  Sucrose was extracted from saliva using a 

methanol/water (50:50) solution.  Haahr et al. (2004) used an enzymatic method to 

determine the amount of sorbitol and xylitol in expectorated saliva from subjects who 

were chewing gum.  Rosenhek et al. (1993) and Dong et al. (1995) used a colormetic 

method (originally published by Van Handel, 1968) to determine sucrose concentration in 

expectorated saliva. 

 

1.4.4 Mathematical Modeling 

The appeal of chewing gum as a “model food” for flavor release due to its long 

residence time in the mouth is apparent by the amount of literature devoted to 

mathematical modeling on this product.  De Roos and Wolswinkle (1994) developed a 
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theoretical non-equilibrium partitioning model to predict the dynamic release of flavor 

from chewing gum as it is extracted into the surrounding saliva. Later, Harrison (2000) 

developed a model to predict human perception using three types of inputs:  those related 

to the composition of the food (structure, flavor content, etc.), specific behavior of the 

individual human subjects, and those that described the transport of the volatiles to the 

olfactory system (Harrison, 2000).   Most recently, Haahr et. al (2003a) developed a 

mathematical model for menthol and menthone release from chewing gum using data 

from human subjects.  

 

1.4.5 Sweetness and Flavor Perception in Chewing Gum 

As previously mentioned, loss of water-soluble compounds is thought to directly 

influence the perceived flavor intensity of chewing gum.  Interactions between gum 

sweetness and flavor have recently been studied fairly extensively.  It is apparent that 

sweetness and perception of flavor are linked in chewing gum (Duzier et al., 1996; 

Davidson et al., 1999; Cook et al., 2004; Haahr et al., 2004). 

Duzier et al. (1996) concluded that the most important factor in the perception of 

mint flavor chewing gum duration was the rate of release of sweetness (with faster 

release of sweetness contributing to the perception of longer lasting flavor) regardless of 

volatile release.  Haahr et al. (2004) looked at gum containing menthone and menthol and 

sugar alcohols.  The in-nose concentration of menthone and menthol continued to rise 

over the first three minutes of chewing and then leveled off for the rest of the five-minute 

chewing period; it declined rapidly after the gum was expectorated.  Interestingly, the 
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concentration of the flavor volatile components in subject’s saliva reached a peak after 

only the first minute before it began to decline.  In the 10 min that were monitored post-

chewing, over 20% of the maximum concentration of menthone and menthol was still 

found in saliva.   

A landmark study on taste-aroma interactions was conducted using a pumping 

system to deliver a model system of sweetener (sucrose), acid (citric/malic), and aroma 

solutions (strawberry) to the mouth of subjects (Cook et al., 2004).  The amount of each 

of the three stimuli which the subject received was controlled by the researchers.  In 

combination with sensory evaluation, Cook et al. were able to determine which 

components actually contributed to the perception of strawberry flavor.  Interestingly, 

when sucrose was eliminated from the flow into the mouth (but aroma and acid were still 

being pumped in), perception of strawberry flavor by the subjects decreased to zero 

within 30 s and was restored to the original level when sucrose was again introduced.   

When strawberry aroma compounds were withdrawn (acid and sucrose constant), the 

decrease in perception took 1.5 min and was only reduced by 40%.  The elimination of 

acid had a faster and more profound effect on intensity perception than the elimination of 

strawberry aroma.  This study underscores the importance of sweetness in the role of 

flavor perception in chewing gums.   

 

1.4.6.1 Effect of Sweetener on Volatile Release  

The interactions between sweeteners and volatile compounds have been studied 

often using beverage systems.  Hansson et al. (2001) quantified volatile compounds 
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present in the static headspace of sugar-sweetened beverages.  Solutions contained 

sucrose, invert sugar or glucose syrup at varying concentrations (0-60%).  The sugars 

decreased the water activity of the beverages at concentrations greater than 20%.  The 

solution with the lowest water activity (60% invert sugar, aw=0.84), gave the highest 

release for five of the six compounds analyzed (limonene showed no effect with any of 

the sweeteners).  They attribute the increase in volatility to a “salting out” effect 

originally described by Voiley et al. (1977).  The theory that the addition of sucrose may 

increase the hydrophobic character of the solution was put forth by De Roos and 

Wolswinkel (1994).  Rabe et al. (2003) used purge and trap to examine the volatiles 

purged from sucrose solutions and found similar results.  An increasing concentration of 

sucrose increased the concentration of volatiles released for compounds that were 

hydrophobic.  Those with log P < 2.4 (log P is defined as the logarithm of the 

octanol:water partition coefficient) had were retained in the solution and had a constant 

release across all concentrations of sucrose (0-500 g/l).  Rabe et al. believe this to be due 

to ion-dipole interactions. 

There are conflicting results about the affect of high-potency sweeteners on 

volatile release patterns.  Nahon et al. (1998a) compared volatile release from beverages 

containing sucrose and sodium cyclamate at equal-sweetness-equivalent basis (not by 

weight) using a nitrogen purge through an artificial mouth and collection of the volatiles 

with a Tenax trap over a 10 min time period.  The change in sucrose concentration (from 

20-60%) affected volatile compound release, while the change in sodium cyclamate 

concentration (1-3%) did not affect the release of the compounds as measured by GC.  A 
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comparison between the resulting trapped volatiles of the two beverages revealed that the 

sucrose beverage had reduced levels of the less-volatile compounds.  A trained panel 

could detect no sensory differences, however (Nahon et al., 1998b).  It is unknown what 

the effect on the volatile concentration would have been had the high-potency sweetener 

been used at the same weight/volume percent as the sucrose solutions.   

Conversely, Diebler and Acree  (2000) found flavor release to be significantly 

effected by high potency sweeteners (aspartame, sucralose, and acesulfame potassium) in 

beverages at low concentrations (0.005%-0.07%).  Volatile release was measured by 

static headspace.  The influence of each of the three sweeteners was different; aspartame 

increased the magnitude of release of 7 compounds (out of 16 total in the model flavor), 

acesulfame potassium decreased the release of 6 compounds, and sucralose increased the 

release of 8 compounds and decreased the release of 2 compounds.  The authors did not 

mention the magnitude of difference other than that is was “significant.”  The reason for 

the inconsistent results between Deibler and Acree and Nahon et al. are not clear.  While 

they did look at different high-potency sweeteners, Nahon et al. looked at them in much 

higher concentrations and found no measurable effect.  Acree and Deibler also varied 8 

other variables in their beverage samples; this may lead one to ponder if the effects they 

were seeing were perhaps due to interactions of other variables unaccounted for in the 

statistical model.   

The affect of polyols on volatile release has also been studied.  Haahr et al. (2003) 

found perceived intensities of peppermint to be higher in gums containing xylitol than 

gums containing sorbitol when flavor was present at 2% concentration (there was no 
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difference at 0.5% flavor).  Instrumental analysis of nose-space concentration revealed a 

higher maximum flavor release from xylitol-sweetened gums at 2% flavor, but with a 

slower initial release than sorbitol-sweetened gum.  This was consistent with sensory 

analysis.  Fisker and Nissen (2006) found similar results and found chewing gums made 

with exclusively mannitol to have an even higher release than that of either xylitol or 

sorbitol for two of the three compounds studied.  Neither study was able to determine if 

their results were due to the difference in the bulk-sweetener or texture of the samples 

(sorbitol and mannitol gums were harder than xylitol containing gums).   

 A recent study by Potineni and Peterson (2008a) found that the release rate of 

cinnamaldehyde was correlated to the rate of sorbitol release and did not follow the 

pattern that would have been predicted by the log P value.  In a follow-up study, Potineni 

and Peterson (2008b) proposed a mechanism by which cinnamaldehyde reacts with a 

polyol (in this study sorbitol) to form a hemiacetal during manufacture or storage.  This 

hemiacetal is converted back to cinnamaldehyde and sorbitol during mastication by the 

slightly alkaline conditions in the mouth.  Further, they were able to confirm the 

existence of the hemiacetal using mass spectrometry.  They hypothesize that the 

increased polarity of the hemiacetal accounts for the increase in the observed release of 

cinnamaldehyde.  

It is apparent that the type of sweetener and its concentration will influence the 

release of flavor compounds from a chewing gum matrix.  It is still somewhat unclear, 

however, just what the mechanism is for this impact.  While both sugar-based and sugar-

free gums are important products for the confectionary industry, no studies could be 
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located which directly compared the release of flavor compounds from the two.  The 

mechanism of any differences in release might be difficult to discern, however. 

 

1.4.6 Controlled Release 

 Often times it is desirable to include in a food product an ingredient that exhibits 

controlled release characteristics; that is, a modification of the rate or place where an 

active component is released (Pothakamury and Barbosa-Canovas, 1995; Lakkis, 2007).  

For example, an ingredient may exhibit a delayed release, in which the active ingredient 

has a finite “lag time” prior to the point when release of the compound is favored.  

Alternately, it may be desirable for an ingredient to have a sustained release, where a 

constant concentration of the active component is maintained over time (Lakkis, 2007).  

Controlled release can potentially reduce or prevent ingredient degradation or reaction 

during processing by separating compounds that might react with one another 

(Pothakamury and Barbosa-Canovas, 1995).  

 The food industry often seeks to control the release of ingredients via various 

encapsulation technologies.  Encapsulation places an ingredient (e.g. a solid, liquid, or 

gas material) in a small “sealed” capsule either by coating or entrapment, which is 

subsequently released under specific conditions (Pothakamury and Barbosa-Canovas, 

1995; Gibbs et al., 1999).  

 There are many viable combinations of encapsulants (“wall” material) and actives 

(“core” material). There is a wide variety of actives and encapsulants that are commonly 

used in food applications.  Ingredients that are often encapsulated include:  flavors, acids, 
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colors, sweeteners, nutrients, vitamins, antimicrobials, nutraceutical agents, enzymes, 

leavening agents, and many others.  Additionally, the wall material can be formed using 

many types of components or combinations thereof, including:  waxes and lipids, 

proteins, carbohydrates, and food grade polymers (Lakkis, 2007).  There are also many 

production technologies that can be used to encapsulate, e.g. spray drying, granulation, 

extrusion, liposome entrapment, coacervation, use of inclusion complexes, and freeze 

drying (Pothakamury and Barbosa-Canovas, 1995; Reineccius, 2006). 

 In order to provide its function in the food, the active must be liberated from the 

outer wall.  The release of the active ingredient can occur in several ways.  The core 

material may diffuse through the capsule wall or the wall may rupture due to structural 

weakness (Lakkis, 2007).  In encapsulation systems where core particles are trapped 

within a matrix (i.e. they do not reside solely in the core), the active ingredient can be 

released if the matrix swells.  A matrix may also burst and release its core material all at 

one time; this may be desirable for flavor compounds but a detriment in drug delivery 

(Lakkis, 2007).  To prompt the release of the core material, triggers can be developed 

specifically for the application (i.e. food or pharmacological), including:  pH changes, 

mechanical stress, temperature change, enzymatic activity, time, osmotic and force 

(Gouin, 2004). 

 

1.4.6.1 Controlled Release of Chewing Gum Components 

 Unfortunately, there is not one single method to create controlled release 

ingredients that can solve the flavor release issues that plague chewing gum (large 
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portion of aroma compounds are not released, rapid loss of sweetness, etc.).  Controlled 

release of flavor compounds may be desirable to enhance the release of hydrophobic 

aroma compounds or slow the release of hydrophilic taste components.  There are few 

published studies regarding encapsulated flavors and chewing gum; most of the 

information is contained in patent applications or closely guarded as trade secrets. 

   

1.4.6.1.1 Volatile Components  

The necessity of encapsulating hydrophobic flavor molecules is somewhat 

questionable.  Even when not encapsulated, they are slow to release from the gum base 

due to their strong affinity for it.  Encapsulated compounds must be released from their 

“capsule” into the gum base and then into the saliva before they can be perceived; 

encapsulation only serves to further slow their release.  Additionally, there is a lot of 

research to show that the depletion of aroma compounds is not the primary reason that 

the loss of flavor occurs after a short period of time in chewing gum—non-volatiles are 

most likely responsible (Davidson, 1999; Davidson, 2000; Haahr, 2003; Sostmann, 

2009).  De Roos (2008) found an increase in release of hydrophobic aroma compounds 

when encapsulated and postulated that it was due to the encapsulating material and the 

aroma compounds increasing the plastic nature of the gum.  There are many patents that 

detail inventions to extend the release of flavor compounds in chewing gum; a survey of 

them is listed in Table 1-5. 

 

 



 

 

 

52 
 

1.4.6.1.2 Non-Volatile Components  

Water-soluble chewing gum components are frequently coated in hydrophobic 

ingredients.  The increased hydrophobicity allows the encapsulated ingredients to be 

more soluble in gum base, which will theoretically prolong their release.  The rate of core 

release will be governed by the dissolution rate of the capsule material in the gum base, 

which depends on the capsule material composition, size, and texture (de Roos, 2008).   

 Many patents detail controlled release of non-volatile components, specifically 

sweeteners, through encapsulation.  Aspartame has long been encapsulated due to its 

susceptibility to heat, pH, and moisture, although other high potency sweeteners and 

acids are often encapsulated as well.  Hydrophobic wall materials are commonly used to 

slow interactions with the aqueous phase with the caveat that they must be somewhat 

hydrophilic in order to eventually release their payload (de Roos, 2008).  Commonly used 

coating (wall) materials for chewing gum applications include: fat, polyvinyl acetate 

(PVA), modified starch, corn zein, cellulose derivatives, and food-grade shellac.  

Encapsulated materials have been commonly prepared via spray drying, coating, and 

extrusion.  For chewing gum applications, the capsule needs to withstand high shear 

forces during mastication.  As a result, the chosen method often involves dispersion of 

the material into the hydrophobic gum base matrix (de Roos, 2008).  There are hundreds 

of patents that have been issued for the extended release of water-soluble ingredients in 

chewing gum; a brief review of the wide scope of patents is presented in Table 1-6. 
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1.5 The Work Presented 

In the work presented, we designed and constructed a mechanical chewing device, 

which was used to evaluate volatile and non-volatile compound release from chewing 

gum.  Fabrication of this device allowed the evaluation of multiple formulations of 

chewing gum without the necessity of human subjects.  The device was first validated by 

conducting a mass balance on chewing gum ingredients.  Then the device was used to 

examine the release of Ace-K coated with PVA from chewing gum and the optimal 

conditions to extend the release over the time period of simulated mastication were 

determined.  Lastly, the device was used to measure the release of volatile and non-

volatile compounds from chewing gums with varying hardness and the affect of texture 

of release was determined. 
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Table 1-5.  Survey of patent literature for controlled flavor release technology in chewing gum 

Title Authors Company Patent Number Date Process Summary 

 Process for preparation of flavor 
durable chewing gum 

K. Ogawa 

M. Terasawa 

Lotte Co. Ltd. US 3,826,847 July 30, 
1974 

Coating flavoring with polyvinyl esters 

Controlled release flavor 
compositions 

S. Yolles 

 

D.E. Brook US 3,857,964 Dec. 31, 
1974 

Reaction products of polyhydroxy 
compounds and aldehyde or ketone flavor 
coated with polymer and then further 
coated with water-soluble material 

Process for preparing a time 
delayed release flavorant and an 
improved flavored chewing gum 
composition 

C.G. Merritt 

W.H. 
Wingerd 

D.J. Keller 

Borden, Inc. US 4,386,106 May 31, 
1983 

Controlled release capsules prepared by 
emulsifying flavoring agent with partially 
hydrophobic matrix material, and then 
coating with water in-soluble material 

Gum composition with plural 
time releasing flavors and 
method of preparation 

T.J. Carroll 

D. 
Feinerman 

R.J. Huzinec 

D.J. Piccolo 

Warner-
Lambert 
Company 

US 4,485,188 Nov. 27, 
1984 

Flavor system where one of the flavors in 
encapsulated in a water-insoluble coating 
and separate liquid flavor is also added 

Elastomer encapsulation of 
flavors and sweeteners, long 
lasting flavored chewing gum 
compositions based thereon and 
process preparation 

Y.C. Wei 

S.R. 
Cherukuri 

F. Hriscisce 

D.J. Piccolo 

K.P. Bilka 

Warner-
Lambert 
Company 

 US 4,590,075 May 20, 
1986 

Inventive delivery system that contains 
elastomers, waxes, and maltodextrin to 
extend release 

Controlled release flavor system 
and method of preparation 

K. Raman 

S. 
Cherukuri, 

Warner-
Lambert 
Company 

 US 4,983,404 Jan. 8, 
1991 

Improved flavor retention and intensity 
through encapsulation with a resin  
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G. 
Mansukani 

S.M. Faust 

Chewing gum containing 
compositions for controlled 
release of flavor bearing 
substances and process for 
producing same 

H.J. 
Rutherford 

N. Desai 

K. 
McDermott 

C. Wiener 

International 
Flavors and 
Fragrances 

 US 5,116,627 May 26, 
1992 

Extended release achieved through 
incorporation of flavor with water-
insoluble or water-soluble polymer 

Process of increasing flavor 
release from chewing gum using 
hydroxypropyl cellulose and 
product thereof 

S.S. Johnson 

 R.J. Yataka 

M.J. 
Greenburg 

Wm. Wrigley, 
Jr. Co. 

US 6,479,082 Nov. 12, 
2002 

Incorporation of HPC into chewing gum to 
prolong flavor release 
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Table 1-6.  Survey of patent literature for controlled sweetener release technology in chewing gum 

Title Authors Company Patent 
Number 

Date Process Summary 

Long-lasting flavored chewing 
gum containing non-sugar 
sweetener codried on chalk of 
other filler and method 

D.A.M. Mackay 

A.I. Bakal 

J.J. Stroz 

Life Savers, Inc. U.S. 4,248,894 Feb. 3, 1981 Extended sweetener release 
by co-drying or coating with 
calcium carbonate or starch 

Shellac encapsulant for high-
potency sweeteners in 
chewing gum. 

M.M. Patel Wm. Wrigley, Jr. 
Co. 

US 4,674,577 Jun. 16, 1987 High potency sweeteners 
encapsulated with food-grade 
shellac 

Sweetener delivery systems 
containing polyvinyl acetate 

S.R. Cherukuri, 

G. Mansukhani,  

Warner-Lambert 
Company 

US 4,816,265 Mar. 28, 1989 Prolonged sweetness through 
the incorporation of high 
potency sweetener in low 
molecular weight PVA 

Chewing gum containing zein 
coated high-potency 
sweetener and method. 

S.F. Zibell Wm. Wrigley, Jr. 
Co. 

US 4,863,745 Sep. 5, 1989 Delayed sweetener release 
and stability through zein 
encapsulation 

Chewing gum composition 
with encapsulated sweetener 
having extended flavor release 

R.K Yang 

A.M. Schobel 

Warner-Lambert 
Company 

US 4,911,934 Mar. 27, 1990 Encapsulation of sweetener 
with hydrophobic polymer 
and hydrophobic plasticizer 
for extended release 
properties in chewing gum 

Microencapsulated high 
intensity sweetening agents 
having prolonged sweetness 
release and methods for 
preparing same 

T.L. Chau,  

S.R. Cherukuri, 

E. Tolliver 

Warner-Lambert 
Company 

US 5,108,763 Apr. 28, 1992 Prolonging sweetness of 
chewing gum by 
encapsulating high intensity 
sweeteners with PVA and a 
plasticizing agent 
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Polyvinyl acetate 
encapsulation of codried 
sucralose for use in chewing 
gum. 

R.J. Yatka 

K.B. Broderick, 

J.H. Song 

S.F. Zibell 

M.A. Meyers 

A.A. Campbell  

Wm. Wrigley, Jr. 
Co. 

US 5,139,798 Aug. 18, 1992 Extended release of 
Sucralose through co-drying 
with PVA 

Gradual release structures for 
chewing gum.  

J.H. Song 

C.M. Copper 

Wm. Wrigley, Jr. 
Co. 

US 5,165,944 Nov. 24, 1992 Gradual release structures 
formed by extrusion and 
exhibiting extended release 
properties 

Method of controlling release 
of sucralose in chewing gum 
using cellulose derivatives and 
gum produced thereby 

J.H. Song 

D.W. Record 

K.B. Broderick,  

C.E. Sundstrom, 

Wm. Wrigley, Jr. 
Co. 

US 5,227,182 Jul. 13, 1993 Delayed release of sucralose 
by coating or co-extruding 
with cellulose derivatives 

Encapsulated compositions 
and methods of preparation 

N. Boghani,  

P. Gebreselassie 

Cadburry Adams 
USA LLC 

US 
2006/0068059 

Mar. 30, 2006 Co-crystallized complex of 
sucralose and cyclodextrin 
encapsulated with PVA 
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Chapter 2 

Research Objectives and Hypotheses 
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Chapter 3:  Design and Construction of a Device to Simulate Gum Chewing 

 

Objective 1:  Design and build a mechanical chewing device to simulate chewing that 
continually renews gum surface area and exposes sample to simulated saliva 

 Objective 1a:  Create a reproducible device that can provide consistent control of 
factors that are variable in human subjects  

 Objective 1b: Make a device easy to operate and easily cleaned to increase 
throughput of samples. 

 Objective 1c:  Interface chewing device with PTR-MS to examine real-time aroma 
release and LC-MS to examine non-volatile release profiles.    

Objective 2:  Determine if the release profiles of volatile and non-volatile compounds 
present in gum masticated in the chewing device are reproducible using PTR-MS, LC-
MS, and GC-FID. 

 

 

Chapter 4:  Use of a Chewing Device to Perform a Mass Balance on Chewing Gum 
Components 

 
Objective 1:  Measure the real-time volatile release profiles of chewing gum formulations 
containing different amounts of added volatile flavor compounds using PTR-MS. 

 
Null Hypothesis:  There will be no difference in the volatile release profiles of 
chewing gums containing 0.5% flavor and 1% flavor (maximum intensity, area total 
release, and time to maximum intensity) upon mastication with the chewing device.  

 

Objective 2: Measure the total release of water-soluble components from chewing gum 
formulations containing different amounts of added high potency sweeteners (0.1% or 
0.2%) after 21 min of simulated chewing. 

 

Null Hypothesis:  There will be no difference in the total release of high potency 
sweeteners (as a percentage of initial amount) from chewing gums containing 0.5% 
flavor and 1% flavor (maximum intensity, area under the curve, and time to 
maximum intensity) upon mastication with the artificial mouth.  
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Chapter 5: Optimization of a Matrix Encapsulation Technique to Extend the 
Duration of Acesulfame-K Release from Chewing Gum 

 

Objective 1:  Determine if encapsulation of Acesulfame-K (Ace-K) with polyvinyl 
acetate (PVA) affects the rate of release from chewing gum masticated in the chewing 
device compared to control chewing gum made with unencapsulated Ace-K. 

 

Null Hypothesis:  The release profile of chewing gum containing Ace-K 
encapsulated with PVA will not be different than from chewing gum containing 
Ace-K not encapsulated with PVA over 21 min of simulated chewing. 

 

Objective 2:  Determine the effect of sweetener particle size, total particle size, and 
sweetener/core ratio on the rate of release and the release profile of the encapsulated 
sweeteners over 21 min of simulated mastication. 

 

Null Hypothesis:  Sweetener particle size, total particle size, and sweetener/core 
ratio will have no effect on the rate of release and release profile of encapsulated 
sweeteners.  

 

Objective 3:  Optimize the sweetener particle size, total particle size, and sweetener/core 
ratio to provide the largest amount of total release from 11-21 min. 

 

Chapter 6: Influence of Chewing Gum Texture on the Rate of Release of Volatile 
and Non-volatile Components 

 

Objective 1:  Determine the effect of texture on the volatile release of chewing gum 
through 15 min of simulated mastication measured by API-MS. 

Null Hypothesis:  Differences in texture will not affect the release of volatile 
compounds from chewing gum during simulated mastication. 

Objective 2:  Determine the effect of texture on the release of Ace-K into the simulated 
saliva over 15 min of simulated mastication.   

Null Hypothesis:  Differences in texture will not affect the release of acesulfame-
potassium into the simulated saliva from chewing gum during simulated 
mastication. 
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Chapter 3 

Design and Construction of a Device to Simulate Gum Chewing 
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To our knowledge, an in vitro (artificial mouth) method for the evaluation of volatile and 

non-volatile release from chewing gum has not been published.  Due to the variability of 

human subjects and the difficulties of working with them, such a method is highly 

desirable.  We have fabricated a chewing device and the dimensions, operating 

parameters, and associated methodology are detailed in this work.  The device was 

interfaced with a PTR-MS to quantify volatile release from the chewing gum in real time.  

The device was also interfaced with a dual-headed pump to simulate salivation and 

swallowing.  The water pulled from the device was collected at 1 min intervals and 

analyzed to examine the release profile of non-volatile components.  Polyols and high 

potency sweeteners were quantified using HPLC-MS and UPLC-MS, respectively.  

Additionally, the reproducibility of the device and methodology were examined.  The 

variation in the maximum intensity of volatile compounds was found to be 7-12% 

between samples.  The standard deviations of the non-volatile compounds were greatest 

within the first 5 min of mastication, potentially indicating mixing may have been 

inconsistent between samples.  However, despite the variability found in the current 

study, we expect that the precision is still substantially better than that observed in the use 

of human subjects.   
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3.1 Introduction 

 The use of human subjects in the study of flavor release can provide insight 

into the interaction of flavor release and how flavor is perceived.  In vivo methodology 

often involves placing tubes in subjects’ nasal passages while they consume a food 

product.  The breath thus sampled moves through a heated capillary and is introduced 

into an analytical instrument, often an API-MS or PTR-MS for analysis (Harvey and 

Barra, 2003).  The MS monitors the specific volatiles present in the food or model 

system, so they must be known prior to experimentation.  Complicating instrumental 

analysis is the co-occurrence of signals from oxygen, carbon dioxide, and acetone (a 

breakdown product from fatty acid catabolism) with the flavor compounds (Haahr et al., 

2003a).  The information garnered from real-time release profiles obtained through in 

vivo studies has been used to correlate with mathematical models of flavor perception 

(Harvey and Barra, 2003).  

 A study by Boland et al. (2004) highlighted some knowledge that could not 

be garnered through the use of an artificial mouth.  They found that the texture of a food 

influenced perception such that subjects rated the samples as having differing flavor 

intensities even though the same concentration of the volatiles was present in the nasal 

cavity.  When using in vivo methods, simple model systems are often studied to lower the 

inherent variability of human subjects.  This can be a limiting factor when studying 

complicated systems is desired.  

An artificial mouth is a simplistic model of the mouth that can provide repeatable 

quantitative data on flavor release from foods.  The device itself can range from very 
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simple to an extremely complicated apparatus that is designed to mimic the events that 

take place in the mouth during eating (Taylor 2002).   

Artificial mouth technology is continuously improving.  Weel et al. (2004) 

published a method that simulates swallowing and the breath after the swallowing event.  

Their device was only applicable to liquid and semi-liquid solutions because there was no 

shear event.  The Retronasal Aroma Simulator (RAS) was developed by Roberts and 

Acree (1995).  The device consisted of a modified blender to shear the test sample, was 

temperature controlled and allowed the addition of artificial saliva.  The blender vessel 

was continuously purged and the released volatiles were collected on a Sep-Pack for 

analysis with GC-MS.  A similar artificial mouth method was developed by van Ruth et 

al. (1995), which allowed the researchers to control the amount of sample, artificial saliva 

addition, temperature, and agitation.  Recently, Salles et al. (2007) developed an artificial 

mouth with the capability to replicate compressive and shear forces of the human jaw that 

can potentially be interfaced to examine volatile and non-volatile flavor release. 

Substituting an artificial mouth for a human subject allows the researcher to 

control and potentially understand the effects of multiple variables present during sample 

evaluation:  salivary flow rate, air-flow rate (respiration), and mastication rate (Taylor, 

2002).   Since it allows the precise control of all operating parameters thereby reducing 

variability over human subjects, the in vitro technique is also very useful for 

understanding complicated food matrices (Roberts and Acree, 1995, Taylor 2002).  

Additionally, being able to hold parameters constant can aid in identifying the variables 

specific to individual physiology that affect flavor release (Rabe et al., 2004).  A final 

point is that artificial mouths can potentially hold a much larger volume of food than a 
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human mouth and thus they may allow compounds present at very low concentrations to 

be monitored (Taylor, 2002).   

In vitro experiments have been shown to be a more efficient method of data 

collection than human subjects (no training or compensation necessary). Additionally, 

artificial mouths may have commercial appeal to look at formulation and composition 

effects on flavor release; the wide variability of human subjects may convolute any 

ingredient effects (Taylor, 2002).   

On the other hand, there are limitations to using an artificial mouth.  It cannot 

provide information on how levels of compounds would be perceived by a human subject 

(no sensory feedback).  Additionally, there are some parameters that vary between 

individuals’ anatomy and physiology that can not be accounted for using the artificial 

mouth as a model system.  For example, the affects of mouth volume, mucus layer 

thickness, and the volume of air that goes into the throat during eating (Taylor, 2002).  

The complexity of mechanically mimicking the human mouth, nasal passages, and throat 

has limited how well the artificial mouths have been correlated to in vivo studies (Taylor, 

2002).   

Several chewing machines have been constructed to examine the release of 

pharmaceutical ingredients from chewing gum.  Christrup and Moller (1986) developed 

an in vitro method that consisted of two horizontal pistons, which compressed and 

twisted the sample in a temperature-controlled reservoir filled with an aqueous solution.  

The liquid was removed at selected intervals for evaluation and the sample was removed 

after a set time period to determine the amount of pharmaceutical released. 
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Yoshii et al (2007) used an up-and-down piston motion in an artificial mouth to 

examine the release of menthol from chewing gum (non-volatile release).  A similar 

apparatus was developed by Jensen et al. (2003), which included three pistons: two 

horizontal and one vertical to simulate chewing and tongue action during mastication.  

They used this method interfaced with a membrane inlet mass spectrometer to measure 

aroma release rate from chewing gum into a buffer solution.  Their results were 

comparable to the in-nose concentrations measured by Atmospheric Pressure Ionization-

Mass Spectroscopy (API-MS).  They did not evaluate non-volatile components.   

 To our knowledge, an in vitro (artificial mouth) method for the evaluation of 

volatile and non-volatile release from chewing gum has not been published.  Due to the 

variability of human subjects and the difficulties of working with them, such a method is 

highly desirable.  

 

3.2 Methods 

Chewing Device Description.  A device was designed that would generate new surface 

area from a fixed mass of gum to simulate the release that occurs during mastication.  

The apparatus used was composed of a chamber (a horizontal figure eight shape) 

machined out of a block of stainless steel into which two intermeshing cylindrical metal 

gears were inserted.  When in use, the gears rotate counter to one-another (right blade: 

counter-clockwise, left blade: clock-wise), dragging the masticated material downward.  

Triangular grooves parallel to the shaft serve to tear gum from the gum mass thereby 

generating new surface area.  The gears were Teflon coated to allow for easier gum 
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removal (Precision Coating, Inc., St. Paul, MN).  The left gear shaft was connected to the 

motor, and the right gear was connected to the bearings with a shaft that was not 

connected to the motor.  The device was fabricated by the St. Paul Apparatus Shop 

(University of Minnesota, St. Paul, MN).  Pictures and device dimensions are given in 

Figure 3-1.  

 

Figure 3-1.  Photos and select dimensions of the chewing device developed to simulate 
mastication and allow volatiles and non-volatiles released from the chewing gum to be 
quantified.   

 

Chewing Device Operating Parameters.  The gears were positioned inside of the 

device, a neoprene gasket that had a section removed from the bottom to allow water to 

move from one chamber to the other to drain placed on the front plate and the front plate 

was screwed in place.  The heater on the apparatus was turned on and the device was 

heated to temperature (37 +/- 1.5°C).  All tubings were connected to the chewing device 
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(one tube was used to add water to the chewing device and the other to remove it).  

Compressed air was turned on and flow was split between purging the chewing device 

(200 ml/min) and serving to dilute the device effluent (ca. 7,256 ml/min) so the signal 

would not over-load the PTR-MS).  Purge gas flow was diverted away from the device 

until the start of the sample run (Swagelok three-way diverter valve) so as not to elute the 

volatiles from the device chamber before the run was started. 

Gum (10 g, cylindrical disks) was introduced into the apparatus through the top 

opening before the gears were turning after the device was equilibrated at 37°C.  Ten ml 

of nano-filtered water was introduced into the device and onto the gum via syringe.  The 

vessel purge gas flow was then started and the flow rate was checked and recorded. It 

was then re-diverted until the start of the run.  This was done to establish the desired 

vessel purge gas flow rate.  The time between the introduction of the gum into the vessel 

and the start of the run was 1 min to allow for temperature equilibration of the gum.  At 1 

min, the timer was reset to zero and restarted at the same time as the PTR-MS.  The PTR-

MS capillary inlet was allowed to pull in air from the room for 15 s and then it was 

introduced into the purge gas exit from the chewing device (note: the dilution gas was on, 

but there was no air being purged through the vessel).  At 30 s, the chewing device motor 

was turned on and the gum was “chewed” and the purge gas was diverted into the vessel.  

At 1 min, the water pump was started.  The water was pumped into and out of the vessel 

at the same rate.  The water was collected into a 500 ml Erlenmeyer flask or at 30 s 

intervals using a fraction collector.  After 21 min, the water pump was stopped and the 

purge air diverted away from the device, and the apparatus stopped.  Fifteen s later, the 

PTR-MS capillary inlet was removed, and data collection by the PTR-MS was stopped 
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immediately following this.  After data collection had ceased, the tube that introduced 

water into the apparatus was removed and the remaining water in the apparatus was 

removed by turning on the effluent pump. This residual water was pooled with the other 

water collected during “mastication”.  After no water could be pulled from the apparatus, 

the pump was stopped and effluent tube removed for cleaning.  The front plate was 

unscrewed and removed, the gears removed and cleaned.  The gum and gears were patted 

dry and weighed.  Gum was then scraped from the device for quantification of remaining 

flavor and taste compounds. 

Chewing Gum.  Chewing gum was supplied by IFF.  It was manufactured on February 

18, 2009; at that time, half was sent to the University of Minnesota and the remaining 

half was kept in storage at IFF. The portion stored at IFF was eventually used for this 

study. IFF made the chewing gum in a 1kg gum mixer.  It was composed of gum base 

(29.75%), sorbitol (49.4%), glycerin (9 %), mannitol (7.9%), maltitol syrup (2.5%), 

sucralose (0.2%), acesulfame-K (0.15 %), cooling compounds (0.1%), and flavor 

(limonene, ethyl butyrate, and isoamyl acetate, 0.17% each) Gum was rolled out into 

sheets approximately 0.5 cm thick and was stored in heat-sealed Mylar bags until it was 

used in this study.  Chewing gum was cut from the sheets into cylindrical disks using a 

cork borer (#10, 1.8 cm diameter), and 10 g of chewing gum  (+/- 0.01 g) was weighed 

out and wrapped in aluminum foil and stored in a heat-sealed Mylar bag until analysis.   

PTR-MS Quantification of Flavor Compounds in Chewing Gum.  Volatile 

compounds released from chewing gum in the chewing device were monitored using a 

PTR-MS (IONIKON Analytik, Innsbruck, Austria).  Individual compounds were 

simultaneously monitored at the following m/z:  limonene (137), isoamyl acetate (71), 
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and ethyl butyrate (117).  PTR-MS parameters were set up as follows: drift tube voltage 

600V, drift tube temperature: 25 °C, drift tube pressure:  2.0 mbar, quadrupole (SEM) 

voltage:  2700V, quadrupole pressure:  3.7 x 10-5 mbar.  Capillary flow into the PTR-MS 

was 18 ml/min.   

Data Analysis (from PTR-MS).  Ion quantification (ppbv) was calculated from the 

counts per second output (Pollien et al., 2003).  

   (Equation 3-1) 

 

where (RH+) ppbv is concentration of the compound in the gas phase; (RH+) counts is the 

counts- per-seconds of the ion of interest; (H3O
+)corr. counts is counts-per-seconds of ion 21 

corrected with m/z 21 transmission factor; Udrift is the voltage in the drift tube (V); Patm is 

the atmospheric pressure, ~1013 Pa; Tdrift is the temperature in the drift tube in K; k is 

reaction rate constant (≈ 2 x 10-9 cm3.s-1); Pdrift is the pressure in the drift tube (~2 mbar); 

N is Avogadro’s number (6.022 x 1023 mol -1); trans (RH
+

) is the transmission factor in 

quadrupole of ion representing compound RH+. 

Quantification of Polyols in Chewing Gums and Water Extracts.  The quantity of 

polyols in gum samples was determined prior to and after mastication.  Five random 

samples of fresh gum from each treatment (0.5% flavor and 1% flavor) and were ground 

with liquid nitrogen until the particles were able to pass through a U.S. standard number 

40 sieve (0.042 cm openings).  Gum that was removed from gears after mastication was 

also ground with liquid nitrogen to the same specifications.  Nano-pure water (4 ml) and 
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2 ml hexane were added to the gum samples (250 mg ± 1 mg) and then they were shaken 

at 250 rpm for 1 h.  The water was removed and diluted 1:100 with nano-pure water for 

fresh chewing gum samples and 1:10 for masticated samples and then analyzed using 

LC-MS.  Simulated saliva samples collected during operation of the chewing device were 

diluted 1:100 with nano-pure water.  All samples were filtered through a 0.45 µm filter 

(non-sterile, 13 mm diameter, nylon, Fisher Scientific) prior to LC-MS analysis. 

Quantitative analysis of polyols was preformed using a Quattro micro LC-API-

MS/MS (Waters, Milford, Massachusetts, USA) composed of pump (LC-10ATvp), 

degasser (DGU-14A), an auto sampler (SIL-10Ai), column heater (CTO-10ACvp), 

Shimadzu SIL-10AD autosampler (Shimadzu Inc., Columbia, MD, USA).  Samples were 

separated on a Pinnacle II Amino column (5 µm, 150 mm x 2.1 mm i.d., Restek, 

Bellefonte, PA, USA) at 40 °C using an isocratic elution of 15% nano-pure water and 

85% methanol.  The flow rate was 500 µl/min and the injection volume was 5 µl.  The 

detector was set to scan 100 to 200 m/z, 40V cone voltage, negative ion mode.  Absolute 

concentrations were determined using standard curves prepared in triplicate from the pure 

compounds (50-800 µg/ml).  

Quantification of High Potency Sweeteners in Chewing Gums and Water Extracts.  

The Ace-K present in chewing gum samples (before and after mastication) and in the 

simulated saliva were quantified using an Acquity UPLC system in conjunction with a 

Quattro Premier XE tandem quadrupole mass spectrometer (Waters, Milford, 

Massachusetts, USA).  Water extracts of fresh and masticated chewing gum were 

obtained as described previously and liquid extracts from the chewing device were 
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diluted 1:10 with nano-pure water. A C18 column was chosen for separation of analytes 

with dimensions of 1.7 µm film thickness x 2.1 mm ID x 50 mm (Waters), flow rate of 

230 µl/min) and was kept at 28 °C.  Samples were stored at 4.4 °C in the autosampler.  

The injection volume was 2 µl and the total run time 6 min.  The mobile phase gradient 

used in separation was water with 0.1% formic acid (solvent A) to methanol (solvent B).  

The initial rate gradient was 75% A/25% B, ramped up to 5%A/95%B after 3.2 min and 

ramped back to original conditions at 4.5 min for the remainder of the run.  The 

quadrupole mass spectrometer was run in negative ion mode, with selected ion 

monitoring, scanning from 1.5-3 min at 162 m/z for Ace-K.  Total run time was 6 min.  

The cone voltage was 25V, source temperature 100°C, desolvation gas 200 L/hr at 

250°C.  Concentrations were determined using standard curves prepared from the pure 

compounds in triplicate (0.135 µg/ml-1350 µg/ml)  

 

3.3 Results 

Volatile Compounds.  The reproducibility of the device for the three model aroma 

compounds tested is shown in Figure 3-2.  Standard deviations of the maximum intensity 

(Imax) were 12% for ethyl butyrate and limonene and 7% for isoamyl acetate and 10% 

from limonene.  We felt this was adequate to determine significant differences between 

formulations and ingredient effects. 
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(a) 

 

 

(b) 
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(c) 

 

Figure 3-2.  Volatile release data (calculated ppbv) for (a) ethyl butyrate, (b) isoamyl 
acetate, and (c) limonene from four replications of gum containing 0.5% flavor over 20 
min of mastication.  Data have been converted to ppbv from cps using Equation 3-1. 

 

Non-Volatile Compounds.  The sorbitol released into the purge water during “chewing” 

is shown in Figure 3-3.  The average and standard deviation for each replication is also 

shown.  Standard deviations were largest during the first five minutes of collection (30 s 

intervals).  Because of how the gum was pulled into the device, this is where we would 

expect the most variation.  Changes to the sample (shape, thickness, etc.) and method of 

introduction into the chewing device were modified in future work to reduce this 

variability.  
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Figure 3-3.  Release of sorbitol from chewing gum (in g sorbitol/ml purge water) over 20 
min of simulated mastication.  Purged water was collected at 30 s intervals for the first 5 
min, 1 min intervals from 5-10 min and 5 min intervals from 10-20 min.  Four 
replications and the average and standard deviation are shown in the plot. 

 

 

 Release of Ace-K from the chewing gum showed a similar pattern to that of 

sorbitol (shown in Figure 3-4).  Given the water solubility of Ace-K, the bulk of its 

release occurring during the first five min of simulated mastication is not surprising.  

Variation amongst the samples is larger than we might have hoped.  Modification of the 

sample introduction as discussed previously made the data more reproducible in 

subsequent work.   
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Figure 3-4.  Release of Ace-k from chewing gum (in g Ace-k/ml purge water) over 20 
min simulated mastication.  Purged water was collected at 30 s intervals for the first 5 
min, 1 min intervals from 5-10 min and 5 min intervals from 10-20 min.  Four 
replications and the average and standard deviation are shown in the plot. 

 

3.5 Conclusions 

The precision in data found in the current study was acceptable for our purposes 

and is still substantially better than that observed in the use of human subjects.  While 

exact estimates of human subject variability are difficult to find in literature, Deibler et al. 

(2001) reported variation in the concentration of nose-space between panelists to be 41-

49% and variation within a panelist up to 25%.  Potineni and Peterson (2008a) reported 

the intra-panelist variation to be > 30%.  Rabe et al. (2004) and Ovejero-Lopez (2004) 

also reported large deviation between panelists and replications but did not quantify the 

variation. In hindsight, we felt that the precision of the chewing apparatus could 
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potentially have been improved by ensuring an even distribution of chewing gum on the 

gears at the start of mastication. This modification was incorporated into later work. 
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Chapter 4 

Use of a Chewing Device to Perform a Mass Balance on Chewing Gum Components 

 

Published in the Flavour and Fragrance Journal, online Sept. 26, 2010 
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A mechanical device was fabricated to simulate mastication of chewing gum; this device 

allowed us to perform a mass balance on the release of volatiles and non-volatiles added 

to chewing gum during simulated mastication.  Model volatiles (ethyl butyrate, isoamyl 

acetate, and limonene) released from the gum into the gas phase were quantified using a 

proton transfer reaction mass spectrometer (PTR-MS).  The chewing device was 

equipped to simulate salivation (saliva in) and swallowing (saliva out) using water as 

simulated saliva.  The model compounds released into simulated saliva were extracted 

and quantified using gas chromatography. Sugar alcohols (sorbitol and xylitol) and 

glycerin were quantified using HPLC-MS.  High-potency sweeteners (acesulfame-K, 

sucralose, rebaudioside A, and sodium saccharin) were quantified using UPLC-MS.  The 

model volatiles initially added to the chewing gum were distributed in two or three 

fractions: the masticated gum (43-84%); the simulated saliva (ethyl butyrate and isoamyl 

acetate were recovered from the water at 9-11% and 14-17%, respectively) and the gas 

phase (ethyl butyrate and isoamyl acetate were recovered from the gas phase at 7-10% 

and 29-40%, respectively).  Limonene could not be detected in the simulated saliva, and 

>80% remained in the gum after mastication.  Almost all (>90%) of water-soluble 

polyols and high-potency sweeteners were extracted from the gum into the simulated 

saliva by mastication.   

 

Key words:  chewing gum, flavor release, chewing device, PTR-MS, mass balance 
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4.1 Introduction 

Recent studies have determined the concentrations of the volatile compounds in 

the nose-space during gum chewing using real-time mass spectrometry such as 

atmospheric pressure chemical ionization-mass spectrometry (API-MS) or PTR-MS.  

Using these instrumental approaches, Linforth and Taylor (1996) found that panelists 

perceived a decrease in flavor intensity although in-nose measurements indicated the 

concentrations of volatiles were relatively steady over chewing time.  Davidson et al. 

(1999, 2000) found similar results in that the perception of mint flavor (menthone) 

followed the release of sucrose (analyzed in saliva using liquid chromatography) and not 

the actual release of menthone as measured by API-MS. 

Sostmann et al. (2009) found that the release profile of volatiles from chewing 

gum was influenced by the hydrophilicity of the volatiles. Essentially, relatively 

hydrophilic compounds (Log P < 1.8) were released fastest and reached their maximum 

in the first few min of chewing while compounds with Log P > 1.8 showed an increasing 

release continually over the entire chewing period.  This is anticipated if the release of 

flavor is thought of as a two-phase process as described by De Roos (1994). In the model 

proposed by De Roos, during the first five min of mastication (the time in which the 

water-soluble components are dissolving in the saliva), the initial flavor release is 

dependent on the gum base to water partition coefficient of the flavor compounds.  After 

the water-soluble phase has been largely depleted from the gum, the second phase of 

release occurs where there does not appear to be a strong relationship between the gum 

base to water partition coefficient and the rate of release.  During this time, the release is 
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dictated primarily by extraction of the largely non-polar gum base (i.e. mass transfer of 

compounds) resulting in a gradually increasing release of the hydrophobic compounds. 

Data on the analysis of chewed gum suggests that a small amount of odor active 

compounds are released from the bolus during mastication.  One study found that after 10 

min chewing 23-27% of the added d-carvone and l-menthol had been released from the 

gum bolus, and after 60 min only 58-62% had been released (Yamano and Tezuka, 

1979).  Similarly, Kendall (1974) determined that 15% of the added methyl salicylate was 

released after one minute of chewing; after five min 20% had been released and 40% had 

been released after 30 min.  De Roos (2003) also found that 10-50% of the volatile flavor 

compounds were released after 30 min of mastication depending on the flavor compound, 

gum hardness, chewing efficiency, and presence of plasticizer. 

As briefly mentioned earlier, the release of water-soluble taste compounds is 

considered to directly influence the perceived flavor intensity of chewing gum.  

Interactions between gum sweetness and flavor perception have recently been studied 

fairly extensively (Linforth and Taylor, 1996; Davidson et al., 1999; Davidson et al., 

2000).  It is generally believed that the most important factor in the perception of the 

duration of flavor intensity of chewing gum is the rate of release of sweetness (with an 

extended high-level of sweetness contributing to the perception of longer lasting flavor) 

regardless of volatile release (Duizer et al., 1996; Taylor 2002; Haahr et al., 2003; Harvey 

and Barra, 2003; Cook et al., 2004). 

While in vivo studies can provide insight into the interaction of flavor release and 

how flavor is perceived, these methods have limitations that can be circumvented using 

an artificial chewing device.  One of the major limitations of in vivo studies is the large 
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variability in the data. A simplistic model of the mouth capable of processing chewing 

gum can provide quantitative data on flavor release with much greater precision thereby 

allowing one to detect more subtle effects of gum formulation on flavor release.   

Substituting an artificial mouth for a human subject allows the researcher to control and 

potentially understand the effects of multiple variables present during sample evaluation:  

salivary flow rate, air flow-rate (respiration), and mastication rate (Taylor, 2002).  In 

addition, in vitro experiments can be a more efficient method of data collection than 

human subjects (no training or compensation necessary), and they have commercial 

appeal to better consider formulation and composition effects on flavor release (Taylor, 

2002). 

An artificial mouth can range from being very simple to an extremely complicated 

apparatus, and artificial mouth technology is continuously improving.  Weel et al. (2002) 

published a device that simulates swallowing and the breath after the swallowing event 

which is applicable only to liquid and semi-liquid solutions because there is no shear 

event.  The Retronasal Aroma Simulator (RAS), a modified blender with temperature 

control, was developed by Roberts and Acree (1995).  Released volatiles were collected 

on a Sep-Pack for analysis by GC-MS.  A similar artificial mouth method was developed 

by van Ruth et al., (1995) which allowed the researchers to control the amount of sample, 

artificial saliva addition, temperature, and agitation.  Recently, Salles et al. (2007) 

developed an artificial mouth with the capability to replicate compressive and shear 

forces of the human jaw that could potentially be interfaced with mass spectrometry to 

examine volatile and non-volatile flavor release.  
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Several chewing devices have been constructed to examine the release of 

pharmaceutical ingredients from chewing gum.  Christrup and Moller (1986) developed 

an in vitro method consisting of two horizontal pistons, which compressed and twisted 

the sample in a temperature-controlled reservoir filled with an aqueous solution.  The 

liquid and sample was removed after a set time period to determine the amount of 

pharmaceutical released. 

Yoshii et al. (2007) used an up-and-down piston motion in an artificial mouth to 

study the release of menthol from chewing gum.  The concentration of the menthol in the 

purge air was not quantified; only the amount remaining in the chewing gum was 

measured.  A similar apparatus was developed by Jansen et al. (2003), which included 

three pistons: two horizontal and one vertical to simulate chewing and tongue action 

during mastication.  It was interfaced with a membrane inlet mass spectrometer to 

measure the flavor release rate from chewing gum into a buffer solution.  Their results 

were comparable to the in-nose concentrations measured by API-MS.  Non-volatile 

components were not measured.   

There are limitations to using an artificial mouth.  It cannot provide information 

on how levels of compounds would be perceived by a human subject (no sensory 

feedback).  Additionally, there are some parameters that vary between individuals’ 

anatomy and physiology that cannot be accounted for using the artificial mouth as a 

model system such as the effects of mouth volume, mucus layer thickness, and throat air 

volume.  The complexity of mechanically mimicking the human mouth, nasal passages, 

and throat has limited how well the artificial mouths have been correlated to in vivo 

studies (Taylor, 2002). 
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To our knowledge, an in vitro (artificial mouth) method for the evaluation of 

volatile and non-volatile release from chewing gum has not been published.  As noted 

earlier, a mechanical chewing device is advantageous because it eliminates the variability 

between human subjects that may potentially cover-up ingredient effects.  Thus, it is best 

used to compare or screen multiple formulations and ingredient effects, after which, 

human subjects could be used to provide sensory feedback. 

Using such a method, it would be possible to examine how much of each 

ingredient was released into the purge air (contributes to olfaction), simulated saliva (the 

liquid recovered from the chewing device when chewing – contributes to taste), and 

remained in the gum following “chewing” (no contribution to perception).  The goals of 

this work were to design and construct such a mechanical “chewing” device and validate 

the apparatus and analytical methodology interfaced to it by doing a mass balance. 

Several different gum formulations were used in these mass balance studies with varying 

concentrations of volatile and non-volatile water-soluble ingredients.  

 

4.2 Materials and Methods 

Materials.  Non-sticking gum base was provided by Gum Base Co. (Lainate, Italy), 

sorbitol and rebaudioside A by Cargill, Inc., (Wayzata, MN, USA), granular sucralose by 

Tate and Lyle, (Decatur, IL, USA), sodium saccharin by Phibro, (Ridgefield Park, NJ, 

USA), acesulfame-K by Sunett®, Celanese Corp., (Dallas, TX, USA), xylitol and 

erythritol by SPI Polyols, (Wilmington, DE, USA), glycerin by Merck, (Darmstadt, 

Germany), sodium benzoate by Mallinckrodt, (Hazelwood, MO, USA), ethyl butyrate, 

isoamyl acetate, and limonene were from Aldrich Chemicals (St. Louis, MO, USA).  
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Methanol was Optima grade (Fisher Scientific, Pittsburg, PA, USA).  Hexane (99.9%) 

was purchased from Acros Organics (Geel, Belgium). 

 

Chewing Gum Formulation and Making.  Chewing gum was made in 100g batches 

with two levels of added flavor (0.5% and 1%) and two levels of each high potency 

sweetener (0.1% and 0.2%).  It was composed of gum base (30%), sorbitol (49.9%), 

glycerin (9%), 70% sorbitol solution (5% for 0.5% added flavor or 4.5% for 1% added 

flavor), xylitol (5%), acesulfame-K (0.2% or 0.1%), rebaudioside A (0.2% or 0.1%), 

sodium saccharin (0.1% or 0.2%), and sucralose (0.1% or 0.2%).  Neat flavor was added 

at 0.5% or 1%.  The flavor was composed of 33.3% limonene, 33.4% ethyl butyrate, and 

33.3% isoamyl acetate (by weight).   

Gum was made by first heating the gum base pellets in a glass jar on a heating 

plate at 150 °C and stirred by hand until melted (10 min, ca. 125 °C).  Glycerin and 70% 

sorbitol solution were then added to the gum base and it was mixed by hand until 

homogenous (3 min).  The heating plate was turned down to 100 °C and half of the 

powdered sorbitol was added and the mass was again mixed until homogeneous (5 min).  

The heating plate was turned down to 75 °C and the remaining powdered sorbitol, xylitol 

and the high potency sweeteners were added, and the mixture was mixed for an 

additional 5 min.  The model flavor was then added and mixed for 2 min.  The gum (now 

at ca. 50 °C) was then rolled to a thickness of 0.5 cm between two sheets of wax paper.  It 

was cooled on the bench top for two hours and then stored in heat-sealed Mylar bags.  

Gum used in the chewing device was cut into cylindrical disks using a cork borer (#10, 
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1.8 cm diameter), and 10 g of chewing gum  (± 0.01 g) was weighed and wrapped in 

aluminum foil and stored in a heat-sealed Mylar bag until use.   

 

Chewing Device.  The apparatus was composed of a chamber machined out of a block of 

stainless steel into which two intermeshing removable cylindrical gears were inserted.  A 

diagram of the device is shown in Figure 4-1 and the gears are shown in Figure 4-2.  

When the front plate was attached (not shown in diagram), the vessel was water and air-

tight.  The chamber was fitted with two cartridge heaters and a thermostat for temperature 

control.  Four interfaces were included in the device to allow the introduction of purge air 

and water (“simulated saliva”) to flow into the vessel, and allow air and water to exit.  

The top opening of the vessel was used for sample addition and then sealed with a Teflon 

stopper to provide a closed system for purging volatiles liberated from the chewing gum 

sample.  A hole was drilled into the stopper and it was fitted with a stainless steel tube, 

which served as the sampling port for the PTR-MS inlet.   

As the device was operated, the mechanical motion of the gears pulled the gum 

downwards macerating it where the two gears came together.  The gum adhered to the 

gears and was continually macerated as the gears intermeshed.  The purge water was 

introduced into the chamber directly onto the gears so it would come into contact with the 

chewing gum. 
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Figure 4-1.  Diagram of chewing device used to evaluate volatile and non-volatile 
compound release from chewing gum. 

 

 
Figure 4-2.  The two gears fit into the stainless steel chamber to masticate the chewing 
gum.  The two gears rotate counter to one another to drag the sample downward and 
around. 
 

 

Chewing Device Operation.  The gears were positioned inside of the device and the 

front plate was screwed in place.  The device was heated to temperature (37 +/- 1.5 °C).  

All tubings were connected to the chewing device (Precision Tygon Food Tubing, L/S 
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16, Cole-Parmer, Vernon Hills, IL, USA).  One tube was used to pump fresh water to the 

chewing device and the other to pump it out using a peristaltic pump (Masterflex L/S 

Digital Console Drive, Model 7523-30, Cole-Parmer, Vernon Hills, IL, USA) with dual 

pump heads (Masterflex L/S Easyload Pump Heads, Cole-Parmer, Vernon Hills, IL, 

USA).  Flow of compressed air was split between purging the chewing device (200 

ml/min) and serving to dilute the device effluent (ca. 7,256 ml/min) (so the sample 

volatiles would not over-load the PTR-MS).  Purge gas flow was diverted away from the 

device until the start of the sample run (three-way diverter valve, Swagelok Co., Chaska, 

MN, USA) so as not to elute the volatiles from the device chamber before the run was 

started. 

Gum was introduced into the apparatus through the top opening.  Ten ml of nano-

filtered water was introduced into the device and onto the gum via syringe.  The vessel 

purge gas flow was then started and the flow rate was checked and recorded. It was then 

re-diverted until the start of the run.  This was done to establish the desired vessel purge 

gas flow rate.  The time between the introduction of the gum into the vessel and the start 

of the run was 1 min to allow the gum to warm and thus soften slightly.  At 1 min, the 

timer was reset to zero and restarted at the same time as the PTR-MS.  The PTR-MS 

capillary inlet was allowed to pull in air from the room for 15 s and then it was 

introduced into the purge gas exit from the chewing device (note: the dilution gas was on, 

but there was no air being purged through the vessel).  At 30 s, the chewing device motor 

was turned on and the gum was masticated, the purge gas was diverted into the vessel, 

and the water pump was started.  Fresh water and water that had come in contact with the 

sample were pumped into and out of the vessel at 15 ml/min.  The exiting water was 
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collected in a 500 ml Erlenmeyer flask.  After 21 min of operation, the water pump was 

stopped, the purge air diverted away from the device, and the apparatus stopped.  Fifteen 

s later, the PTR-MS capillary inlet was removed, and data collection by the PTR-MS was 

stopped immediately following this.  After data collection had ceased, the remaining 

water in the apparatus was removed.  This residual water was pooled with the simulated 

saliva collected previously.  The gears and gum were removed, patted dry, and weighed.  

Gum was then scraped from the device for quantification of remaining flavor and taste 

compounds.  The device and tubing was then cleaned. 

 

Measurement of Volatile Compounds Released During Mastication.  Volatile 

compounds released from chewing gum in the chewing device were monitored using a 

PTR-MS (IONIKON Analytik, Innsbruck, Austria).  Ions for the three compounds were 

selected based on abundance and uniqueness in previous experiments (in preliminary 

work, data not shown).  Individual compounds were simultaneously monitored at the 

following m/z:  water/water cluster (21 [H2O
18+ + H+], 37), limonene (137), isoamyl 

acetate (71), and ethyl butyrate (117).  The dwell time was 0.1 s for each mass.  PTR-MS 

parameters were set up as follows: drift tube voltage 600 V, drift tube temperature: 25 °C, 

drift tube pressure:  2.0 mbar, quadrupole (SEM) voltage:  2700 V, quadrupole pressure:  

3.7 x 10-5 mbar.  Capillary flow into the PTR-MS was 18 ml/min.   

 

Quantification of PTR-MS Data.    A standard curve was made following the method 

published by Potineni and Peterson (2008) using a 1.1 L water-jacketed flask that was 

heated to 40 °C with a stir bar at 300 rpm and allowed to equilibrate for 1 h.  Pure 
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compounds (410 µg/ml ethyl butyrate, 580 µg/ml isoamyl acetate, and 350 µg/ml 

limonene) were dissolved in pentane and various quantities were injected (0.2 µl-25 µl) 

into the water-jacketed flask and allowed to equilibrate for 5 min. The flask was then 

sampled for 5 s by PTR-MS to obtain an Imax (maximum intensity) used in the standard 

curve: a plot of the ratio of Imax/ m/z 21 versus compound weight (µg).  The amount of a 

volatile compound entering the PTR-MS at any Imax was calculated from the analysis of 

the standard gas samples using the rate of influx through the PTR-MS capillary 

(18ml/min) and the time for one scan of the five masses (0.5 s).   

 

Quantification of Aroma Compounds in Chewing Gum and Simulated Saliva.   

Chewing gum: The flavor compounds present in the gum before and after mastication 

were quantified to determine the amount released when being “chewed” in the apparatus.  

The method published by Potineni and Peterson (2008) for determining volatiles in gum 

was modified as described below.  Three random samples of gum were taken for each 

treatment (0.5% flavor and 1% flavor) and then ground with liquid nitrogen until the 

particles passed through a U.S. standard number 40 sieve (0.042 cm openings).  The 

sample (0.200 g ± 0.01 g of ground gum) was mixed with 2 ml of hexane containing 880 

µg/ml methyl propanoate (as internal standard) and then 4 ml of nano-filtered water was 

added.  The vials were shaken at 250 rpm for 1 h.  Following shaking, 200 µl of the 

hexane was transferred to a centrifuge tube containing 500 µl of methanol to precipitate 

the gum base polymers.  Samples were then centrifuged at 5000 x g for 5 min, filtered 

through non-sterile PTFE syringe filters (0.45 µm, 13 mm diameter, Fisher Scientific, 
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Pittsburg, PA, USA), and transferred into 1.5 ml screw-cap vials for GC-FID analysis.  

Simulated Saliva:  The amount of volatiles released into the simulated saliva during 

mastication was analyzed in an identical manner as the chewing gum but 4 ml of each 

liquid fraction collected from the “chewing” device was used in place of the ground gum 

sample (0.2 g) noted above. The method of quantification was as described below.  

Standard curve for simulated saliva: A five-point calibration curve was prepared 

by adding the three volatiles at five levels (ethyl butyrate 9-220 µg/ml, isoamyl acetate 9-

220 µg/ml, limonene 8-210 µg/ml) as well as the internal standard, ethyl propanoate (880 

µg/ml) to hexane.  A 2 ml aliquot of the spiked hexane was placed in a vial and then 

treated as described above for the simulated saliva samples, i.e. 4 ml of nano-filtered 

water was added to the spiked hexane-containing vials, shaken, mixed with methanol, 

centrifuged, and filtered as described previously.   

Standard curve for chewing gum: A separate standard curve for the 

quantification of aroma compounds in the gum samples was prepared since these hexane 

solutions contained substantially higher levels of the three flavor compounds than the 

simulated saliva.  It also contained gum base which would be precipitated and potentially 

reduce the amount of volatiles remaining in the hexane extract. A five point standard 

curve was prepared by adding the volatiles (ethyl butyrate [9-440 µg/ml], isoamyl acetate 

[9-440 µg/ml], limonene [9-438 µg/ml]) as well as the internal standard, ethyl propanoate 

(880 µg/ml) to hexane. An aliquot of the spiked hexane (2 ml), 4 ml nano-filtered water 

and 0.200 g ± 0.01 g of powdered un-flavored gum (ground as described previously) 

were added to a glass vial.   The samples were then shaken, mixed with methanol, 

centrifuged, and filtered as described previously.  A standard curve was made by plotting 
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the ratio of the peak area of each volatile compound to the peak area of the internal 

standard versus the known concentration of the standard compound. 

All samples were analyzed using a Hewlett-Packard 5890 Series II GC, with a 

flame ionization detector (FID) and autosampler.  Helium was used as the carrier gas 

with a column flow rate of ca. 1 ml/min and a head pressure of 12 psi. A DB-Wax 

column (30 m x 0.25 mm i.d. x 0.25 µm film thickness, J&W Scientific, Agilent 

Technologies, Inc., Santa Clara, CA, USA), 1:20 split, and oven temperature program of 

60 °C to 100 °C at 4 °C/min, 30 °C/min to 210 °C, and then a 5 min hold prior to cooling 

were used in analysis.   

 

Quantification of Polyols in Chewing Gums and Simulated Saliva.  The quantity of 

polyols in gum samples was measured prior to and after mastication.  Three random 

samples of fresh gum from each treatment (0.5% flavor and 1% flavor) were ground with 

liquid nitrogen as described previously.  Gum that was removed from gears after 

mastication was also ground to the same specifications.  Nano-pure water (4 ml with 

erythritol added at 10 mg/ml and sodium benzoate at 100 µg/ml as internal standards) and 

2 ml hexane were added to the ground gum samples (0.20 g ± 0.01 g) and then shaken at 

250 rpm for 1 hour.  The water was collected, filtered through non-sterile nylon filters 

(0.45 µm, 13 mm diameter, Fisher Scientific, Pittsburg, PA, USA), and diluted 1:100.  

The simulated saliva pulled from the device was prepared for analysis by diluting and 

filtering in the same way as the water extracts of chewing gums.  

Quantitative analysis of polyols in the prepared isolates and simulated saliva was 

preformed using a Quattro micro LC-API-MS/MS (Waters, Milford, Massachusetts) 
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composed of pump (LC-10ATvp), degasser (DGU-14A), an auto sampler (SIL-10Ai), 

column heater (CTO-10ACvp), and a Shimadzu SIL-10AD autosampler (Shimadzu Inc., 

Columbia, MD).  Samples were separated on a Pinnacle II Amino column (5 µm, 150 

mm x 2.1 mm i.d., Restek, Bellefonte, PA, USA) at 40 °C using an isocratic elution of 

15% nano-pure water and 85% methanol.  The flow rate was 500 µl/min, the injection 

volume was 5 µl and samples were kept at 25 °C during analysis.  The MS detector was 

operated in SIM, negative ion mode to scan at m/z 91 (glycerin), 121 (erythritol), 151 

(xylitol), and 181 (sorbitol).  The corona discharge was 5.0 kV, cone voltage 20V, source 

temperature 100°C, API probe 400°C, desolvation gas 200 L/h, and cone flow 50 L/h.  

Absolute concentrations in the sample extracts were determined using a five-point 

standard curve prepared from the pure compounds (solutions of 10-1000 ppm with 10 

mg/ml erythritol as internal standard).  The ratio of the peak area of the sweetener to the 

peak area of the erythritol was plotted versus the known concentration of the standard. 

 

Quantification of High Potency Sweeteners in Chewing Gums and Water Extracts.  

The four types of high-potency sweeteners present in the chewing gum samples (before 

and after mastication) and in the water extract collected from the chewing device were 

determined using an Acquity UPLC system in conjunction with a Quattro Premier XE 

tandem quadrupole mass spectrometer with ESI probe (Waters, Milford, MA, USA).  

Instrument control and data collection were done using a MassLinx 3.5 workstation 

(Waters).  Water extracts of fresh and masticated chewing gum were obtained as 

described previously and liquid extracts from the chewing device were diluted 1:10 with 

nano-pure water prior to analysis. A C18 column was chosen for separation of analytes 
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with dimensions of 1.7 µm film thickness x 2.1 mm ID x 50 mm (Waters), flow rate of 

230 µl /min and 28 °C temperature.  Samples were kept at 10 °C until analysis.  The 

injection volume was 5 µl and the total run time 7 min.  The mobile phase gradient used 

in separation was water with 10 mmol dibutylammonium acetate (solvent A) to 

acetonitrile/water (80:20) (solvent B).  The initial rate gradient was 85% A held for two 

min, ramped down to 60% A after 4 min and ramped back up to the original conditions at 

6 min for the remainder of the run.  The outlet from the column was split and 200 µl/min 

was analyzed by MS.  The quadrupole mass spectrometer was run in negative ion mode, 

with selected ion monitoring, scanning from 0.5-2.5 min at 121 m/z for sodium benzoate 

(internal standard), 182 m/z for sodium saccharin and 162 m/z for Ace-K, from 3-6 min at 

m/z 965 for rebaudioside A.  Sucralose was quantified from the TIC scan of 300-600 m/z 

from 2-3.5 min as no one predominant fragment ion could be identified.  The cone 

voltage was 25 V, source temperature 100 °C, desolvation gas 500 L/h at 250 °C, and 

cone gas at 50 L/h.  Concentrations were determined using standard curves prepared from 

the pure compounds in triplicate (1-100 ppm and sodium benzoate at 100 µg/ml).  The 

ratio of the peak area of the sweetener to the peak area of the sodium benzoate (internal 

standard) was plotted versus the known concentration of the standard.  

 

Statistical Analysis.  One-way Analysis of Variance (ANOVA) was conducted on 

triplicate replications to determine significant differences.  Analyses were performed 

using SPSS Statistics 17 (SPSS Inc., Chicago, Illinois, USA).  Statistical significance was 

defined to be α ≤ 0.05. 
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4.3 Results and Discussion 

 The three volatile compounds that were used in the chewing gum were chosen for 

their varying structures and Log P values.  A summary of some of the properties of these 

compounds is shown in Table 4-1. 

 
Table 4-1.  Chemical and physical properties of the aroma compounds added to chewing 
gum in this study 

a Chemspider (www.chemspider.com) 
b Experimentally determined 
c Calculated, LogKow Demo (www.srcinc.com) 
d SRC PhysProp Database (www.syrres.com) 
 

Release of Model Aroma Compounds from Chewing Gum into the Air.  The release 

of model volatiles from the gum to the gas phase during mastication was measured in 

real-time using PTR-MS.  The release rates (µg/s) of ethyl butyrate, isoamyl acetate, and 

limonene from 0.5% and 1%-containing chewing gum are shown in Figures 4-3a and b.  

Ethyl butyrate, the most volatile of the three compounds, had the most rapid release, 

peaking around 2 min of mastication and then declining rapidly for the remainder of the 

20 min simulated chewing.  Isoamyl acetate and limonene had a maximum release around 

Compound 
Molecular 
Formulaa 

Molecular 
Weight  in 

g/mola  

(MS ion 
monitored)b 

Log 
Pc 

Water 
Solubility 
(mg/l)d 

Boiling 
Point 
(°C at 

760mm 
Hg)d 

Vapor 
Pressure 
(mm Hg 
at 25°C)d 

Flavor 
composition 

(wt %) 

Ethyl 
Butyrate C6H12O2 116.2 (117) 1.85 4900 122.4 13.9 33.4% 

Isoamyl 
Acetate C7H14O2 131.2 (71) 2.26 2000 142.1 5.68 33.3% 

Limonene C10H16 136.2 (137) 4.83 7.57 175.4 1.54 33.3% 
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the same time and declined to about 50% of their maximum at the end of the 20 min 

mastication.  Time to Imax for the three aroma compounds is shown in Table 4-2.  1% 

flavor containing chewing gum had a slightly faster time to Imax; although this trend was 

not statistically significant.   

(a) 

 

(b) 
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Figure 4-3. Rate of release (µg/s) of (a) 0.5% flavor-containing chewing gum (b) 1% 
flavor-containing chewing gum.  Each curve is the average of three replicates and is 
represented by a 3 s moving average trend line. 

 

Table 4-2.  Time to maximum intensity (Imax) in min for ethyl butyrate, isoamyl acetate, 
and limonene released from chewing gum measured by PTR-MS 

 Time to Imax (min)a 

% Flavor Ethyl Butyrateb Isoamyl Acetateb Limoneneb 

0.5% Flavor 2.00 a ± 0.11 1.99 a ± 0.12 2.08 a ± 0.17 

1% Flavor 1.87 a ± 0.18 1.87 a ± 0.19 1.67 a ± 0.37 

a Average of three replications ± standard deviation  
b Different letters in each column denote significant differences 
 

Total release (mg) for each compound over 20 min of mastication is shown in 

Figure 4-4.  Given the volatility of ethyl butyrate, a high total release was to be expected.  

Surprisingly, isoamyl acetate had a lower total release than limonene, the least volatile 

and most non-polar compound of the three compounds, at least as pure compounds. 

While we did not determine the vapor pressure of these two substances in the gum base, 

our data suggest that the isoamyl acetate had a lower vapor pressure in the gum system 

than limonene. 
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Figure 4-4.  Total release (mg) of ethyl butyrate, isoamyl acetate, and limonene into the 
air purged from the chewing device as measured by PTR-MS over 20 min of simulated 
mastication.  Each value is the average of three replications; standard deviation is 
indicated by the error bars and the average value is displayed on top.  

 

Overall, the total release of volatiles from 1% flavor-containing gum was 1.7 

times greater than the release from 0.5% containing gum (all compounds).  The 

percentage of overall flavor that was released into the air over 20 min was 40.9%, 9.9%, 

and 19.2% for ethyl butyrate, isoamyl acetate, and limonene, respectively for gum 

containing 0.5% total flavor.  Percentages were slightly lower for the 1% flavor-

containing gum (29.4%, 7.6%, and 16.4% for ethyl butyrate, isoamyl acetate, and 

limonene, respectively).  The distribution of the release of the aroma compounds between 

the purge air, simulated saliva, and remaining in the bolus is shown in Figure 4-5.  The 

percentage of ethyl butyrate released into the purge air was significantly higher in 0.5% 

flavor-containing gum than 1% flavor-containing gum.  This is not what we might have 

expected given the potential plasticizing effect of the additional flavor in the 1% flavor-

containing gum.  Several published studies have found faster flavor release from softer 
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gums and have proposed that this is either due to a lower resistance to mass transfer or a 

faster chewing of softer matrices (De Roos, 2003; Haahr et al., 2003).  The use of a 

chewing device could effectively negate the former variable in future research. 

We did not observe a steady increase in the rate of release of limonene as might 

have been expected based on its properties and the previous literature (Sostmann et al., 

2009).  If the relative release of the compounds is examined, limonene is at an average of 

41% of its maximum after 20 min (isoamyl acetate 27% and ethyl butyrate 21%), 

indicating it had a more even and gradual release than the other more hydrophilic aroma 

compounds.   

 

(a) 
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(b) 

 

Figure 4-5.  Proportion of flavor compounds in (a) 0.5% flavor-containing chewing gum 
(b) 1% flavor-containing chewing gum, which were present in air and simulated saliva 
and the amount remaining in masticated chewing gum samples after 20 min of 
mastication in the chewing device.  
 

Volatile Compounds Released from Chewing Gum into the Simulated Saliva.  Fresh 

gum, masticated gum, and simulated saliva removed from the device were extracted and 

analyzed for ethyl butyrate, isoamyl acetate, and limonene.  The volatile compounds 

released from the gum (initially present minus remaining after “chewing”) must be either 

in the purge gas or the simulated saliva withdrawn from the apparatus.  The data on 

volatiles indicate that a considerable proportion of two of the volatiles present in the gum 

were found in the withdrawn simulated saliva.  For gum containing 1% total flavor, 

14.4% and 9.3% of the total ethyl butyrate and isoamyl acetate, respectively, partitioned 

into the water.  Gum that contained 0.5% flavor had water that contained 16.6% and 

11.3% of the total ethyl butyrate, and isoamyl acetate, respectively.  Limonene could not 
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be detected in the water from either flavor concentration.  These proportions are 

reasonable in the sense that the ethyl butyrate is quite volatile and fairly water soluble so 

it would be likely found in the purge gas and water, and the limonene would be too 

insoluble to be present in the withdrawn water. The isoamyl acetate may be adequately 

soluble and low in volatility that it was found in the withdrawn water as well.   

As expected, a substantial proportion of the volatiles remained in the gum after 

mastication.  Of the volatiles studied, limonene (>80%) remained in the gum in the 

largest proportion.  This was not a surprise because it is the least polar and thus, has the 

highest affinity for the gum base.  A large proportion of the isoamyl acetate was also 

retained in the gum base (78-83%) after mastication.  Ethyl butyrate was retained at the 

lowest level due to its high volatility and significant solubility in water. 

Release of Water Soluble Taste Components from Chewing Gum.  The 

concentrations of glycerin, sorbitol, and xylitol in unmasticated gum, simulated saliva, 

and masticated gum are summarized in Table 4-3.  The release of all three compounds 

into the simulated saliva was nearly complete after 20 min; no glycerin could be detected 

in the masticated chewing gum samples, and 97% and 98% of the sorbitol was extracted 

into the simulated saliva for 1% and 0.5% flavor containing chewing gum, respectively.  

Over the 20 min mastication period, 89.1% and 91.2% of the xylitol present in the 

chewing gum was extracted into the simulated saliva for 1% and 0.5% flavor containing 

chewing gum, respectively.  Given the water solubility of glycerin, sorbitol, and xylitol, 

these results were expected.   

 
 
 



 

 102

 
 
Table 4-3. Total amount (g) of glycerin, xylitol, and sorbitol present in unmasticated 
chewing gum, simulated saliva, and masticated chewing guma  

Compound 
Percentage 

Flavor 

Initial 
Fresh gum 

(g) 
Simulated 
saliva (g)b 

Final 
Masticated 

gum (g) 

Percentage of 
initial 

recovered 

Glycerin 
0.5% Flavor 0.66a 0.53a ND 80.7 

1.0% Flavor 0.66a 0.46a ND 70.1 

Xylitol 
0.5% Flavor 0.58a 0.50a 0.05a 94.4 

1.0% Flavor 0.52a 0.46a 0.06b 98.5 

Sorbitol 
0.5% Flavor 5.19a 5.47a 0.10a 107.3 

1.0% Flavor 5.14a 5.19a 0.15b 103.9 
a Different letters in each column denote significant differences between the two 
treatments for each specific compound. 
b Liquid removed from the chewing device, i.e. amount released during simulated 
chewing. 
 

 The four high-potency sweeteners were chosen on the basis of their differing 

solubilities and common use in chewing gum.  Selected properties of the four sweeteners 

are shown in Table 4-4.   

 

Table 4-4. Physical properties of high-potency sweeteners and amount used in gum 
formulation 

Sweetener 

Molecular 
Weight in g/mola 

(MS ions 
monitored)b 

Log P c 

Solubility 
(g/100 ml 
water at 25 

°C) d 

Percent in 
0.5% Flavor-
Containing 

Gum 

Percent in 1% 
Flavor-

Containing 
Gum 

Acesulfame-K 201 (168) -2.67 27 0.2% 0.1% 

Rebaudioside A 967 (965) -1.12 0.125 0.2% 0.1% 

Sodium 
Saccharin 241 (182) 0.46 80 0.1% 0.2% 

Sucralose 398 (various) -1.0 26 0.1% 0.2% 
a Chemspider (www.chemspider.com) 
b Experimentally determined 
c Calculated, LogKow Demo (www.srcinc.com) 
d SRC PhysProp Database (www.syrres.com) 
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The amounts of Ace-K, sucralose, rebaudioside A, and sodium saccharin present 

in simulated saliva, and masticated gum are presented in Figure 4-6.  Similar to the 

polyols, the high-potency sweeteners were almost entirely extracted into the simulated 

saliva over the 20 min of simulated mastication.  Virtually identical amounts of each 

compound remained in the masticated gum for both flavor concentrations.  A small 

percentage of the total Ace-K, rebaudioside A, sodium saccharin, and sucralose, were 

recovered from the 0.5% flavor-containing masticated chewing gum (1.2%, 5.4%, 1.0% 

and 0% respectively).  From 1% flavor-containing gum, the percentages were the same or 

slightly higher (not significantly so), 3.8%, 5.7, 4.1, and 0%, respectively.  Given the 

water solubility of these compounds and the introduction of fresh simulated saliva 

throughout the 20 min mastication, the nearly complete extraction was to be expected.  

The concentration of these high potency sweeteners in the simulated saliva confirmed this 

phenomenon.  We might have found differing rates of release as a function of chewing 

time between the four compounds had we collected samples in real time. This is being 

done in current work.  

(a) 
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(b) 

 
 
Figure 4-6.  Proportion of high-potency sweeteners (acesulfame-K (Ace-K), 
rebaudioside A (RebA), saccharin, and sucralose) which were present in the simulated 
saliva and the amount remaining in masticated chewing gum samples after 20 min of 
mastication in the chewing device in (a) 0.5%-flavor containing chewing gum (b) 1%-
flavor containing chewing gum.  

 

Previous studies have found that human subjects perceive a drop-off in taste 

intensity of chewing gum after about 5 min of mastication even in the continued presence 

of high levels of volatile aroma compounds (Duizer et al., 1996; Taylor, 2002; Haahr et 

al., 2003; Harvey and Barra, 2003; Jansen et al., 2003; Cook et al., 2004).  Our findings 

underscore the nearly complete extraction of water-soluble compounds from the chewing 

gum and the incomplete extraction (> 40% remaining) of the volatile aroma compounds 

in the bolus after 20 min of simulated mastication.   

The applicability of the chewing device for this sort of ingredient evaluation is 

apparent.  With the addition of a fraction collector, simulated saliva could be collected at 
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discrete intervals and evaluated using the same methods as described above.  In doing so, 

one could determine the profile for which the taste ingredients diminish.    

We feel that the precision of the chewing apparatus can be improved by altering 

the way samples are introduced into the device. In the future, gum samples will be cut 

into strips equal in length to the circumference of the intermeshing gears. This will more 

uniformly distribute the gum across the gears.  However, despite the variability found in 

the current study, we expect that the precision is still substantially better than that 

observed in the use of human subjects.  While exact estimates of human subject 

variability are difficult to find in literature, Deibler et al. (2001) reported variation in the 

concentration of nose-space between panelists to be 41-49% and variation within a 

panelist up to 25%.  Potineni and Peterson (2008) reported the intra-panelist variation to 

be < 30%.  Rabe et al. (2004) and Ovejero-Lopez (2004) also reported large deviation 

between panelists and replications but did not quantify the variation. 
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Chapter 5 

Optimization of a Matrix Encapsulation Technique to Extend the Duration of 
Acesulfame-K Release from Chewing Gum 
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Sweeteners in chewing gum (polyols and high-potency), are very water-soluble and thus 

are rapidly depleted from chewing gum during mastication.  The release of water-soluble 

sweeteners in chewing gum has been shown to parallel sensory perception of flavor 

intensity regardless of volatile flavor concentration.  Because of this vital role in the 

perception of flavor intensity, it is desirable to delay or extend the duration of the release 

of high-potency sweeteners.  Encapsulation of sweeteners in a hydrophobic matrix may 

delay or extend their release.  There are many patents that explore this topic, but little 

peer-reviewed research.  In the work presented, a response surface experimental design 

was used to optimize the entrapment of acesulfame-potassium (Ace-K) in polyvinyl 

acetate (PVA).  Three parameters were examined (particle size of Ace-K, total particle 

size, and core to matrix ratio) at three levels.  Embodiments were incorporated into 

chewing gum containing no high-potency sweeteners.  Release was examined using a 

chewing device connected to a fraction collector sampling at 1 min intervals.  Ace-K 

concentration (mg/ml) was determined using UPLC-MS.  Sweetener particle size and 

total particle size significantly affected the release of Ace-K from 11-21 min (considered 

extended release) (p = .0077 and p = .0004, respectively).  The smallest Ace-K particle 

size and the largest total particle size exhibited the maximum extended release properties 

(percent sweetener had no effect).  For some encapsulation preparations, the release of 

Ace-K over 21 min was incomplete (i.e. 100% was not recovered into the simulated 

saliva).  To look at this variable, the total percentage of the added Ace-K released over 

the entire 21 min of simulated mastication and the extended release were optimized 

together.  The optimum conditions for this were from the smallest Ace-K particles with 
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the largest total particle size and the lowest percent sweetener.   

Key words:  chewing gum, polyvinyl acetate, extended release  
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5.1 Introduction 

 Interactions between chewing gum sweetness and volatile aroma have recently been 

studied fairly extensively (Duizer et al., 1996; Davidson, 1999; Haahr et al., 2003; Haahr 

et al., 2004; Potineni and Peterson, 2008).  These studies have concluded that the 

intensity of sweetness plays an important role in determining the flavor intensity of 

chewing gum.  The loss of water-soluble sweeteners has been found to directly influence 

overall perceived flavor intensity.  Polyols and high-potency sweeteners are depleted 

considerably (< 25% remaining) after 5 min of mastication.  The flavor intensity parallels 

this decline.  Measurement of nose-space concentrations of volatile compounds using 

mass spectrometry and extraction of masticated chewing gum reveals that the amount 

aroma compounds have not depreciated by this time.  

 Extending the time that sensorially significant quantities of water-soluble 

sweeteners are released could possibly extend the time a consumer perceives the chewing 

gum to have a high flavor intensity.  There are few published studies regarding 

controlled, sustained, or delayed release of non-volatile ingredients in chewing gum; 

most of the information is contained in patent applications by chewing gum companies 

and flavor houses or kept as trade secrets.  

 Numerous patents detail controlled release of non-volatile components, specifically  

sweeteners, through encapsulation.  Sweeteners are frequently coated in hydrophobic 

ingredients.  The increased hydrophobicity allows the encapsulated ingredients to be 

more soluble in non-polar gum base phase which in-turn prolongs their release.  

There are many combinations of encapsulating agents (“wall” material) and 

encapsulants (“core” material) that have been used to coat sweeteners for chewing gum 
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applications.  The wall that surrounds the core can be formed using many types of 

components or combinations thereof detailed in numerous patent applications, including:  

shellac (Patel, 1989), zein (Zibell, 1989a), chalk (Mackay et al., 1981), cellulose 

derivatives (Song et al., 1993), wax (Zibell, 1989b), and polyvinyl acetate (Cherukuri and 

Mansukhani, 1989; Yatka et al., 1992, Boghani and Gebreselassie, 2006).  

Just as there is a wide variety of core and wall materials, there are many 

production technologies that have been used to encapsulate sweeteners, e.g. codrying 

(Mackay et al., 1981; Yatka, et al., 1992), fluidized bed coating (Sharma et al., 1989), 

spray drying (Bahoshy and Klose, 1979), matrix inclusion (Cherukuri and Mansukhani, 

1989; Yatka et al., 1992, Boghani and Gebreselassie, 2006), extrusion (Song and Copper, 

1992), coacervation, and freeze drying (Pothakamury and Barbosa-Canovas, 1995; 

Reineccius, 2006).  

The release of encapsulated ingredients can occur via several mechanisms.  For 

water-soluble components from chewing gum, the main mode of release is via solvent-

activated release.  The core material can be released when it diffuses through the capsule 

wall, if the wall ruptures due to structural weakness, if the matrix swells, or it dissolves 

over time while exposed to the solvent (Reineccius, 1995; Lakkis, 2007).  The rate of 

core release will be governed by the capsule material composition, size, and texture.  

Triggers can be developed specifically for the matrix to prompt the release including:  pH 

changes, mechanical stress, temperature change, enzymatic activity, time, osmotic and 

force (Gouin, 2004).  In chewing gum, encapsulation materials must somewhat 

hydrophilic in order to eventually release their payload (de Roos, 2008).    
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We have found little literature that examines the effect of particle size (both the 

sweetener and the total encapsulated particle) and matrix to core ratio on release of water-

soluble sweeteners.  In the work presented, we have used a response surface experimental 

design to optimize the extended release of PVA (an ingredient in chewing gum and an 

encapsulant common to patent literature) encapsulated Ace-K, a heat-stable high-potency 

sweetener often used in chewing gum formulations.  We have used a chewing device to 

simulate chewing in order to look at the ingredient effects. 

 

5.2 Materials and Methods 

Materials and Chemicals.  Non-sticking gum base was provided by Gum Base Co. 

(Lainate, Italy), sorbitol and mannitol by Cargill, Inc., (Wayzata, MN, USA), Ace-K by 

JRS International (Lyndhurst, NJ, USA), sodium saccharin by Phibro, (Ridgefield Park, 

NJ, USA), glycerin was from Merck, (Darmstadt, Germany).  Polyvinyl acetate 

(Vinnapas B 1,5 Special, molecular weight 10,000-15,000 Da) was provided by Wacker 

Chemical Corp. (Adrian, MI, USA). 

 

Experimental Design.  A response surface design (specifically, a faced central 

composite) with three factors was chosen to optimize the release of Ace-K from the 

chewing gum.  Statgraphics Version 15.1.02 (Version 15.1.02, Star Point Technologies, 

Inc., Warrenton, VA, USA) was used to create the design.  The response surface design 

was used to reduce the number of runs compared to a full factorial design.  Fifteen data 

points were selected at the outer points of the cubic design and the faces of the cube.  The 
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center of the cube was repeated three times to gain an approximation of the variation of 

the technique.  A graphical representation of the design is shown in Figure 5-1. 

 

Figure 5-1.  Face-centered type of response surface design with 15 different conditions, 
and the center point replicated three times as an estimate of variability. 
 

Three factors were varied:  particle size of the sweetener (250-297 µm [particles 

retained between standard US sieves sizes 50 and 60], 177-250 µm [sieve 60-80], and 

125-177 µm [sieve size 80-120]), total size of the encapsulated particle (348-411 µm 

[sieve size 40-45], 503-582 µm [sieve size 30-35], and 841-1000 µm [sieve 18-20]), 

percentage sweetener (20%, 40%, and 60%).  Three control samples were also run using 

the unencapsulated sweetener at each of the three particle sizes to determine if there were 

significant differences in the release profiles of the encapsulated ingredients.  There were 

20 runs total (18 different conditions).  Samples were randomized to minimize 

unforeseen bias.  Experimental design and data analysis was performed using 

Statgraphics.  Experimental treatments are shown and Table 5-1. 
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Table 5-1.  Treatments and controls of faced central composite design. 

Sample # 
Sweetener 
Particle Sizea 

Total particle 
sizeb 

% 
Sweetenerc Code 

1d Small -- -- S 
2 Medium Medium Large MML 
3 Large Small Small LSS 
4 Large Large Large LLL 
5e Medium Medium Medium MMM  
6d Medium -- -- M 
7 Small Large Small SLS 
8 Medium Small Medium MSM 
9 Large Medium Medium LMM 
10 Medium Medium Small MMS 
11 Large Small Large LSL 
12 Medium Large Medium MLM 
13 Small Small Small SSS 
14d Large -- -- L 
15 Small Small Large SSL 
16e Medium Medium Medium MMM  
17 Large Large Small LLS 
18 Small Medium Medium SMM 
19 Small Large Large SLL 
20e Medium Medium Medium MMM  

a Sweetener particle size; Small = 125-177 µm, Medium = 177-250 µm , and Large = 
250-297 µm 
b Total particle size; Small = 348-411 µm, Medium= 503-582 µm, and Large = 841-1000 
µm  
c Percentage of Ace-K in coated particle; Small = 20%, Medium = 40%, and Large = 
60%  
d Neat sweetener in three particle sizes used as experimental controls 
e Center point of face centered design, replicated three times as an estimate of variability 
 

Preparation of Encapsulated Sweetener.  Ace-K was coated in polyvinyl acetate 

modified from embodiment procedures described in patents by Cherukuri and 

Mansukhani (1989), Cherukuri et al. (1991), and Yatka et al. (1992).  Ace-K was sieved 

with a Ro-Tap (W.S. Tyler, Mentor, Ohio, USA) to separate and obtain the desired 

particle sizes.  PVA was weighed into a metal weighing pan (16g, 12g or 8g, for the three 
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respective sweetener to encapsulant ratios).  The metal pan was heated on a hot plate at 

250 °C for 7 min until the PVA was completely melted and fluid.  The Ace-K was added 

about 2g at a time, and mixed until incorporated between additions until the total amount 

was added (4, 8 or 12g).  The pan was then removed from the hot plate and mixed an 

additional 15 s to ensure a homogenous mixture had been prepared before the polymer 

cooled.  It was then cooled on the bench-top for 1 hr, and then submerged in liquid 

nitrogen, removed from the pan and ground with a mortar and pestle to the desired 

particle size.  The ground particles were sieved using the Ro-Tap to obtain the desired 

particle size. 

 

Chewing Gum.  Sugar-free chewing gum was made containing sorbitol (45%), mannitol 

(5%), glycerin (10%), 70% sorbitol solution (10%), and gum base (30%).  Unflavored 

chewing gum was made in a 1kg sigma mixer preheated to 55 °C with a circulating water 

bath.  The desired amount of gum base pellets were weighed and placed in the gum mixer 

and mixed until melted and homogenous (17 min).  Half of the powdered sorbitol and 

mannitol were added and mixed for 4 min.  Glycerin and was added, mixed for 4 min, 

then one-quarter of the remaining powdered polyol were added, and it was mixed until 

homogenous (4 min).   The 70% sorbitol solution was added, the chewing gum mixed for 

4 min, and the remaining portion of powdered polyols were added.  The chewing gum 

was then mixed for 5 min until completely homogeneous and smooth.  Chewing gum was 

then removed from the mixer and rolled to a thickness of 5 mm in between two sheets of 

wax paper.  It was cooled on the bench top for four hrs and then stored in a heat-sealed 

Mylar bag.   
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Gum used in the chewing device was prepared by weighing out 14.85 g (± 0.01), 

softening it in a microwave on 50%-power for 6 s, then mixing in 150 mg of the 

encapsulated or control sweetener until the sample was homogeneous.  The chewing gum 

was then flattened into a 3.5 cm by 15 cm by 2 mm slab between two pieces of plastic 

wrap using a pasta machine (CucinaPro Pasta Fresh Maker, CucinaPro Inc., Cleveland, 

Ohio, USA).  The sample was cooled on the bench-top for 1 hr and stored in a heat-

sealed Mylar bag prior to analysis. 

 

Chewing Device.  The apparatus used was composed of a chamber (a vertical figure 

eight shape) machined out of a block of stainless steel into which two intermeshing 

removable gears were inserted as described previously.  Volatiles were not considered in 

this study, so air was not purged through the device. 

 

Chewing Device Operating Parameters.  The device was operated as described 

previously.  Modifications to the procedure are described below.  Ten g rectangular 

sheets of gum were introduced into the apparatus through the top opening.  The motor 

was turned on and the sheet of gum was pulled into the device until the entire sample was 

on the gears.  Then the peristaltic pump was turned on and at 15 s the fraction collector 

was started.  The water was pumped into and out of the vessel at the same rate (22.5 

ml/min for the first 2.75 min then 10 ml/min for the remaining 17.25 min).  The purge 

water was collected at 1 min intervals.  The flow rate into the device and the volumes of 

water pulled out (the average and standard deviations of 20 replications) are shown in 

Figure 5-2.  After 20.25 min, the water pump was stopped and the apparatus stopped 
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(henceforth denoted as “21 min”).  The tube that introduced water into the apparatus was 

removed and the remaining water in the apparatus was removed by turning on the 

effluent pump.  This residual water was pooled with the last fraction of water collected 

during “mastication”.  After no water could be pulled from the apparatus, the pump was 

stopped and effluent tube removed for cleaning.  The front plate was unscrewed and 

removed, the gears removed and cleaned.   

 

 

 

  

 

 

 

 

 

Figure 5-2.  The flow rate pumped into the chewing device and the volumes of water 
removed from the device. 

 

Analysis of Ace-K in Purge water using UPLC-MS. The Ace-K present in the purge 

water extract collected from the chewing device was determined using an Acquity UPLC 

system in conjunction with a Quattro Premier XE tandem quadrupole mass spectrometer 

with ESI probe (Waters, Milford, MA, USA).  Instrument control and data collection 

were done using MassLinx 3.5 workstation (Waters, Milford, MA, USA).  Purge water 
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from the chewing device was diluted 1:100 with nano-pure water (with 100 µg/ml 

sodium saccharin as internal standard) prior to analysis. A C18 column was chosen for 

separation of analytes with dimensions of 1.7 µm film thickness x 2.1 mm ID x 50 mm 

(Waters Milford, MA, USA), flow rate of 230 µl/min and 28 °C temperature.  Samples 

were kept at 4 °C until analysis.  The injection volume was 2 µl (for sample fractions 1-9) 

and 4 µl (for sample fractions 10-21 due to their dilute nature).  The mobile phase 

gradient used in separation was water with 0.1% formic acid (solvent A) to methanol 

(solvent B).  The initial gradient was 85% A/15% B, was held for 1 min, ramped up to 

5%A/95%B after 4 min and ramped back to original conditions at 6 min for the 

remainder of the run.  Total run time was 10 min.  The outlet from the column was split 

and 200 µl/min was analyzed by MS.  The quadrupole mass spectrometer was run in 

negative ion mode, with selected ion monitoring, scanning from 0.5-6 min at 182 m/z for 

sodium saccharin (internal standard) and 162 m/z for Ace-K.  The cone voltage was 25V, 

source temperature 100°C, desolvation gas 500 L/hr at 250 °C, and cone gas at 50 L/hr.  

Concentrations were determined using standard curves prepared from the pure compound 

in triplicate (0.2 µg/ml- 25 µg/ml and sodium saccharin at 100 µg/ml).  The ratio of the 

peak area of the sweetener to the peak area of the internal standard was plotted versus the 

known concentration of the standard (R2 > 0.99).  

 

5.3 Results and Discussion 

The release of neat Ace-K (non-coated) from chewing gum is shown in Figure 5-

3.  All three particle sizes showed a very similar release pattern; they had their maximum 
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intensity (Imax) from 2-3 min and then declined rapidly.  This release profile was expected 

given the water-soluble nature of Ace-K and is similar to that reported in previous studies 

with water-soluble compound release from chewing gum (Davidson et al., 1999; Potineni 

and Peterson, 2007a; de Roos, 2008).  An average of 68.6% of the release came in the 

first 5 min, 27.6% from 5-10 min and 2.5% in the remaining 10 min.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3.  The influence of particle size of unencapsulated Ace-K on its release during 
(Particle size: small: 125-177 µm; medium: 177-250 µm; large: 250-297 µm) from 
chewing gum.  

 

The face-centered response surface experimental design used three replications of 

the center-point condition as an indication of variability.  In this case, the center was the 

median conditions of all three variables (“MMM”).  A graph of the release of Ace-K and 

standard deviations for each of the 21 time points is shown for the three replications in 

Figure 5-4. 
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Figure 5-4.  The variability in the percent of Ace-K released over time, as measured by 
the center-point (MMM) of the face-centered experimental design.   

 

The total percentage of initial Ace-K which was added to the chewing gum and 

which was released into simulated saliva over 21 min chewing varied between 71.1% and 

96.5% across the treatments (Figure 5-5).  The unencapsulated sweetener control showed 

the highest amount of initial Ace-K released which was not surprising.  None of the three 

variables (sweetener size, total particle size, or percent sweetener) or interactions 

between these variables was found to significantly contribute to the variation in total 

percentage of initial release.  This is somewhat surprising; we might have expected a the 

20% sweetener embodiments or the smallest sized Ace-K embedded in the largest total 

particle size to become more soluble in the gum-base and resist release more than some 

of the lesser coated Ace-K particles. 
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Figure 5-5.  Percentage of initial added Ace-K recovered in the purge water over 21 min. 

 

The amount of Ace-K released from chewing gum into the simulated saliva before 

5 min, from 5-10 min, and from 11-21 min is shown in Figure 5-6.  The average and 

standard deviations for the three neat sweetener controls and the three replications of the 

center-point treatment (MMM) are noted.  The dashed lines indicate the performance of 

the neat sweetener controls.  It is apparent that the matrix encapsulation did lessen the 

release of Ace-K during the initial 5 min of simulated mastication and delay it to either 

the period between 6 and 10 min or between 11 and 21 min.  The largest percentage of 

total Ace-K released from 11 to 21 min was about 25% for the treatment that contained 

the largest sized particles with the largest total particle size and the smallest total 

percentage of sweetener.  This combination of parameters is logical given that there were 
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fewer of the larger particles in the chewing gum; it would have taken more time for them 

to come into contact with the simulated saliva as the surface area of the chewing gum was 

being turned over by the device.  Additionally, the total particle size was the largest and 

the amount of sweetener was at the lowest percentage (which would imply a thicker PVA 

coating on the particles), thus making the amount of time for the particle to swell and 

release its contents into the simulated saliva longer. 

 

Figure 5-6.  Percentage of Ace-K released from chewing gums from 0-5 min, 6-10min, 
and 11-21 min in treatments and controls.   
 

Statistical analysis was performed on the experimental design to optimize the 

release from 11-21 min using Statgraphics Version 15.1.02.  The R2 for the model was 

89.9 indicating a good fit for the data.  Sweetener particle size and total particle size were 

both significant variables determined by the model (p = .0077 and p = .0004, 

respectively).  Since there were no interactions between variables, they were removed 
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and the model was rerun to obtain more degrees of freedom for the analysis.  A plot of 

the main effects is shown in Figure 5-7.  From this, we can see that the percentage 

released in the last 10 min of simulated chewing was maximized by particles that had a 

lower sweetener particle size (-1) and a larger total particle size (1).  As mentioned 

earlier, this is reasonable since smaller sweetener particles and larger total particles will 

take longer to swell and for the sweetener to come in contact with the simulated saliva.  

Surprisingly, the percentage of sweetener that the treatment contained had no effect on 

the maximizing the release from 11-21 min.   

 

 

 

 

 

 

 

Figure 5-7.  Plot of the main effects on the percentage of Ace-K that was released from 
the chewing gum into the simulated saliva during the last 10 min of simulated chewing.  
Sweetener particle size and total particle size were significant, while the percentage 
sweetener had no effect.  

 

It follows then, that when we use the model to look at the response surface from 

11-21 min (Figure 5-8) these two conditions provide the optimal release.  If the 

percentage of sweetener is held at its highest level, 60% (since this variable was not 

significant, 60% was used for economics), the optimum conditions were again 
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determined to be at the smallest sweetener particle size and the largest total particle size 

provide the largest amount of release during the last 11-21 min of simulated mastication. 

 

Figure 5-8.  Plot of the response surface optimization of Ace-K release from chewing 
gum between 11 and 21 min.  Percentage sweetener was held at 60%.  The optimum 
conditions (indicated by the star) are at the smallest sweetener particle size and the largest 
total particle size. 
 

 It is also important that the total amount of Ace-K released from the chewing gum 

into the saliva over the entire time period of mastication be maximized; Ace-K is an 

expensive ingredient and it does no good for it to remain in the bolus after chewing has 

ceased.  To evaluate this, a multiple response optimization was performed to both 

maximize the total Ace-K released as well as the release between 11 and 21 min.  The 

model indicated that the optimum response was from sample 5, which was composed of 

small sweetener particles, large total particles and the smallest percentage of sweetener 

(20%).  The response surface for this optimization is shown in Figure 5-9.  This model 

underscored that the optimal conditions were for the smallest sweetener particle, with the 

largest total particle size and the lowest amount of sweetener (20%).   
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Figure 5-9.  Plot of the multiple response optimization to maximize the release from 11-
21 min and to maximize the total percent of Ace-K released over 21 min.  Percentage 
sweetener was held at 20%.  The optimum conditions (indicated by the star) are at the 
smallest sweetener particle size and the largest total particle size. 
 

We have shown that PVA coating of Ace-K can prolong its release from chewing 

gum into simulated saliva.  Our results parallel the finding stated in patent literature that 

the release of Ace-K could be significantly extended through encapsulation with PVA  

(Cherukuri and Mansukhani, 1989; Cherukuri et al., 1991; Yatka et al., 1992).  From this 

work, we have found that the largest particles containing the smallest sweetener particles 

were the best at delaying release until later in the mastication period, although the best 

treatment could still prolong only 18% of its total release until after 10 min.  

In future work, it would be interesting to compare several matrices at these 

conditions to determine if increased hydrophobicity of the matrix would further prolong 

the sweetener release.  Additionally, time-intensity sensory evaluation is necessary to 

determine if the amount of sweetener released in the later time periods is enough to 

extend the perception of flavor intensity. 
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Chapter 6 

Effect of Chewing Gum Texture on the Release of Volatile and Non-volatile 
Compounds 
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The influence of chewing gum texture on the release of volatile and non-volatile 

components during chewing is inconclusive.  The differences in release reported in 

published studies may be the result of the texture differences in the formulations studied, 

changes in the chewing behavior of the human subjects used in these studies due to 

texture changes, or the effect of cross-modal perception and not based on physical 

release.  In the work presented, a mechanical chewing device was used to study the 

release of volatile and non-volatile components from three chewing gums varying in 

texture (hardness) as result of being formulated with different levels of glycerin (3, 6, and 

9%: “hardest,” “intermediate,” and “softest,” respectively). The release of three model 

aroma compounds (ethyl butyrate, isoamyl acetate, and limonene) from the gums was 

measured using real time atmospheric pressure ionization mass spectrometry (API-MS).  

Water (simulated saliva) was introduced and withdrawn from the chewing device at a 

constant rate with fractions collected at 1 min intervals to simulate salivation and 

swallowing.  The resultant fractions were analyzed for our model aroma compounds 

using GC-FID.  Also, the acesulfame-K (Ace-K) in these fractions was analyzed using 

UPLC-MS.  Based on static headspace data, the means of altering gum texture did not 

have a significant effect on the equilibrium partitioning of model volatiles across gum 

samples.  In terms of flavor release during simulated chewing, there were no significant 

differences in the amount of Ace-K released into the water (model saliva) across the three 

gum formulations or the maximum amount of model volatiles released into the sample 

headspace. The time to maximum intensity tended to be later in the hardest gum 

formulation, but not significantly so.
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6.1 Introduction 

Numerous studies have focused on the effects of food texture on flavor release 

(Roberts and Elmore, 1996; Yven et al., 1998; de Roos, 2003; Le Gruen and Vreeker, 

2003; Boland et al., 2006; Mei and Reineccius, 2007).  While sensory scientists broadly 

agree that increased texture (hardness or viscosity) decreases human perception, there is 

substantial disagreement about why this occurs.   

Yven et al. (1998) suggested that the suppression of flavor release from items 

with increasing viscosity or hardness is due to direct binding of flavor compounds to the 

matrix ingredients.  Others attribute differences in volatile release to an increased 

resistance to mass transfer in items with increased hardness or viscosity (Le Gruen and 

Vreeker, 2003; de Roos, 2003).  These authors have proposed that the resistance to mass 

transfer could be because of the matrix texture or due to a modified chewing behavior by 

the consumer.  Other research has found no difference in volatile release (measured 

instrumentally) when decreases in flavor intensity perception were reported by human 

subjects (Davidson et al., 1999; Weel et al., 2002; Visschers et al., 2006). 

Equilibrium partition coefficients measured by static headspace are frequently 

used to determine if differences in aroma release from foods with differing textures are 

due to volatility (binding).  Yven et al. (1998) found differences in equilibrium headspace 

concentrations of their model volatiles between guar gum, xanthan gum, and water 

solutions.  They used exclusion chromatography to further investigate interactions 

between the hydrocolloids and aroma compounds and determined that weak hydrogen 

bonding was playing a role in the volatile suppression.   
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Several studies support the notion that differences in release from foods with 

differing textures are due to resistance to mass transfer of the aroma compounds in the 

food matrix.  These studies have shown that differences in headspace concentration do 

not necessarily translate into differences in release under dynamic conditions (Le Gruen 

and Vreeker, 2003; de Roos, 2003).   

Still other research indicates a combination of the two may be at play.  Roberts 

and Elmore (1996) found differences in dynamic release, as measured with an artificial 

mouth, depended on viscosity, specific hydrocolloid type, and the specific compound.  

The most volatile compounds were the most affected (showed decreased volatility) as 

viscosity was increased.  Identical viscosities of several hydrocolloids yielded different 

maximum intensities suggesting interactions between the aroma compound and the 

thickening agent may have played a role in affecting the release.  Boland et al. (2006) 

found similar results with gelatin and pectin gels; reduced static headspace concentrations 

and in-mouth release were correlated to texture differences.    

Interestingly, sensory evaluations do not always concur with measured in-nose 

concentrations of aroma compounds (Davidson et al., 1999; Weel et al., 2002).  Panelists 

reported differences in release perception when in-nose concentrations did not change 

between samples.  Visschers et al. (2006) introduced pulses of aroma directly into 

subjects’ oral cavities while they were chewing aroma-free protein gels with differing 

textures.  Subjects reported decreased intensity of aroma during mastication of the firmer 

gels.  They conclude in their findings that the difference in perception was due to higher 

level of cognitive function beyond the level of stimulation in the olfactory system.  Bult 

et al. (2007) published similar findings.  A study by Hollowood et al. (2002) also 
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supports this; they found that as the hydrocolloid concentration was increased, perception 

of flavor intensity decreased, although instrumental breath analysis showed no 

differences.   

The effect of texture on the release of volatiles from chewing gum has been 

explored in several studies, but conclusions have not been extremely forthcoming.  Most 

chewing gum research has used human subjects for in-nose measurement of aroma 

concentration (PTR-MS or API-MS) and sensory time-intensity evaluations.  Individual 

differences in chewing rate, respiration rate, salivary flow rate, masticatory force, etc. 

have shown to produce highly variable data (Deibler et al., 2001; Ovejero-Lopez , 2004; 

Rabe et al. 2004; Potineni and Peterson 2008a) and thus make definitive conclusions 

about the effect of texture somewhat difficult. 

De Roos (2003) found higher total release of some aroma compounds from softer 

gum (texture manipulated by adding glycerol monostearate).  The study was unable to 

determine whether higher flavor release in softer gums was due to a lower resistance to 

mass transfer of the flavor components from chewing gum to saliva to air, or if harder 

gum resulted in a lower chewing efficiency.  Lower chewing efficiency would result in 

lower turbulence of the air and saliva resulting in an inefficient extraction.  

Pontineni and Peterson (2008) examined the effect of different flavor solvents on 

flavor release and perception, and found an effect not solely based on texture; all of the 

solvents showed similar aroma release profiles.  Two of the solvents resulted in gums 

having different textures, but identical release profiles of sugar alcohols and aromatic 

components.  Triacetin was found to be the only flavor solvent to have any effect on the 

release as it slowed the release of polyols and subjects perceived it to have a lower flavor 
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intensity (measurements of in-nose volatiles were consistent across all samples, 

however).  They theorized that triacetin uniquely plasticized the polymeric continuous 

phase of the gum base, which resulted in lower release of the sugar alcohols and lower 

perceived aroma intensity.  

The affects of polyols on volatile release have also been studied.  Haahr et al. 

(2003) found perceived intensities of peppermint to be higher in gums containing xylitol 

than gums containing sorbitol when flavor was present at 2% concentration (there was no 

difference at 0.5% flavor).  Instrumental analysis of nose-space concentration revealed a 

higher maximum flavor release from xylitol-sweetened gums at 2% flavor, but with a 

slower initial release than sorbitol-sweetened gum.  This was consistent with sensory 

analysis.  Fisker and Nissen (2006) found similar results; chewing gums made with 

mannitol had an even higher release than those made with either xylitol or sorbitol for 

two of the three compounds studied.  Neither study was able to determine if their results 

were due to the difference in the bulk-sweetener or texture of the samples (sorbitol and 

mannitol gums were harder than xylitol-containing gums).   

The aim of our research was to use an artificial chewing device to evaluate the 

release of volatile aroma compounds and Ace-K (non-volatile) from chewing gum of 

varying textures.  Using this device circumvented some of the issues inherent in in vivo 

studies.  

 

6.2 Materials and Methods 

Chewing Gum Formulation and Making.  Three different formulations of chewing 

gum were prepared by IFF (Union Beach, NJ, USA) using a Sigma mixer.  Ingredients 
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and percentages by weight for the three formulations are shown in Table 6-1.  The flavor 

was composed of 61% limonene, 19% ethyl butyrate, and 20% isoamyl acetate (by 

weight).  Each gum was made in duplicate and stored in Mylar bags until analysis.  

 

Table 6-1. Chewing gum formulations used in texture study. 

 Ingredient % By Weight 
 Hardest Intermediate Softest 
Gum base  30 30 30 
Sorbitol 48 48 48 
Glycerin 3.0 6.0 9.0 
Maltitol syrup 3.0 3.0 3.0 
Aspartame/Ace-K (Blend 50/50) 0.4 0.4 0.4 
Mannitol 8.0 8.0 8.0 
Sorbitol 70% syrup 7.5 4.5 1.5 
Model flavor  0.5 0.5 0.5 

 

Instrumental Measure of Chewing Gum Texture.  Texture was measured using and 

TA-XT2+ Texture Analyzer (Stable Micro Systems, Scarsdale, NY) using a probe 

attachment (10 cm in length, 3 mm diameter).  Sheets of chewing gum (2.5 mm thick) 

were used for the evaluation.  The probe penetrated the sample at a rate of 2 mm/s to a 

depth of 1 mm.  Maximum force (N) was measured.  Five measurements for each gum 

sample (initial) were taken and are used in this report when referring to gum textures.  

 An additional set of gum samples (a third set) was made and used to determine 

how texture of the gums changed during chewing. This set of samples was supplied as 

sheets (ca. 2 mm in thickness), which were cut into 5 strips of gum that measured ca. 

16cm x 2 cm: each strip weighed ca. 10 g.  The dimensions of these strips were chosen to 

be of a length to completely cover the circumference of the gears in the chewing device. 
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We felt this would result in more uniform deposition of the gum across the gears thereby 

providing more consistent data.  The availability of 5 strips of gum permitted us to use a 

fresh strip of gum for each chewing period (0, 2, 4, 6, 8, and 10 min).  Only texture 

measurements were made on these samples (i.e. no data were collected on flavor release).  

After the respective time, the gum was removed from the gears, patted dry, formed into a 

sheet (ca. 2mm in thickness), stored in aluminum foil, and then the texture was measured 

three days later as described previously except that the Texture Analyzer probe 

penetrated to 2mm.  

 

Determination of Static Headspace.  Static headspace was used to determine if 

differences in vapor pressure between the samples were present.  Cylindrical pieces of 

chewing gum were cut with a cork borer (#5, 1 cm diameter x 2.5 mm thickness, 200 mg 

± 10mg) and placed in 20 ml headspace vials with a crimp-seal septa-lined cap.  Samples 

were stored at room temperature until analysis.  Each chewing gum was be analyzed in 

quadruplicate.   

Headspace was analyzed using a 7694 Headspace Autosampler (Agilent 

Technologies, Inc. Santa Clara, CA, USA) in conjunction with a Hewlett-Packard 5890 

Series II GC, with a flame ionization detector (FID).  Vials were equilibrated at 50°C for 

1 hr until equilibrium was reached (preliminary experiments were done to determine the 

amount of time necessary to reach equilibrium, results not shown).  The injection time 

was 15 s, loop fill time 30 s, loop equilibration time 20 s (loop temperature was 120°C), 

the transfer line to the injector was kept at 120°C.  Helium was used as the carrier gas 

with a column flow rate of ca. 1 ml/min and a head pressure of 12 psi. A DB-Wax 
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column (30 m x 0.25 mm i.d. x 0.25 µm film thickness, J&W Scientific, Agilent 

Technologies, Inc., Santa Clara, CA, USA), was used, 1:8 split ratio, and oven 

temperature program of 50°C to 210°C at 10°C/min, and 4 min hold prior to cooling were 

used in analysis.  

 

Chewing Device.  The apparatus used has been described previously.  Briefly, it was 

composed of a chamber (a horizontal figure eight shape) machined out of a block of 

stainless steel into which two intermeshing removable gears were inserted.  The vessel 

was air-tight and heated.  Four interfaces were included in the device to allow the 

introduction of purge air and water (“simulated saliva”) to flow into the vessel, and allow 

air and water to be flow out.  The vessel was closed with a single-hole Teflon stopper to 

provide a closed system for purging volatiles liberated from the gum sample. The hole in 

this stopper served as the sampling port for our API-MS inlet.   

 

Chewing Device Operation.  The gears were positioned inside of the device and the 

device was heated to temperature (37 ± 1.5°C).  The vessel was purged with compressed 

air at 200 ml/min and the effluent was diluted with ca. 4,556 ml/min of air to reduce the 

concentration of volatiles introduced into the API-MS. 

Gum (15 g) was introduced into the apparatus through the top opening.  The 

motor was turned on and the sheet of gum was pulled into the device until the entire 

sample was on the gears.  The vessel purge gas flow was then started and the flow rate 

was checked and recorded to establish the desired vessel purge gas flow rate.  It was then 

re-diverted until the start of the run.  The time between the introduction of the gum into 
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the vessel and the start of the run was 1 min to allow the gum to soften slightly.  At 1 

min, the timer was reset to zero and restarted at the same time as the API-MS.  The API-

MS capillary inlet was allowed to pull in air from the room for 15 s and then it was 

introduced into the purge gas exit from the chewing device.  At this time the chewing 

device motor was turned on and the gum was “chewed”, the purge gas was diverted into 

the vessel, and the water pump was started.  The water was pumped into and out of the 

vessel at the same rate (25 ml/min for the first 2.75 min then 10 ml/min for the remaining 

12.25 min, shown in Figure 6-1).  The fraction collector for the liquid was started and 

liquid was collected at 1 min intervals.  After 15 min, the water pump was stopped the 

purge air diverted away from the device, and the apparatus stopped.  The API-MS 

capillary inlet was removed, and data collection by the API-MS was stopped immediately 

following this.  The remaining water in the apparatus was removed.  This residual water 

was pooled with the last water sample collected during “mastication”.  The gum was 

removed from the gears and the device was cleaned. 
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Figure 6-1.  The flow rate of water pumped into the chewing device and the average 
volume of water collected. 
 
 
Measurement of Volatile Compounds Released During Mastication.  Volatile 

compounds released from chewing gum in the chewing device were monitored using a 

quadrupole API-MS (Waters, Milford, MA, USA).  Ions for the three compounds were 

selected based on abundance and uniqueness in previous experiments (in preliminary 

work, data not shown).  Individual compounds were simultaneously monitored at the 

following m/z:  limonene (137), isoamyl acetate (131), and ethyl butyrate (117).  The 

API-MS was run in SIM mode and the dwell time was 0.05 s for each mass.  The 

parameters were as follows:  positive mode, API source temperature 100 °C, capillary 

inlet flow rate 175 ml/min, capillary transfer temperature 90 °C, corona discharge 4 kV, 

cone voltage 4V, desolvation gas flow 550 ml/min.   

 

Quantification of API-MS Data.  A standard curve was made following the method 

published by Potineni and Peterson (2007) using a 1 l water-jacketed flask that was 

heated to 40 °C with a stir bar at 400 rpm and allowed to equilibrate for 1 hour.  Pure 

compounds (660 µg/ml ethyl butyrate, 850 µg/ml isoamyl acetate, and 790 µg/ml 

limonene) were dissolved in pentane and various quantities were injected (0.2 µl-25 µl) 

into the flask and allowed to equilibrate for 5 min.  The flask was then sampled for 5 sec 

by the API-MS to obtain an Imax (maximum intensity), which was plotted versus 

compound concentration (µg/l air).  The calibration was done in duplicate.  The 
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instrument was calibrated daily by injecting 2 µl of spiked pentane into the vessel, and 

sampling as previously described.   

 

Quantification of Aroma Compounds in Chewing Gum and Simulated Saliva.   

Chewing gum: The flavor compounds present in the gum before mastication were 

quantified to determine the initial amount of aroma compounds present in the sample.  

The method has been described elsewhere.  Briefly, three random samples of gum were 

taken for each treatment and then ground with liquid nitrogen until the particles were able 

to pass through a U.S. standard number 40 sieve (0.042 cm openings).  The sample (200 

mg ± 10 mg of ground gum) was mixed with 1 ml of hexane containing 880 µg/ml 

methyl propanoate (as internal standard) and then 2 ml of nano-filtered water was added.  

The vials were shaken at 200 rpm for 1 h.  Following shaking, 200 µl of the hexane was 

transferred to a centrifuge tube containing 500 µl of methanol to precipitate the gum base 

polymers.  Samples were then centrifuged at 5000 x g for 5 min, filtered through non-

sterile PTFE syringe filters (0.45 µm, 13 mm diameter, Fisher Scientific, Pittsburg, PA, 

USA), and transferred into 1.5 ml screw-cap vials for GC-FID analysis.   

Simulated Saliva:  The amount of volatiles released into the simulated saliva during 

mastication was analyzed in an identical manner as the chewing gum but 2 ml of each 

liquid fraction collected from the chewing device was used as sample in place of the 

ground gum sample noted above. The method of quantification was as described below.  

Standard curve: A five-point calibration curve was prepared by adding the three volatiles 

at five levels (ethyl butyrate 9-220 µg/ml, isoamyl acetate 9-220 µg/ml, limonene 8-210 
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µg/ml) as well as the internal standard, methyl propanoate (880 µg/ml) to hexane.  A 1 ml 

aliquot of the spiked hexane was placed in a vial and then treated as described above for 

the simulated saliva samples, i.e. 2 ml of nano-filtered water was added to the spiked 

hexane-containing vials, shaken, mixed with methanol, centrifuged, and filtered as 

described previously.   

Samples were analyzed using a Hewlett-Packard 5890 Series II GC, with a flame 

ionization detector (FID) and autosampler.  Helium was used as the carrier gas with a 

column flow rate of ca. 1 ml/min and a head pressure of 12 psi. A DB-Wax column (30 m 

x 0.25 mm i.d. x 0.25 µm film thickness, J&W Scientific, Agilent Technologies, Inc., 

Santa Clara, CA, USA), 1:20 split, and oven temperature program of 60°C to 150°C at 

10°C/min, 20°C/min to 210°C, and then a 5 min hold prior to cooling were used in 

analysis.   

 

Analysis of Ace-K in Simulated Saliva Using UPLC-MS.  Concentration of Ace-K 

present in the purge water extract collected from the chewing device were determined 

using an Acquity UPLC system in conjunction with a Quattro Premier XE tandem 

quadrupole mass spectrometer with ESI probe (Waters, Milford, MA, USA).  Instrument 

control and data collection was done using MassLinx 3.5 workstation (Waters, Milford, 

MA, USA).  Purge water from the chewing device were diluted 1:100 with nano-pure 

water (with 100 µg/ml sodium saccharin as internal standard) prior to analysis. A C18 

column was chosen for separation of analytes with dimensions of 1.7 µm film thickness x 

2.1 mm ID x 50 mm (Waters Milford, MA, USA), flow rate of 230 µl/min and 28 °C 
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temperature.  Samples were kept at 4 °C during analysis.  The injection volume was 3 µl.  

The mobile phase gradient used in separation was water with 0.1% formic acid (solvent 

A) to methanol (solvent B).  The initial rate gradient was 85% A/15% B, was held for 1 

min, ramped up to 5%A/95%B after 4 min and ramped back to original conditions at 6 

min for the remainder of the run.  Total run time was 7 min.  The outlet from the column 

was split and 200 µl/min was analyzed by MS.  The quadrupole mass spectrometer was 

run in negative ion mode, with selected ion monitoring, scanning from 0.5-6 min at 182 

m/z for sodium saccharin (internal standard) and 162 m/z for Ace-K.  The cone voltage 

was 25V, source temperature 100 °C, desolvation gas 500 l/hr at 250°C, and cone gas at 

50 l/hr.  Concentrations were determined using standard curves prepared from the pure 

compound in triplicate (0.495 µg/ml- 49.5 µg/ml and sodium saccharin at 100 µg/ml).  

The ratio of the peak area of the sweetener to the peak area of the internal standard was 

plotted versus the known concentration of the standard.  

 

Statistical Analysis.  One-way Analysis of variance (ANOVA) was conducted on four 

replications to determine significant differences.  Analyses were performed using 

Statgraphics Version 15.1.02 (Version 15.1.02, Star Point Technologies, Inc., Warrenton, 

VA, USA).  Statistical significance was defined to be α ≤ 0.05.  

 
6.3 Results and Discussion 

Initial Texture of Chewing Gums.  The maximum force necessary to penetrate the 

samples 1 mm using the texture analyzer is presented in Figure 6-2.  The sample 

containing 9% glycerin was the softest and the 3% glycerin the hardest. There were no 
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significant differences between the two gum replicates (two batches of each formulation 

were prepared) so the data were combined.  The maximum force was significantly 

different between the three samples (p < 0.001).  Different letters on the figure denote 

significant differences. 

 

 
Figure 6-2.  The texture of the chewing gum samples as measured by the maximum force 
(N) necessary to penetrate the pieces 1mm.   
 

Quantification of Aroma Compounds in Chewing Gum.  The amount of the three 

aroma compounds present in the prepared chewing gum samples was measured prior to 

mastication in the device.  This analysis was desirable since some proportion of the 

flavoring compounds may have been lost when they are added to the hot gum base. The 

ethyl butyrate concentration was much lower than the amount which was added, but 

based on its high volatility and past results (not shown), this was not unexpected.  The 

second batch of gum samples contained more flavor than those made initially.  Thus we 

chose to normalize the data to correct for these differences.   
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Figure 6-3.  Initial concentrations (mg/15g chewing gum) of ethyl butyrate, isoamyl 
acetate, and limonene in chewing gum samples.  
 

Static Headspace Concentration.  The equilibrium headspace concentrations of the 

volatiles in the chewing gums were measured prior to analysis to determine if the vapor 

pressure (air/gum partitioning coefficient) between the three chewing gums differed.  One 

of the difficulties of varying texture by varying composition is that the change in 

composition may be responsible for any differences noted in flavor release rather than the 

texture. Thus we chose to measure the differences in equilibrium headspace composition 

across the formulations to see if gum formulation had any effect on compound volatility 

in the gum system. No differences in headspace composition across gum samples would 

strongly suggest that any change we found in flavor release was not due to the effect of 

formulation differences on partition coefficients but texture.  
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 Since we found no difference in headspace flavor concentrations across the two 

sample replicates, we normalized the headspace data based on flavor level we determined 

the chewing gums. Headspace data are shown in Figure 6-4.  Headspace concentrations 

were not significantly different across gums of differing texture. Thus any differences we 

might have found in the release of the volatiles during simulated mastication would be 

due to mass transfer factors and not interactions between the compounds and the matrix 

itself. (p = 0.16, .06, and 0.12 for ethyl butyrate, isoamyl acetate, and limonene 

respectively). 

 

Figure 6-4.  Influence of gum formulation on partition coefficients of ethyl butyrate, 
isoamyl acetate, and limonene measured using GC-FID.  
 
Dynamic Release of Model Aroma Compounds from Chewing Gum.  The maximum 

intensity (Imax) for each glycerin level and each of the three volatile compounds is shown 

in Figure 6-5.  The differences in maximum release of ethyl butyrate, isoamyl acetate, 

and limonene between the three samples were not significant (p = 0.52, 0.25, and 0.19, 
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respectively).  If one would look for trends, one might suggest that the hardest gum 

released slightly more flavor than the other gums.  

 

Figure 6-5.  Influence of gum texture on the maximum intensity (Imax) of ethyl butyrate, 
isoamyl acetate, and limonene released during simulated chewing.  
 

 The release profiles of each volatile from each gum (average of at least three 

replicates) for each compound are shown in Figure 6-6.  The differences between the 

three treatments (gum textures) were small and no patterns were evident.  The time to Imax 

appears to be slightly longer for the chewing gum containing 3% glycerin, although not 

significantly so.     
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 

 
 
 
 
 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-6.  Release of (a) ethyl butyrate (b) isoamyl acetate (c) limonene from chewing 
gum into the purge air over 15 min of simulated mastication. 
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These findings parallel several studies that show differences in sensory perception 

of flavor intensity but do not find instrumental differences in the amount of stimuli 

released for sensing (Hollowood et al., 2002; Weel et al., 2002; Visschers et al., 2006; 

Bult et al., 2007).  Cook et al. (2005) suggested that measurements of viscosity may 

predict sensory responses to flavor intensity while in vitro measurements cannot.  This 

supports the hypothesis that the multi-modal nature of flavor perception must be taken 

into account when evaluating the flavor release from a product formulation; instrumental 

measurement will not necessarily correlate to the end-user perception.  

 
Change in the Texture of Chewing Gums Over Time.  The texture of the chewing gum 

over time (10) min was determined using five unique pieces of gum processed in the 

device for 2, 4, 6, 8, and 10 min.  Results are shown in Figure 6-7.  The results illustrate 

that after two minutes of mastication all three gums exhibited nearly the same texture 

(measured by the maximum force in N).  This would be expected since the components 

responsible for changing gum texture are water-soluble. Thus, as the water-soluble 

components began to be depleted, the texture of all three types of gum approached the 

same level.  Potineni and Peterson (2008a) found increased compressibility of chewing 

gum samples over time.  They found the compressibility increased rapidly over the first 

two minutes and then slowly increased over the next 10 min, but they did not find all of 

the samples to have convergent measurements.  Their use of more gum-soluble 

components to modify the texture (triacetin, propylene glycol, and medium chained 

triglycerides) could possibly explain this difference.  The more gum-soluble modifiers 

would not have dissolved in the saliva as fast as the glycerin we used. 
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Figure 6-7.  Change in the texture of three chewing gums (differing initially in texture 
due to added glycerin) during chewing.  
  
Quantification of Aroma Compounds in Simulated Saliva.  The total amount of aroma 

compounds extracted into each simulated saliva fraction (in µg) is shown for all three 

gums in Figure 6-8.  Limonene was not found in the simulated saliva, given its low water 

solubility this was not unexpected.  Very small differences were observed in the release 

of the other two aroma compounds into simulated saliva.  The concentration of aroma 

compounds found in the simulated saliva peaked around 2 min and leveled off after 4 min 

of simulated mastication.  This is consistent with results we have seen in past studies 

using this chewing device.     
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(a) 

 
 
 
(b) 

 
Figure 6-8. Release of (a) ethyl butyrate (b) isoamyl acetate in total µg in each fraction 
of simulated saliva. 
 
Release of Ace-K from Chewing Gum.  The release of Ace-K into the simulated saliva 

(total µg in each fraction) is shown in Figure 6-9.  The variability in data likely reflects 

problems in getting the gums to quickly spread evenly across the gears in the chewing 
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device.  Using the initial data collected, the only area of difference between the three 

samples is in the second and third water samples, and there is no clear trend indicating 

that texture was the reason for this variation.  The 6% glycerin sample had the lowest 

Ace-K release at those two time points: this does not appear to be reasonable but we 

cannot offer any explanation for the observation.   

 
Figure 6-9.  Quantification of Ace-K released from chewing gum into simulated saliva 
over 15 min of simulated mastication. 
 
6.5 Conclusions 

We did not see any effect of texture on the release of volatile aroma compounds 

into the purge air or simulated saliva.  Additionally, we did not find any significant 

effects of texture on the release of Ace-K into the purge water.  Previous studies have 

explained differences in the release of aroma compounds from chewing gum with varying 

hardness as due to changes in masticatory force when subjects consume harder chewing 

gum (Haahr et al., 2003; de Roos, 2003, Fisker et al., 2006).  We found that the texture of 

the three samples was fairly uniform from two to ten min of mastication in the chewing 
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device.  The uniform texture would not be consistent with theories from previous studies 

that indicate changes in masticatory force or chewing patterns are responsible for the 

changes in flavor perception.  The applicability of our texture measurement to sensory 

measurements of chewing gum texture is one limitation, however.  Other methods of 

modifying the chewing gum texture might yield different values for the change in texture 

over time.  

In line with other studies (Hollowood et al., 2002; Weel et al., 2002; Cook et al., 

2005; Visschers et al., 2006; Bult et al., 2007), we suggest that an instrumental method to 

accurately reflect the cross-modal nature of consumer perception is not yet available, 

specifically in the case of samples with variable texture.  Since we did not perform 

concurrent sensory analysis to confirm that differences in perception of hardness and/or 

flavor intensity were present with the samples used in this study, so we cannot 

definitively conclude this.   
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Chapter 7 

Conclusions 
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Chewing gum is often used as a model for flavor release because of its long 

residence time in the mouth.  To date, the majority of studies investigating flavor release 

from chewing gums have used human subjects.  The innate variability of using human 

subjects in such testing has made it difficult to determine the effects of gum formulation 

on flavor release. There is a need to quantitatively evaluate flavor release (both volatile 

and non-volatile) from chewing gum formulations and determine ingredient effects using 

a method that could be easily coupled with analytical instrumentation, provide 

reproducible results, and achieve a high through-put of samples.  Therefore, we 

constructed a mechanical device to reproducibly “chew” gum to alleviate these problems.   

This device uses a stainless steel chamber and Teflon-coated gears to mix and 

expose new surface area of the chewing gum to air and “saliva,” as is done by the human 

mouth.  The Teflon-coated gear surface allows the device to be cleaned with relative 

ease.  It was suitably interfaced to either a PTR-MS or an API-MS to collect volatile 

release data in real time and a liquid fraction collector to obtain liquid samples over time 

for off line measurement of non-volatile release.        

In the work presented, we have demonstrated that the device can be used to 

simulate mastication of chewing gum and can be used to look at basic effects of 

ingredients and formulation on the release of volatile and non-volatile components.  The 

reduced variability is a clear advantage over the use of human subjects.     

We have shown that the PVA can be used to prolong the release of Ace-K into the 

simulated saliva phase.  This may in turn prolong the perception of flavor intensity due to 

the close relationship between non-volatile taste and aroma compounds in chewing gum.  
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Time-intensity sensory evaluation is the next step to confirm the effect of this ingredient 

on flavor longevity.  In this study, the chewing device allowed us to use a more extensive 

experimental design with multiple variables; this would have been more difficult using 

human subjects due to the large number of samples. 

The effect of texture on flavor release from chewing gum has been studied in the 

past but always using human subjects: the variation between human subjects has led to 

very few definitive conclusions.  By varying the amount of glycerin in the samples, we 

were able to change the texture (hardness) of the samples without changing the vapor 

pressure (indicative of volatility and any matrix interactions with the flavor compounds).  

The maximum release of the three volatile compounds between the three gums was not 

significantly different.  Ace-K release was also not correlated to the gum texture.  These 

results suggest that differences in perception observed for gums varying in texture are 

either due to differences in cognitive processing, or differences in the rate of chewing 

resulting from gum texture.   

There are many other ingredient effects that could be examined using the chewing 

device (i.e. effect of gum base, polyol type, encapsulated aroma compounds, etc.)  It 

would also be interesting to examine the suitability of the device for other foods.  Given 

the design, these would need to be foods that have some tack to teeth so they would 

adhere to the gears (i.e. gummy candy or taffy).   
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