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Functional beverages, usually fortified with nutraceuticals in addition to flavors, 

can provide specific health benefits beyond the refreshing tastes. The general scope of the 

current study was to develop a functional beverage prototype infused with citral and 

coenzyme Q10 (CoQ10). Citral, one of the most popular flavors with strong lemon aroma, 

has the problem of being easily degraded and oxidized in the acidic beverage applications. 

And CoQ10, a lipophilic nutraceutical with health benefits for cardiovascular diseases and 

energy-boosting, has rather low bioavailability in common supplements. Therefore, our 

specific objectives were to improve both citral’s stability and CoQ10’s bioavailability in 

the developed functional beverages by using nanoemulsion-based delivery systems. 

For citral stability studies, our results suggested that its chemical stability can be 

greatly improved with proper selection of antioxidants and emulsifiers in the 

nanoemulsion systems. The reduced form of CoQ10, known as ubiquinol or Q10H2, 

proved to be effective as a potent antioxidant in protecting citral from degradation during 

storage when its concentration was optimized at 0.10 wt% (Q10H2/citral ratio of 1:1). 
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Moreover, the effects of different emulsifiers in stabilizing citral were further examined. 

In detail, two synthetic surfactants (polysorbate, sugar ester), and three natural 

emulsifiers (saponin, lecithin, and lyso-lecithin) were tested and compared. Results 

indicated saponin (i.e. Q-Naturale) and lyso-lecithin (i.e. LPC20) had significantly 

improved effects in protecting citral from degradation and inhibiting the generation of the 

major off-flavors (p-cresol, α,p-dimethylstyrene, p-methylacetophenone).  

To access CoQ10 bioavailability, both in vitro and in vivo tests were performed 

with our optimized nanoemulsion formulation and an oil dispersion control. Based on the 

promising bioaccessibility results indicated by two in vitro digestion models (pH-stat 

lipolysis model & TNO gastrointestinal model - TIM-1), CoQ10’s pharmacokinetics and 

tissue distributions after ingestion were further examined using animal models. Results of 

pharmacokinetics revealed a 2.65-folds increase for the area under curve (AUC) of CoQ10 

in our nanoemulsion group compared with the control, indicating the oral bioavailability 

of CoQ10 was significantly improved. A characteristic “two-peak” pattern was observed 

in the concentration-time curves, suggesting CoQ10’s relatively slow absorption kinetics 

and the possible effect of enterohepatic recycling. Moreover, CoQ10’s tissue distribution 

data further proved its increased absorption and uptake levels in major organs tissues 

after dosing with the nanoemulsion. 

In conclusion, our developed nanoemulsion formulation greatly improved citral 

stability and CoQ10 bioavailability. The obtained results will be valuable references for 

the food industry to formulate and develop functional beverages fortified with lipophilic 

nutraceuticals and sensitive flavors. 
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CHAPTER 1: BACKGROUND INTRODUCTION 

1.1. Emulsion science and technology 

Emulsion is generally known as a colloid system consisting of two immiscible 

phases with one dispersed as droplets within the other continuous phase (1). In food 

industry, the two most commonly used liquid phases are oil and water. Basically, when 

the oil phase is dispersed in the water, it is called oil-in-water (O/W) emulsion, for 

example, milk, cream, dressing, mayonnaise, beverages, etc. Similarly, in the other case, 

when water becomes the dispersed phase in the oil, it is then called water-in-oil (W/O) 

emulsion, such as margarine and butter. Nevertheless, other types of more complicated 

emulsions do exist if properly designed, i.e. water-in-oil-in-water (W/O/W) emulsion and 

oil-in-water-in-oil (O/W/O) emulsion (2). However, these “double emulsions” usually 

don’t have sufficient stability for commercial applications (3). As most of the food 

applications aimed at delivering functional lipids, flavors, or hydrophobic compounds 

into aqueous-based products, O/W emulsion is by far the predominant form being widely 

used in the food industry (4). Therefore, in this dissertation, the term “emulsion” is 

generally referred to O/W emulsion, unless otherwise specified. In recent decades, with 

the advancement of interface and colloid science, some new types of colloidal systems 

have also been developed for specific applications, such as liposomes (5, 6), phytosomes 

(7), colloidosomes (8), etc. However, in terms of versatility in food applications, 

emulsion is still being the most important delivery system among others. 

1.1.1. Emulsion classification 

According to particle size and thermodynamic stability, emulsion can be divided 

into three categories: regular emulsion, nanoemulsion and microemulsion (9). Their 
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properties and differences are summarized in Table 1. 

Table 1. Classification of emulsion type based on diameter and thermodynamic stability. 

Emulsion type Diameter range Thermodynamic 
stability Appearance 

Regular 
emulsion > 200 nm Metastable Optically opaque 

Nanoemulsion < 200 nm Metastable Transparent or 
slightly turbid 

Microemulsion < 200 nm  
(normally < 100 nm) Stable Transparent or high 

optical clarity 
 

The regular emulsion and nanoemulsion are kinetically stable, but 

thermodynamically unstable systems. They will tend to breakdown during the time of 

storage through a variety of instability mechanisms (Fig. 1), i.e. gravitational separation 

(sedimentation/creaming), flocculation, coalescence, Ostwald ripening and phase 

inversion (10). Therefore, emulsion and nanoemulsion systems must be carefully 

designed to inhibit these mechanisms and improve shelf life of products. The major 

difference between these two systems is the dispersed droplet sizes in nanoemulsions (d < 

200 nm) are much smaller than that in conventional emulsions. Thus nanoemulsions have 

higher optical transparency which can be used for specific applications. And also, it is 

reported that higher bioavailability can be achieved by using nanoemulsions in delivering 

lipophilic bioactive ingredients (11). The microemulsions, on the other hand, are 

thermodynamically stable systems under specific environmental conditions. It also 

contains extra small particles (d <200 nm, in most cases d <100 nm) with an optical 

transparent appearance. While it should be noted that microemulsions may also become 

unstable if environmental conditions are altered, such as in diluted solutions or under 

elevated temperatures. 
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Figure 1. Schematic diagram of the instability mechanisms that occur in emulsions and 

nanoemulsions. (Reprinted from Ref. 10) 

Due to structural and property similarity, there is considerable confusion between 

nanoemulsion and microemulsion. The major reason may lies in the prefixes used to 

denote them (12). As we know, “nano-” means 10-9, which is smaller than the magnitude 

of 10-6 for “micro-”, therefore, people not in this area may think nanoemulsions should 

contain particles much smaller than microemulsions. However, this is not the case. 

Actually, microemulsions may have particles similar or in most of the cases even smaller 

than nanoemulsions. This is due to the historical development of these two systems, that 

the term “microemulsion” had already become well-established before the term 

“nanoemulsion” was introduced with the development of “nanotechnology” in the field 

of food science in about 15 years ago. And then the concept of “nanoemulsion” became 

widespread before being clearly defined and distinguished from “microemulsion”.  

Theoretically, the “free energy theory” can be used to distinguish nanoemulsion 

from microemulsion (12). That is when comparing the free energy of both nanoemulsion 

and microemulsion to their phase separated states; microemulsion has a lower free energy 
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than the phase separated state that allows microemulsions to be formed spontaneously to 

favor system thermodynamic stability. Whereas nanoemulsion has a higher free energy 

level than phase separated state, which can only be made by energy input to overcome the 

activation energy differences.  

In practice, however, it is still challenge to differentiate these two systems only by 

appearance or performance. Here gives some practical ways to distinguish them. If the 

sample information was given, one can refer to the emulsion composition and preparation 

method. Usually microemulsion requires much higher surfactant-to-oil ratio compared 

with nanoemulsion, but only needs simple preparation conditions, while nanoemulsion 

usually needs high energy input methods. While if no sample information is available for 

reference, one can determine the particle size distributions and particle shapes to tell the 

difference. Microemulsions usually show a single narrow peak in size distribution, and 

the particles can be spherical or non-spherical due to ultralow interfacial tension. But 

nanoemulsions may have single or multiple peaks with narrow or broad size distribution, 

while its particles are usually spherical due to Laplace pressure. More detailed 

information regarding the terminology, differences and similarities of nanoemulsion 

versus microemulsion can be referred to a systematic review by McClements (12). 

1.1.2. Emulsion preparation methods 

Generally, emulsions can be prepared with high-energy methods and low-energy 

methods depending on the system design and equipment availability. As mentioned, 

microemulsion usually can be formed spontaneously by self-assembly. Therefore, simple 

low-energy methods such as mild stir and agitation are sufficient to produce 

microemulsion. In contrast, nanoemulsion normally needs to be prepared using high-
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energy methods, although it is also possible to use special low-energy methods (13).  

Based on current state of the art, mechanical devices that are capable of producing 

nanoemulsions with extra small particle sizes are summarized in Fig. 2 (14). 

 

Figure 2. Mechanical devices or instruments that can produce nanoemulsions using high-

energy approach: high pressure valve homogenizer, microfluidizer, ultrasonic jet 

homogenizer and ultrasonic probe homogenizer. (Reprinted from Ref. 14) 

Among these devices, high pressure valve homogenizer is the most widely used 

one in producing both conventional emulsions and nanoemulsions (15, 16). Usually a 

two-step method is used to produce (nano-) emulsions. First a coarse emulsion is 

prepared using a high-shear/high-speed mixer, and then the emulsion pre-mix is fed into 

the inlet reservoir of the high pressure homogenizer for further processing. The coarse 
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emulsion will be pulled into the narrow chamber inside the homogenizer and passed 

through the valve with special design to experience intensive disruptive forces. The 

droplet size produced by high pressure valve homogenizer is usually correlated with the 

number of passes and/or the homogenization pressure applied, and also the viscosity ratio 

of the oil and water phases, emulsifier concentration and affinity to the interface (14, 17). 

The basic principle of a microfluidizer is similar with a high pressure valve 

homogenizer, which also involves of using high pressure generated inside the instrument 

to efficiently facilitate droplet disruption. However, the design of channels through which 

the liquid flows is different. The microfluidizer divides the flow into two streams, with 

each of them passing through a narrow channel, and then impinge with each other in the 

interaction chamber. The intensive disruptive force will be generated when the two 

streams of fluid moved with ultrafast speed under high pressure. Actually, 

microfluidizers were traditionally used in pharmaceutical industry in earlier years (18, 

19), but now have been more utilized in the food and beverage industry to produce 

emulsions and nanoemulsions (20-22). Recently, the success of using microfluidizer to 

make food-grade nanoemulsions by “one-step” method was reported (23). Without 

premixing the coarse emulsion, fine nanoemulsion can be directly made with oil and 

water phases in a single pass dual-channel processing, which is difficult to achieve by 

other devices. 

Ultrasonic homogenizers utilize high-intensity ultrasonic waves to generate strong 

disruptive forces to produce ultra-small particles (24, 25). Usually the ultrasonic probe 

homogenizer is used in preparing bench scale or small quantity samples, while the 

ultrasonic jet homogenizer can be used to continuously produce relatively large-scale 
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products. In practice, the ultrasonic homogenizers are more suitable for low-viscosity 

fluids, but are less suitable for viscous systems. And there is also concern about the high 

local intensities involved in sonication may lead to polysaccharide de-polymerization, 

protein denaturation or lipid oxidation during homogenization (26).   

Besides high-energy approaches, some low-energy approaches are also available 

to produce nanoemulsions and microemulsions, provided that the system composition 

was optimized, i.e. emulsifier, oil and water contents (27). The low-energy approaches 

will have special interest when considering the manufacturing cost, or dealing with some 

sensitive ingredients that are prone to degradation/oxidation. The two most commonly 

used methods are Spontaneous Emulsification and Phase Inversion. Detailed mechanisms 

and preparation methods of the current available low-energy approaches in producing 

emulsions and nanoemulsions are well summarized by McClements and co-workers (13, 

14). It is worth mentioning that these low-energy approaches usually have limitations in 

starting materials and scaling up. For example, based on current knowledge, only small 

molecular surfactants are able to produce emulsions using spontaneous emulsification 

method. And the relative small production scale of low-energy approaches also limits 

their real applications in food and beverage industry. 

1.2. Beverage Emulsion 

Beverage emulsions are a special class of emulsions due to the fact that they are 

consumed in a highly diluted form rather than in the original concentrated form. 

Typically, the concentrate is diluted for 500-1000 times in a ready-to-drink (RTD) base 

that gives an oil concentration < 20 mg/L for the finished product (28). The final 

beverages can be either carbonated or not, and can be either re-homogenized or not. 
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Thus, the emulsions must have a high degree of stability in both concentrated and diluted 

forms. As mentioned in the previous session, there are many instability mechanisms of 

emulsions, among which, creaming is the most common phenomenon observed in diluted 

beverages. Beverage industry uses the term “ringing” for creaming in bottled soft drinks, 

because the flavor emulsion separate from the soda, floats onto the top and shows a white 

creamy ring or oily ring at the neck of the bottle (29).  

1.2.1. Classification 

It should be noted that emulsions, nanoemulsions and microemulsions can all be 

used as the concentrates for beverage applications, with each has its own advantages and 

limitations. While the classification of beverage emulsions is normally based on the 

functionality. Typically, beverage emulsions can be divided into two major categories: 

flavor emulsions and cloud emulsions (30).  

The flavor emulsions provide beverages with flavors, colors, and cloudiness in 

some cases. A typical flavor emulsion is composed of flavor oils, antioxidant and 

weighting agents (if necessary) as the oil phase, and with emulsifier, coloring, sweetener, 

acidulant and preservatives in water phase. Flavor oils, such as orange, lemon-lime and 

grapefruit oils, are normally essential oils with intense flavor profiles. These flavor oils 

are commercially available in varying folds from different isolation and processing 

conditions. Usually the density, interfacial tension, viscosity, refractive index and flavor 

intensity increase as the oil folds increase (31).  

The cloud emulsions provide only cloudiness usually with no flavor. And the oils 

used in cloud emulsions can be terpenes or vegetable oils (triglycerides) (32). Compared 
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with flavor oils, the clouding oils have extremely low water-solubility, thus are more 

stable to Ostwald ripening. As the main purpose of cloud oil is to produce droplets that 

can scatter light to give product a desirable turbidity, such as in the application of soft 

drinks. It becomes critical that the droplets of a cloud emulsion are within the size range 

where efficient light scattering occurs, while still remain good physical stability during 

storage, transportation and handling. Typically the desirable diameter of cloud oil 

droplets is around 200-500 nm (31). 

1.2.2. Recent development and trends 

Nowadays, consumers’ choice for beverages are no longer simply dictated by a 

need for refreshment, but are more influenced by other factors, such as “low-calorie”, “no 

artificial favors/colors”, “no preservatives”, “all natural ingredients”, etc. (31) According 

to the regulations, some of the claims that can be made on beverages are given in Table 2. 

As a result, beverage innovators are under pressure to satisfy the evolving demands, more 

and more specially designed products are becoming available. Based on the current 

beverage market, the compositions and calorie contents of some popular commercial 

beverage products are summarized in Table 3. 

Among these trends, the marketing of low calorie drinks is always a big one and 

has been implemented for many years. As obesity has become a global issue, people are 

more aware of the calorie (sugar) intake from the beverages (33, 34). In earlier years, the 

beverage manufacturer responded the market with a variety of low or zero-calorie 

products. However, problems were mainly related with the tastes, that many products 

failed due to low consumer acceptance (35). Recently, with the commercialization of 

some promising non-caloric sweeteners, together with the research progress made on 
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sweetness enhancers (36) and modulators (37), there have been renewed attempts for 

producing low-calorie beverages. Based on origins, the non-caloric sweeteners can be 

divided into synthetic and natural chemicals. Common synthetic sweeteners used in the 

beverage industry including saccharin, aspartame, acesulfame, sucralose, neotame, 

advantame, neohesperidin dihydrochalcone, etc. And current available natural sweeteners 

include stevia, mogroside, erythritol, glycyrrhizin, thaumatin, brazzein, monatin, etc. 

Each of these sweeteners has specific sensory properties and can be used alone or in 

combine with others for specific applications (38). 

Besides low-calorie beverages, the “clean label” and “all-natural” products are 

also drawing huge attentions in recent years.  It seems that any products with the “Natural” 

claim are always much attractive than others. As a trend, most synthetic flavors are being 

replaced with natural ones; synthetic colors are being removed with the introduction of 

natural alternatives, and many other ingredients (such as weighing agents, preservatives, 

antioxidants, etc.) are either being removed or listed as clean. However, problem of the 

natural ingredients is that they are normally less robust compared with the synthetic ones, 

and also being more expensive. For example, natural colors (such as carotenoids) may 

degrade rapidly when exposed under light and heat. And natural emulsifiers (such as 

proteins) are sensitive with the change of pH, heat and ionic conditions. Therefore, more 

factors need to be considered before an all-natural product being prototyped and launched. 

Though with challenges, all manufacturers are still making every possible effort to align 

their products with the explosively increasing “clean label” market. 
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Table 2. Claims and justifications that can be made on beverage products. (Reprinted 

from Ref. 31) 

Claim Justification Regulation Source 
“0 calorie” Less than 5 cal per RACC. 21 CFR 101.60(b) 

“All natural” Undefined, but regarded as a product is 
free of any synthetic ingredients. N/A 

“Artificially flavored” Any substance that impart flavor that is 
not derived from its natural source. 21 CFR 101.22(a)(1) 

“Contains % juice” 

For juice made from concentrate, 
calculated use percentage from the Brix 
table in 21 CFR 101.30(h)(1) as the 
basis for 100% juice. 

21 CFR 101.30(j), 21 CFR 
101.30(h) 

“Excellent source of 
vitamin” 

Contains 20% or more of the DV per 
RACC. 21 CFR 101.54(b) 

“Good source of vitamin” Contains 10%-19% of the DV per 
RACC. 21 CFR 101.54(e) 

“Low calorie soda” 40 cal or less per RACC. 21 CFR 101.60(b) 
“Low sodium” 140 mg or less per RACC. 21 CFR 101.61 

“Natural and artificial 
flavor” Contains natural and artificial flavors. 

21 CFR 101.22(a)(1), 21 
CFR 101.22(a)(3), 
21CFR(g)101.22(3) 

“Naturally flavored” 

The flavor constituents function in the 
food as flavor, not solely as a source of 
nutrition is derived from its natural 
source in nature. 

21 CFR 101.22(a)(3) 

“No added sugar” No sugar or sugar-containing ingredients 
are added during processing. 21 CFR 101.60(c)(2) 

“No artificial colors” 

Contains no colorant source outside the 
principal flavor components of beverage. 
Natural color is considered artificial 
color when used for colorant purposes. 

21 CFR 101.22(k)(1)(2),  
21 CFR 74 

“No HFCS” Cannot contain HFCS. 21 CFR 101.65(b)(1)(2) 
“No preservatives” Cannot contain preservatives. 21 CFR 101.65(b)(1)(2) 
“No pulp” Cannot contain pulp. 21 CFR 101.65(b)(1)(2) 

“Reduced sugar” At least 25% less sugars per RACC than 
an appropriate reference food. 21 CFR 101.60(c) 

RACC: Reference amounts customarily consumed; DV: Daily values; HFCS: High fructose corn syrup; 
CFR: Code of Federal Regulations. 
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Table 3. Examples of the composition and calorie content of some commercial beverage 

products currently on the market. (Adapted from Ref. 31) 

Product Brand Manufacturer Sweetener Calories 
(per 8 oz.) Emulsifier Weighting 

agent 
Natural 
claim 

Half & Half Iced 
Tea Lemonade 

Arnold 
Palmer AriZona 

HFCS, 
Sucralose, Ace-
K 

50 GA None No 

Half & Half Iced 
Tea Lemonade 

Arnold 
Palmer Zero AriZona Sucralose 0 GA None No 

Cherry Citrus BodyArmor Body Armor 
Nutrition Cane Sugar 70 GA EG Yes 

Tropical 
Mandarin BodyArmor Body Armor 

Nutrition Cane Sugar 70 GA EG Yes 

Lemon Lime Xion4 
(Powerade) Coca-Cola HFCS 80 GA EG No 

Orange Xion4 
(Powerade) Coca-Cola HFCS 80 GA EG No 

Sour Melon Xion4 
(Powerade) Coca-Cola HFCS 80 M-FS SAIB No 

Orange Soda Fanta Coca-Cola HFCS 120 M-FS EG, 
BVO No 

Original Citrus Fresca Coca-Cola APM, Ace-K 0 GA EG, 
BVO No 

Energy - 
Tropical Citrus 

Vitamin 
Water Coca-Cola Fructose, Cane 

Sugar 120 GA EG No 

Essential Orange 
- Orange 

Vitamin 
Water Coca-Cola Fructose, Cane 

Sugar 120 GA, M-FS EG No 

Squeezed 
Lemonade 

Vitamin 
Water Zero Coca-Cola Erythritol, 

Rebiana 0 GA EG No 

Orange Soda Sunkist Dr. Pepper 
Snapple HFCS 110 M-FS EG No 

Orange Diet Crush Dr. Pepper 
Snapple APM, Ace-K 0 GA EG No 

Citrus Soda Sun Drop Dr. Pepper 
Snapple HFCS 120 GA EG, 

BVO No 

Pineapple 
Orange Guava 

Nantucket 
Nectar’s 

Dr. Pepper 
Snapple Sucrose 120 GA None Yes 

Orange Mango Nantucket 
Nectar’s 

Dr. Pepper 
Snapple Sucrose 120 GA None Yes 

Strawberry Kiwi Snapple Dr. Pepper 
Snapple Sucrose 100 GA EG Yes 

Lemonade Gatorade G-
Series PepsiCo Sucrose 80 GA EG, 

SAIB No 

Lemon-Lime Gatorade G-
Series PepsiCo Sucrose 80 GA EG No 

Orange Gatorade G-
Series PepsiCo Sucrose 80 GA EG, 

BVO No 

Citrus Soda Mtn Dew PepsiCo HFCS 110 GA BVO No 

Citrus Soda Mtn Dew 
Diet PepsiCo APM, Ace-K 0 GA BVO No 

Lemon Nature’s 
Blend Poland Spring Cane Sugar 50 GA EG Yes 

Ace-K: Acesulfame Potassium; APM: Aspartame; BVO: Brominated vegetable oil; EG: Ester Gum; GA: Gum acacia; 
HFCS: High fructose corn syrup; M-FS: Modified-food starch; SAIB: Sucrose acetate isobutyrate. 
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1.3. Functional beverage 

Functional beverage is a subsector of functional food, and is by far the most 

active form of food that can be consumed anytime, anywhere with convenience to meet 

consumer demands (39). Like functional food, there is no officially announced definition 

for functional beverage. Generally, it can be considered as a type of non-alcoholic drinks 

that can provide additional health benefits beyond satisfying the basic sensory needs. For 

example, they can be specially designed to improve heart health, immune wellness, 

digestion, joint health, or have the effect of energy-boosting by fortifying specific 

functional ingredients, including but not limited to vitamins, minerals, herbs, 

nutraceuticals or additional raw fruits and vegetables. 

There was a very fast growing speed for the functional beverages market values in 

recent years. According to a newly released industry profile report (40), the United States 

functional drinks market grew by 7.4% in 2013 to reach a value of $27,049.6 million 

(Fig. 3). And in 2018, it is forecast to reach the value of $41,292.6 million, an increase of 

52.7% since 2013. PepsiCo, Coca-Cola, Red Bull and Monster Beverage being the four 

biggest industrial leaders share majority of the market. And among the launched 

functional beverage products, energy drinks share the highest (63.8%) market, followed 

by sports drinks (32.3%), and nutraceutical drinks (3.9%). 

Therefore, more researches on beverage emulsions, especially nutraceutical 

emulsions are needed to supply the market with more innovative products. Recently, 

many researches on designing functional emulsion systems with potential applications in 

beverages were reported. Many vitamins or nutraceuticals, including Vitamin E (41), β-

carotene (42, 43), curcumin (44), ω-3 fatty acids (45), were successfully fortified into the 
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emulsion formulations with increased stability, dosage, or bioavailability. 

 

Figure 3. United States functional drinks market value: $ million, 2009-2013. (Reprinted 

from Ref. 40) 

1.4. Citral 

Citral, one of the most important flavoring compounds with strong lemon aroma 

and high consumer acceptance, is widely used as an additive in foods, beverages and 

perfumery industries (46). Chemically, it is a 3,7-dimethyl-2,6-octadienal, with two 

geometrical isomers (Fig. 4): neral (Z-configuration) and geranial (E-configuration). The 

natural occurring ratio of neral and geranial in citral is about 2:3. 

                     

                                             Neral                              Geranial 
Figure 4. Chemical structures of citral’s two geometrical isomers: neral and geranial. 
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1.4.1. Challenges with citral’s application 

The long existing problem that limits citral’s application is its rapid degradation 

and oxidation under acid catalization and oxidative stress during processing and storage 

in acidic beverages (47, 48). The degradation of citral leads to the major loss of the 

lemon-like aroma and also the generation of many undesired off-flavors (49-51). The 

complicated degradation mechanism of citral is not completely established and 

understood by far. A previously proposed free radical and oxidation products formed 

from citral is presented in Fig. 5 (52, 53). Among all types of degradation products from 

citral, some of the acid-catalyzed isomerization compounds such as p-cymene, p-cymene-

8-ol and its dehydration product, α,p-dimethylstyrene were previously postulated to 

contribute to the major potent off-odors (49, 50). But later studies further claimed some 

autoxidation compounds like p-cresol and p-methylacetophenone, which have lower odor 

thresholds of 0.3-1.0 ng/L and 2.7-10.8 ng/L in air respectively, to be more responsible 

for the undesired odorant (51, 52).  

 

Figure 5. A proposed mechanism of free radical and oxidation products from citral’s 

degradation. (Reprinted from Ref. 53) 
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1.4.2. Strategies to prevent citral from degradation 

To protect citral from rapid degradation and minimize the major potent off-flavor 

generation, many strategies have been investigated by using food chemistry and 

engineering principles, including spray drying encapsulation, micelles and reverse 

micelles systems, emulsion and nanoemulsion systems, surface modification of the 

emulsion droplets, multi-layer emulsions, addition of varying antioxidants, etc. An 

overview of the recent development of strategies in protecting citral from degradation is 

summarized in Table 4. 

Table 4. Recent progress in protecting citral and similar monoterpene derivatives from 

degradation in model systems. 

Reference System Design Results 

Kimura et al. (49) 
Aqueous 
solvent system 
with antioxidant 

BHT, BHA, α-
tocopherol, Eucalyptus 
leaves extract, etc. as 
antioxidant 

None of the tested compounds was 
effective in decreasing the 
generation of oxidative products. 

Peacock et al. (50) 

Carbonated 
beverage 
system with 
antioxidant 

Iso-ascorbic acid as 
antioxidant 

Iso-ascorbic acid could react with 
oxidizing agents, and inhibited the 
formation of α-p-dimethylstyrene 
and p-cymen-8-ol. 

Bertolini et al. (54) Spray dry 
encapsulation 

Gum arabic as wall 
material 

Citral stability was improved with 
the protection of wall material. 

Liang et al. (55) 
Aqueous buffer 
system with 
antioxidant 

Grape seed, 
pomegranate seed, 
green tea and black tea 
extracts as antioxidant 

The added phenolic extracts could 
not inhibit citral degradation, but 
significantly inhibited p-
methylacetophenone formation. 

Ueno et al. (56) 
Aqueous buffer 
system with 
antioxidant 

Black tea theaflavins 
as antioxidant 

Theaflavins showed inhibitory 
effects on the formation of p-cresol 
and p-methylacetophenone. 

Djordjevic et al. 
(57) Emulsion SDS-chitosan and gum 

arabic as emulsifier 

Citral degraded less in gum arabic 
stabilized emulsion, but formation 
of p-cymene was less in SDS-
chitosan stabilized emulsion. 

Djordjevic et al. 
(58) Emulsion WPI and gum arabic 

as emulsifier 

Citral degraded less in gum arabic 
stabilized emulsion, but formation 
of p-cymene was less in WPI 
stabilized emulsion. 

Choi et al. (59) Emulsion / MCT and triacetin as 
oil phase, stabilized by 

Incorporation of both oil phases in 
the emulsion system protected citral 
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microemulsion Brij 35 as emulsifier from degradation. 

Mei et al. (60) Emulsion / solid 
lipid emulsion 

Liquid and solid 
octadecane as lipid 
phase 

Crystallization of solid lipid 
increased citral’s partition into 
aqueous phase, thus resulted in 
faster degradation of citral. 

Choi et al. (61) Emulsion 

Lauryl alginate 
(cationic), Brij 35 
(non-ionic), and SDS 
(anionic) as emulsifier 

Anionic surfactant stabilized 
emulsion attracted high 
concentration of protons thus 
promoted citral’s degradation. 

Choi et al. (62) Micelle / 
reverse micelle 

Tween 80 and PGPR 
as amphiphilic agent 

Formation of both micelles and 
reverse micelles increased citral’s 
stability. 

Strassburger et al. 
(63) 

Microemulsion 
in juice 
beverages 

Cyclodextrins as 
encapsulation agent 

Citral’s chemical stability improved 
in the tested system. 

Rungsardthong et al. 
(64) 

Molecular 
complex 

α-, β-, and 2-
hydroxypropayl-β-
cyclodextrin as 
encapsulation agent 

Citral’s stability improved when 
incorporated in cyclodextrin matrix. 

Rosa et al. (65) Spray dry 
encapsulation 

Sucrose and trehalose 
as matrix 

Citral retention was similar for 
matrices containing either trehalose 
or sucrose. 

Yang et al. (53) 
Nanoemulsion 
combined with 
antioxidant 

Black tea extract, 
ascorbic acid, 
naringenin, tangeretin, 
β-carotene, and 
tanshinone as 
antioxidant 

Addition of appropriate lipophilic 
antioxidants (β-carotene, 
tanshinone, black tea extract) could 
enhance citral’s chemical stability. 

Yang et al. (66) Multilayer 
emulsion 

Chitosan and ε-
polylysine as coatings 
added to primary 
emulsion droplets 

Addition of chitosan layer improved 
the stability of citral, while adverse 
effect was found in the ε-polylysine 
coated system. 

Zhao et al. (67) 
Nanoemulsion 
combined with 
antioxidant 

Ubiquinol of different 
concentrations as 
antioxidant  

Appropriate concentration of 
ubiquinol can effectively improve 
citral’s stability in nanoemulsion.  

Maswal et al. (68) Micelle in 
aqueous system 

Brij 30 and Brij 35 as 
amphiphilic agent 

Chemical degradation of citral 
found to be reduced within the 
micelle systems. 

Park et al. (69) Micelle in 
aqueous system 

Brij 35, 58, 78, and 
700 as amphiphilic 
agent 

No significant difference of citral 
degradation rate in Brij micelles 
formed with different hydrophobic 
tail length and hydrophilic head. 

Yang et al. (70) Emulsion 

Soy protein-
polysaccharides 
Maillard reaction 
product as emulsifier 

Citral’s stability was improved with 
better physical stability of emulsion 
prepared. 

Xiang et al. (71) Multilayer 
emulsion 

Milk proteins and beet 
pectin as emulsifier 

Secondary emulsion had better 
physical stability and protected 
citral better than primary emulsion.  

BHT: 2,6-di-tert-butyl-p-cresol; BHA: 3-tert-butyl-4-hydroxyanisoles; SDS: sodium dodecyl sulfate; WPI: 

whey protein isolate; Brij: polyoxyethylene lauryl ether; PGPR: polyglycerol polyricinoleate. 
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Although many of the above mentioned studies reported improved citral stability 

or inhibited degradation products generation in tested systems, still many unsolved issues 

need to be further studied and improved. For instance, spray drying will protect citral 

from degradation within the capsule. However, when the spray-dried flavor powders are 

applied in the liquid beverages, the instability problem of citral recurs. Indeed, emulsion 

is the most widely used delivery system of citral or lemon oil for beverage applications. 

Most studies only focused on citral’s stability in concentrated emulsion systems, while it 

might be another case when the emulsion concentrates get diluted in the final products, as 

the oil concentration becomes much lower and that might facilitate citral’s partitioning 

into the aqueous phase and become unstable. The concept of multilayer emulsion seems 

rewarding, but the coating of additional layers usually produces relatively big emulsion 

droplets with limited applications and extra cost. Moreover, it is important to select 

proper emulsifiers and other ingredients for the citral-loaded systems, such as switching 

some of synthetic emulsifiers and antioxidants into natural/organic alternatives for clean 

label purpose. Last but not least, it is worth mentioning that protein based ingredients are 

generally not appropriate to stabilize citral. Because most proteins are known to either 

reversibly (physicochemically) or irreversibly (chemically) interact with flavors, and 

result in the reduction of flavor intensity (flavor fade) (72). As citral is an aldehyde, 

theoretically it will form covalent bonds (Schiff-bases) with the amide side chains of 

proteins, which affects citral’s release, perception and analysis.  

Obviously, some of the previous work need to be better designed and more 

systematic work should be proposed and conducted for better understanding of citral’s 

degradation kinetics and applications in beverage systems. 



19 

 

1.5. Coenzyme Q10 

Coenzyme Q10, also known as CoQ10 or Q10, is a group of lipid soluble, vitamin-

like compounds essential for the electron transport chain in mitochondria for energy 

(ATP) production (73). Chemically, it is a 2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-

benzoquinone. Because of its ubiquitous distribution in nature, it is also named as 

ubiquinone. CoQ10 has been recognized for its potential benefits particularly in reference 

to cardiovascular and neurodegenerative diseases (74-76). 

CoQ10 is also an essential and potent antioxidant in human body that scavenges 

free radicals generated under oxidative stress. It exists in three redox states (Fig. 6) (77): 

the fully oxidized ubiquinone (Q10); partially reduced ubisemiquinone (Q10
• −); and fully 

reduced ubiquinol (Q10H2). These compounds can be recycled in vivo by the 

mitochondrial respiratory chain. Ubiquinol (Q10H2) is the “activated” form responsible 

for the antioxidant and health promoting properties. In contrast to other antioxidants, this 

compound inhibits both the initiation and the propagation of lipid and protein oxidation 

(78) and is capable of regenerating other antioxidants such as α-tocopherol (77). Recent 

studies also revealed its functions in lipoprotein protection, gene expression involved in 

human cell signaling, metabolism and transport. Although CoQ10 can be biosynthesized 

in vivo, age-related decline in human body will cause accelerated aging and diminished 

energy levels. Therefore, CoQ10 is now a commercialized nutraceutical in many dietary 

supplements on the market, and is gaining more attention as well as consumer 

acceptance. Furthermore, the addition of CoQ10 as a functional nutraceutical in beverage 

products, such as energy drinks, is a promising and appreciable trend. 
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Figure 6. Chemical structures of three redox states of Coenzyme Q10. 

1.5.1. Problems associated with CoQ10 as dietary supplement 

Due to high molecular weight (863.34 g/mol) and poor water solubility, CoQ10 

has very limited oral bioavailability. The concept and factors related with bioavailability 

will be systematically introduced in the next session. In simple words, CoQ10 is difficult 

to be absorbed by gastrointestinal tract and then becomes available for utilization in 

human body when ingested orally.  

Currently, most of the commercially available CoQ10 supplements are oil-based 

suspensions in softgel capsules and powder-filled hardshell capsules or tablets. However, 

many animal or human trials indicated low bioavailability of CoQ10 in these products. 

Weis et al. (79) tested the bioavailability of four oral CoQ10 formulations (one hard 

gelatin capsule and three soft gelatin capsules) in healthy volunteers. No significant 

difference was observed expect for a formula with soybean oil suspension of CoQ10. 

Nevertheless, all tested formulations still had very low bioavailability of CoQ10. Miles et 

al. (80) also reported the bioequivalence of CoQ10 from some over-the-counter 

supplements in an study with nine health adults, and found a non-solubilized powder 

product was minimally absorbed.  While the results showed some solubilized products 
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had improved bioavailability compared with the reference. 

Overall, it is still a challenge to design novel formulations of CoQ10 supplements 

with high bioavailability at current stage, especially when considering the source of 

ingredients, and versatility of applications. 

1.5.2. Strategies to improve CoQ10’s bioavailability 

In recent years, some solubilized forms of CoQ10 were developed and launched by 

different companies, which were claimed to have improved bioavailability. Other 

approaches and systems for delivering CoQ10 were also reported, such as using solid 

dispersion, microspheres, nanoparticles, nanoemulsions, liposomes, self-emulsifying drug 

delivery systems (SEDDS), molecular complexation with cyclodextrin, and many other 

patented hydrocolloid systems (81). A brief summary of recent work related with 

formulation development to improve CoQ10’s bioavailability is summarized in Table 5. 

Table 5. Recent progress in probing or improving CoQ10’s bioavailability with 

formulation advancement. 

Reference System Formulation Design Testing 
Model Conclusion 

Kommuru 
et al. (82) SEDDS 

Labrasol as emulsifiers, 
lauroglycol as cosurfactant, 
and Myvacet 9-45 as oil. 

Dog 

A two-fold increase in 
bioavailability was observed 
for SEDDS compared to a 
powder formulation. 

Zaghloul et 
al. (83) 

Q-Gel® 
Q-NolTM 

Patented soft gelatin 
capsules containing MCT 
sorbitol and sorbitan 
monooleate. 

Dog 

The relative bioavailability of 
Q-Gel® and Q-NolTM were 3.6 
and 6.2-fold higher than that of 
a powder-filled capsule. 

Schulz et 
al. (84) SoluTM Q10 

Patented soft gel capsule 
with MCT and 
polysorbate-80. 

Human 

Better bioavailability of 
SoluTM Q10 observed compared 
with oil dispersions and 
crystalline forms of CoQ10. 

Terao et al. 
(85) 

Complex with 
γ-CD  

Molecular encapsulation of 
CoQ10 by complexation 
with γ-CD, compared with 

Human 
Bioavailability significantly 
increased after single 
administration of CoQ10- γ-CD 
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CoQ10 with MCC. than CoQ10-MCC formulation. 

Hosoe et 
al. (86) Kaneka QHTM 

Soft gelatin capsules 
containing ubiquinol 
emulsified with diglycerol 
monooleate, rapeseed oil, 
lecithin and beeswax. 

Human 

Significantly improved plasma 
concentration of ubiquinol was 
observed after single and 
multiple does of ingestion. 

Hatanaka et 
al. (87) 

Nanoemulsion 
(NE), dry-
emulsion (DE) 

NE made with MCT and 
surfactants; DE made with 
gum arabic and sugar 
alcohol by spray dry.  

Rat 

NE was most effective for 
improving the bioavailability 
of CoQ10 in all tested 
formulations. 

Liu et al. 
(88) CoQsource® 

A commercial self-
assembling colloidal 
system - VESIsorb®

. 
Human 

Significantly improved 
bioavailability was observed in 
tested formulation compared 
with a CoQ10 oil suspension. 

Ok et al. 
(89) 

Nanoparticle 
(NQ20) 

Emulsified with a sucrose 
fatty acid ester, poly-
glycerin fatty acid ester, 
and sucrose. 

Rat 

Increased plasma CoQ10 levels 
were observed when NQ20 
was administered compared to 
an oil suspension. 

Cho et al. 
(90) Emulsion 

Emulsion stabilized by 
Tween 80 with different 
particle sizes. 

Rat 

CoQ10 level was highest in 
small intestinal tissues when 
ingested with emulsion of 
smallest particle size. 

Zhou et al. 
(91) 

Lipid free 
Nano-vehicle 

CoQ10 stabilized by 
different surfactants: 
TPGS, Cremophor RH40, 
PSAE, etc. in glycerol 
aqueous solution. 

Rat 

Compared with CoQ10 
suspension, nano-CoQ10 
modified with surfactants 
significantly increased plasma 
concentration and AUC. 

MCT: medium chain triglyceride; γ-CD: γ-cyclodextrin; MCC: microcrystalline cellulose; TPGS: D-α-

Tocopherol polyethylene glycol 1000 succinate; PSAE: polyglycerol 10 stearic acid ester. 

Among these studies, majority of designed colloid systems improved the 

bioavailability of CoQ10 by increasing its solubility, or reducing the droplet size of 

vehicles. However, most of the above mentioned CoQ10 formulations are pharmaceutical 

grade made with synthetic or non-food ingredients. Not much work has been done to 

fortify CoQ10 with food-grade or natural ingredients, especially for functional beverage 

and drink applications. Therefore, more efforts should further be addressed to develop 

and investigate food-grade delivery systems for solubilized form of CoQ10 using novel 

ingredients and techniques. 
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1.6. Bioavailability 

The term bioavailability is a central concept in designing and evaluating bioactive 

ingredients or nutraceuticals fortified in functional foods. Depending on the research 

area, bioavailability has several working definitions (92). In pharmacology, 

bioavailability is a measurement of the rate and extent to which a drug reaches the 

systemic circulation (93). Theoretically, when a drug is administered intravenously, it 

will have 100% bioavailability. However, when it is administered through other routes, 

such as orally or parenterally, its bioavailability generally decreases and varies from one 

to another due to physiological and physiochemical barriers. In food and nutritional 

sciences, the final nutrient or dietary ingredient concentration at the site of action, which 

may be utilized for the desired physiological functions, defines bioavailability (94).  

Usually, oral route is most considered for bioavailability studies, as many 

medications and almost all foods are ingested from mouth. However, due to the 

physiological complexity of digestive system and numerous biological interactions and 

chemical reactions involved, it is difficult to predict the oral bioavailability of nutrients 

and bioactives. As we know, human digestive system consists of gastrointestinal (GI) 

tract together with many accessory organs, including salivary glands, pancreas, liver, and 

gallbladder (95). Take a chewable dietary supplement for example. Its journey through 

the digestive system starts in mouth, where it is masticated into small pieces (bolus) with 

the action of teeth, and its digestion is initiated with enzymes in saliva. Then the bolus 

passes down through esophagus and enters into stomach, where the gastric juice 

continues digestion process to further breakdown bolus into chyme with the help of 

peristalsis and enzymes. At certain gastric emptying rate, chyme is then transported into 
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small intestine through pylorus. Small intestine, including duodenum, jejunum, and ileum, 

is the region in GI tract where digestion and absorption of most lipids, nutrients, or 

bioactive ingredients take place. The material that is not absorbed in small intestine will 

then goes into large intestine for further fermentation. Some becomes fecal matter and is 

finally eliminated from the body.  

  In both pharmacology and food nutrition sciences, oral bioavailability is usually 

determined with in vivo tests using different subjects, including clinical trials and 

different animal models, such as dogs, rats, mice etc., depending on the system design 

and resources availability. Area under curve (AUC) plotted with the blood concentration 

of tested compound versus the defined testing time after ingestion is usually calculated to 

indicate and compare its relative bioavailability in tested formulations. 

However, as using in vivo models can be practically and ethically complex, 

measuring the in vitro bioaccessibility of a compound is a simplified alternative, and is 

gaining popularity especially in food and nutrition researches for rapid screening of 

formulations (96). Bioaccessibility is defined as the fraction of a compound released from 

its matrix in the gastrointestinal tract and becomes available for absorption (97). In brief, 

bioaccessibility includes the events take place during the digestion of food matrix into a 

form that can be potentially assimilated by the body, but not including systemic 

bioactivities associated with its post-intestinal absorption, such as transportation and 

target delivery of the compound; interaction, biotransformation, and metabolism that it 

may undergo; also the generation of biomarkers and the related physiological responses 

(96). Therefore, bioavailability can also be defined as a sum of both bioaccessibility and 

bioactivity (Fig. 7). The fraction of a compound that is bioaccessible does not necessarily 
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mean it will finally become bioavailable. Nevertheless, oral bioavailability is positively 

correlated with the bioaccessibility, together with the subsequent bioactivities associated 

with transport efficiency and metabolism resistibility. 

 

Figure 7. Definition of bioavailability as a sum of bioaccessibility and bioactivity. 

Physiochemical events involved in each stage. (Reprinted from Ref. 96) 

1.6.1. Bioaccessibility and common in vitro models 

Basically, to gain information of a compound’s bioaccessibility, it is critical to 

learn its digestion kinetics in the GI tract. Currently, a number of in vitro models are 

available to simulate the digestive process, where researchers have garnered information 

regarding the bioaccessibility of nutraceuticals (98). Based on design, these in vitro 

models can be generally divided into single-step and multi-step models. Single-step 
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models only consider one specific region of the GI tract, such as stomach, small intestine 

or colon, with the small intestine conditions being mostly simulated. While multi-step 

models are usually more complicated, and consider two or more regions of the GI tract.  

 pH-stat model 

The pH-stat model is widely used in the pharmaceutical and nutraceutical 

research for in vitro bioaccessibility characterization of lipophilic drugs or nutraceuticals 

based on the process of lipid digestion (99, 100). It mimics digestion with simulated 

small intestinal fluid (SSIF) containing lipase, bile salts, phospholipids and other 

ingredients in a stable intestinal pH and temperature condition. In brief, when testing 

sample is exposed with SSIF, lipid digestion is largely initiated by the action of lipase. 

Drugs or nutraceuticals will release from the lipid phase and a certain fraction of them 

will migrate into the hydrophobic core of micellar structures formed by lipid digestion 

products and bile salts, thus becomes bioaccessible. Although experimental details may 

differ slightly based on design and condition, the theory and fundamental principles are 

analogous. Basically, it assumes that upon digestion, one mol of triglyceride releases two 

mols of free fatty acids (FFAs) and consumes two mols of NaOH for neutralization to 

maintain the pH. The extent of lipolysis, defined as the percentage of triglycerides 

digested during lipolysis, can be determined from the amount of NaOH consumed during 

the real-time lipolysis digestion. And the bioaccessible fraction of drugs or nutraceuticals 

can be determined by analyzing their concentrations in the solubilized micellar phase 

after lipolysis. The setup of pH-stat in vitro model and associated information are shown 

in Fig. 8. 
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Figure 8. pH-stat in vitro model for characterization of lipid digestion and 

bioaccessibility of lipophilic nutraceuticals. 

It should be noted that the pH-stat model only simulates digestion condition in 

small intestine. However it can also be upgraded into multi-step models by combining 

with the simulation of other regions of GI tract, such as mouth, stomach (101, 102). But 

regardless of number of factors considered, the pH-stat model and its derivatives are 

considered as static models, due to the fact that they are not able to mimic dynamic 

physical conditions in GI tract (103), such as peristalsis motion, transitional change in 

physiological environment, etc. 

 TNO gastro-intestinal model (TIM) 

The TNO gastro-Intestinal Model (TIM) developed by TNO Quality of Life (Zeist, 
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The Netherlands) is a more sophisticated dynamic in vitro digestion system. According to 

the region of GI tract it stimulates, there are two TIM systems. TIM-1 mimics the upper 

GI tract including stomach and small intestine and TIM-2 mimics the large intestine 

(104). Schematic setup of both TIM-1 and TIM-2 systems are shown in Fig. 9. 

For digestion and bioaccessibility study, TIM-1 system is by far the most 

complicated and precise model. It simulates the successive dynamic events occurring in 

the lumen of the stomach (monogastric) and small intestine. For small intestine, it further 

subdivided into the duodenum, jejunum and ileum. This computer-controlled in vitro 

model controls temperature, pH conditions in stomach and different compartments of the 

small intestine, concentrations of gastric and intestinal enzymes, levels of bile salts in 

different parts of the gut, etc. It is a dynamic multi-step model that can also mimic the 

peristalsis motion in GI tract, gastric emptying, and transition of chyme. The 

bioaccessible fraction is determined by continuous sampling from jejunum and ileum 

compartments over a preset time period. Quite a few validation studies using the TIM-1 

have been done focusing on the bioaccessibility of fat soluble vitamins (104, 105), water 

soluble phytonutrients (106-108), and several pharma studies (109, 110) demonstrating 

excellent correlations with in vivo data. 

The TIM-2 system is more focused on understanding the metabolism of certain 

active compounds that escapes from the digestion in the upper GI tract and enters into 

large intestine (111), investigating the undigested fraction and its further digestion and 

fermentation on the activity and composition of the gut microbiota (112, 113), or testing 

the prebiotic activity of non-digestible carbohydrate compounds (114). 
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Figure 9. Schematic overview of the setup of the upper gastrointestinal trace model 

(TIM-1) and human colon model (TIM-2). (Reprinted from Ref. 104) 

1.6.2. Transport coefficient 

After a hydrophobic compound becomes solubilized in bile salts micelles and 

vesicles, it has to go through a mucous layer before reaching the surface of small intestine 

epithelial cells (115). Then absorption of the compound through small intestine occurs 

through two routes, transcellular and paracellular. Usually small molecules (Mw < 200) 

might be able to go paracellularly through tight junction and do not go through the 

enterocytes, and thus can escape from the intestinal cellular metabolism (116). While 

majority of compound transportation uses the transcellular route. The compound with its 
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vehicles is absorbed into the enterocytes through either passive diffusion, which is driven 

by concentration gradient, or active transport through specific protein channels on the 

surface of the epithelial cells (103). 

Since the transportation coefficient of a compound through the enterocytes is 

limited by its permeability, interaction with enterocytes, and resistibility to cellular 

metabolism, a model only considering of the physicochemical factors is usually not 

sufficient to stimulate this process. The most widely used in vitro model is the Caco-2 

cell model, which also takes biological factors during permeation into account. Caco-2 

model is a single layer of properly differentiated human colon carcinoma cells into 

phenotype with the similar physiological functions of the enterocytes (117). It is a well-

established model for prediction of the transport coefficient of a compound through small 

intestine and becomes available for further absorption to portal blood or lymphatic 

circulation (118-120). 

1.6.3. Systemic metabolism 

Once a compound transports through the enterocytes, it will be absorbed from the 

intestinal portal vein system, and undergoes first-pass metabolism in the liver before 

entering into the systemic circulation. Liver is known to be the major organ for 

biotransformation of xenobiotics and the rate-limiting factors that reduce the system 

bioavailability of drugs and nutraceuticals. Among the enzymes associated with 

biotransformation and metabolism, Cytochrome P450 (CYPs), especially the CYP1, 

CYP2, and CYP3 gene families, catalyze more than 75% of the endogenous compounds 

by oxidation, hydroxylation, and demethylation (121, 122). As CYPs are highly abundant 

in liver, the biotransformation of drugs and nutraceuticals can be characterized with the 
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isolated liver microsomes as an in vitro model. Researchers can select microsome lots 

based on the enzyme activity level of specific CYPs, and use such systems for studying 

enzyme inhibition, clearance, and metabolite identification based on varying analytical 

techniques. However, it should be noted that the expression of CYPs can be variable 

among donor species and is also dependent on the incubation and sampling interval. 

Current knowledge on the in vivo metabolism of CoQ10 is limited. Only few 

literatures reported the observation of CoQ10’s metabolic pathway and associated 

metabolites by using radioactive compounds in animal models, such as rats and guinea 

pigs. Generally, CoQ10 is considered to be absorbed via the lymphatics and concentrated 

mainly in the liver and then excreted via bile, urine and feces. The fecal excretion was the 

main route of elimination (123, 124). In an early study, the metabolic fate of CoQ was 

investigated in rats by using methoxy-14C-labeled ubiquinone-7 as the model compound  

(125). Two radioactive metabolites were isolated and identified from urine and feces, 

with both excreted as conjugates. The structure of the major metabolite is 2,3-dimethoxy-

5-methyl-6-(3’-carboxypropyl-3’-methyl)-1,4-benzoquinone, which accounted for about 

a half of the urinary metabolites, whereas the other one is γ-lactone of 2,3-dimethoxy-5-

methyl-6-(5’-carboxypentyl-3’-hydroxy-3’methyl)-1,4-benzoquinone. Overall, oxidative 

shortening of the side chain appeared to be the main metabolic transformation of 

ubiquinone-7. Later, Nakamura et al. (126) examined the biliary and urinary metabolites 

of 14C-CoQ10 in guinea pigs after intravenous administration.  The main metabolites were 

assumed to be glucuronide of 2,3-dimethoxy-5-methyl-6-(3′-methyl-5′-carboxy-2′-

pentenyl)-1,4-benzohydroquinone (Q acid-I) and 2,3-dimethoxy-5-methyl-6-(3′-

carboxypropyl)-1,4-benzoquinone (Q acid-II) in free and corresponding hydroquinone 
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conjugate forms. More recently, Bentinger et al. (127) had some interesting observations 

using 3H-labeled compound with more retained radioactivity in tracing the metabolic 

pathway of CoQ10 in rats. The major metabolites were purified from the urine, and the 

mass spectrometric fragmentation showed that these compounds contained the ring 

structure with a short side chain and were phosphorylated. They demonstrated that CoQ10 

is metabolized in all tissues, and the metabolites are phosphorylated in the cells, 

transported in the blood to the kidney, and excreted into the urine.  

1.6.4. In vitro and in vivo correlations 

Although in vitro models provide a rapid and cost-effective alternative for the in 

vivo studies in predicting and determining the oral bioavailability of nutraceuticals, they 

cannot fully reflect the real events happening in vivo. Therefore, for many studies, the in 

vitro models are only used as a screening tool to compare and identify promising 

candidates for next step studies, especially when a large sample poll is presented. 

However, if the accurate bioavailability needs to be determined, an in vivo test is still 

advisable. And it has becoming critically important to establish the in vitro and in vivo 

correlations (IVIVC) to better designing in vitro models for prediction of the 

corresponding in vivo performances. 

Notably, lots of effects have been made to develop more accurate in vitro models 

in simulating the human digestive system. Singh’s group established a simulated gastric 

model, and utilized computational fluid dynamics techniques to obtain unique insight and 

quantitative characterization of the 3-D dynamics of gastric contents during digestion 

(128, 129). This model showed promising results in determining and modeling the 

disintegration rate of different food structures, under different physiological conditions. 
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Tharakan et al. designed an in vitro small intestinal model, which simulated the 

dimension, peristalsis and segmentation motion of small intestine (130). The authors 

studied mass transport phenomena occurring in the lumen and their potential effect on the 

concentration of nutrients available for absorption, provided a fundamental understanding 

of the behavior of food structures and absorption in vivo. Also, as mentioned earlier, the 

TIM models are by far the most advanced in vitro models for characterizing upper GI 

pre-absorption (TIM-1) and lower bowel post-absorption (TIM-2) events. The TIM 

systems were built and validated on abundant in vivo data, and thus showed optimistic 

results for IVIVC. 

On the other hand, results obtained from multiple in vivo models may also vary 

from each other, due to factor of interspecies differences. It is predictable that data 

obtained from rats and dogs might be different even tested with the same experimental 

groups. Ultimately, only clinical trials indicate the most accurate physiological events 

associated with digestion and absorption of foods and nutrients in humans. 

Therefore, taken all possible factors into consideration, the following 

mathematical expression was recently proposed by Ting et al. (103) to more accurately 

predict the oral bioavailability of nutraceuticals: 

𝐹𝑜𝑟𝑎𝑙 = 𝐹𝐵 × 𝐹𝑇 × 𝐹𝑀 × 𝐶𝐴 × 𝐶𝑆 

The equation reveals a future perspective that the prediction of human oral 

bioavailability can be projected using only in vitro modeling systems. In this equation, 

the fractions of bioaccessibility (FB), transport coefficient (FT), and resistibility to 

systemic metabolism (FM) can all be determined by appropriate in vitro studies. And the 
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other two factors are IVIVC coefficient (CA) and interspecies scaling coefficient (CS). 

Obviously, to accurately determine CA and CS, much more work needs to be done. 

Comprehensive investigations among different models and species should be carefully 

carried out. Overall, with the development of modeling systems covering more aspects of 

physiological and physicochemical events, together with improvement of IVIVC and 

interspecies validation, it is possible to evaluate the oral bioavailability of nutraceuticals 

more efficiently and accurately. 
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CHAPTER 2: HYPOTHESIS AND OBJECTIVES 

2.1. Hypothesis 

The general scope of this dissertation was to develop a novel functional beverage 

system to better protect sensitive flavors and improve the oral bioavailability of 

nutraceutical ingredients. Accordingly, citral was selected as the model flavor compound 

for study due to its high popularity and the long existing instability problem. And CoQ10 

was picked as the targeting nutraceutical compound to be incorporated into the beverage 

system because of its promising health benefits but limited bioavailability.  

Emulsion is by far the dominating colloidal system to incorporate hydrophobic 

components (such as flavor oils, lipophilic nutraceuticals, etc.) into beverage products. 

Desired shelf-life and physical stability can be achieved by proper designing of the 

emulsion composition, interfacial structure, and droplet size. As a consequence, the 

lipophilic compounds trapped in the lipid core are protected, and can be delivered in a 

solubilized form. Moreover, emulsions with extra small particle sizes have the advantage 

of being easily and rapidly absorbed when subjected to digestion in the GI tract. 

Based on the given rationale and background information, I hypothesize that both 

citral stability and CoQ10 bioavailability can be greatly improved by properly 

designing nanoemulsion based delivery systems with food-grade/natural ingredients. 
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2.2. Objectives 

To test the hypothesis, four specific objectives will be investigated: 

(I). Test the antioxidant effect of CoQ10 on citral stability and off-flavor 

formation in emulsion systems. 

 It is widely accepted that there are free radicals generated during citral 

degradation as well as lipid oxidation in the emulsion systems. CoQ10, besides its health 

promoting effects, is also known as a potent lipophilic antioxidant that can quench 

oxidative stresses. While the antioxidant property of CoQ10 in inhibiting citral’s 

degradation and off-flavor generation in the emulsion system was never tested and 

validated. The reduced form of CoQ10, known as ubiquinol, is considered to be the 

activated form responsible for the antioxidant properties. In the designed experiments, 

both the reduced (ubiquinol) and oxidized (ubiquinone) forms of CoQ10 will be tested. 

Moreover, different concentrations of ubiquinol in the formulation will also be tested and 

optimized. 

(II). Design emulsion formulations with natural/clean ingredients, then test 

and compare citral stability in these systems. 

Little work has been done to systematically compare the stability of citral in 

beverage emulsions stabilized by different emulsifiers. Currently the food industry is 

trying to replace all the synthetic ingredients including emulsifiers with natural source 

alternatives, thus to claim clean label products. Several groups of synthetic & natural 

emulsifiers that have been widely used or relatively new in the food industry, with 

varying structures and molecular weights will be studied and compared for stabilizing 
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citral in emulsion systems. 

(III). Evaluate the bioaccessibility of CoQ10 in optimized formulations using 

in vitro models. 

The CoQ10 loaded nanoemulsion formulation will be compared with the 

unformulated CoQ10 oil dispersion as the control. Two in vitro models (pH-stat & TIM-1) 

will be used to evaluate the bioaccessibility of CoQ10 in tested formulations. 

(IV). Evaluate the oral bioavailability and biodistribution of CoQ10 in 

optimized formulations using in vivo models (animal study). 

In vivo pharmacokinetic parameters (Cmax, Tmax, AUC) and the relative 

bioavailability of CoQ10 will be determined and compared among the tested formulations 

using animal models. Moreover, tissue uptake of CoQ10 in major organs will be evaluated 

to better understand its physiological distribution after dosing, and to see if our developed 

formulation improved CoQ10’s levels in targeted tissues. 
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CHAPTER 3: EFFECT OF COENZYME Q10 ON CITRAL STABIITY AND OFF-

FLAVOR FORMATION IN NANOEMULSIONS 

The work in this chapter has been published in the title of “Effect of Ubiquinol-10 on Citral 

Stability and Off-Flavor Formation in Oil-in-Water (O/W) Nanoemulsions” in Journal of 

Agricultural and Food Chemistry (Volume 61, Issue 31, Pages from 7462 to 7469) in August 

2013. 

3.1. Introduction 

To protect citral from degradation, two major approaches can be generally 

considered. First, to design delivery systems that can isolate or minimize the contact of 

citral with oxidative stresses and acidic conditions. Alternatively, to load antioxidants 

that can effectively protect citral from rapid oxidation. More recently, the promising 

effects of adding antioxidants, especially naturally occurring ones, into emulsion systems 

loaded with citral, has drawn increasing attention. Yang et al. (53) from our group 

systematically investigated the effects of six different natural antioxidants on the stability 

of citral in O/W nanoemulsions and found that β-carotene, tanshinone, and black tea 

extract could greatly enhance citral’s chemical stability during the storage as well as 

inhibiting some of the potent off-flavor compounds. However, some antioxidants used in 

the study are commercially unavailable or cost-ineffective, which hinders their real 

application in the food industry at the current stage. Some carotenoids and tea extracts 

have their own taste profiles and intense colors that will also pose a problem in the 

lemon-flavored beverages. Therefore, it is still necessary to find more suitable 

antioxidants that can effectively inhibit citral degradation and the off-flavor formation. 

Considering the fact that CoQ10 will be incorporated into our functional beverage 
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system as a nutraceutical, we naturally came up with the idea to test and see if CoQ10 can 

function as an antioxidant in the emulsion systems. The antioxidant property of CoQ10 in 

inhibiting citral’s degradation and off-flavor generation was never tested and validated. 

As we know, CoQ10 exists in multiple redox states. The reduced form of CoQ10, known 

as ubiquinol or Q10H2, is considered to be the activated form responsible for the 

antioxidant properties. The aim of this work was then to test the effect of Q10H2 as an 

antioxidant in the O/W nanoemulsion system to protect citral from chemical degradation 

and off-flavor generation. The effect of different concentrations of Q10H2 in the 

formulation was tested and discussed.  

3.2. Materials and methods 

3.2.1. Materials 

Neobee 1053 medium-chain triacylglycerol (MCT) consists of 55% caprylic and 

44% capric triglycerides was obtained from Stepan Company (Northfield, IL). Alcolec 

PC75 (phosphatidylcholine enriched) soy lecithin containing ca 76% unsaturated and 

24% saturated fatty acids was a gift from American Lecithin Company (Oxford, CT). 

Q10H2 (95%, UV) was purchased from Hangzhou Joymore Technology Co., Ltd. China. 

All other chemicals and supplies were purchased from Sigma-Aldrich (St. Louis, MO) 

and used without further purification and treatment. 

3.2.2. Emulsion preparation and storage 

The oil-in-water (O/W) nanoemulsions were prepared by using 10 wt% of MCT 

as the oil phase, 85 wt% of pH 3.0 buffer solution (10 mM citric acid/ sodium hydroxide/ 

sodium chloride) as the water phase, and 5 wt% of PC75 soy lecithin as the emulsifier 

which can be dispersed in water phase. For each emulsion sample, 0.1 wt% (1000 ppm) 
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citral and 0.01 wt % (100 ppm) undecane (internal standard) were dissolved in the lipid 

phase, and Q10H2 with different concentrations (0.01 wt%, 0.05 wt%, 0.1 wt%, and 0.2 

wt%) were also added into the oil phase before homogenization, respectively. Then the 

aqueous phase and oil phase were thoroughly mixed and homogenized using an Ultra-

Turrax T-25 high speed homogenizer (IKA Works Inc., Wilmington, DE) at 24,000 rpm 

for 5 min followed by a high pressure homogenizer (EmulsiFlex-C3, Avestin Inc., 

Ottawa, Canada) for six cycles with the pressure of 150 MPa. 10 grams of each emulsion 

sample was weighted and stored in a 20 mL amber glass vial (Supelco Analytical) with 

screw cap (PTFE/silicone septum, Supelco Analytical) designed for Solid Phase 

Microextraction (SPME) immediately after preparation. All the vials with emulsion 

samples were divided into two groups, with one stored at 25 oC, and the other stored at 45 

oC, both under dark conditions throughout the experiments. 

3.2.3. Particle size measurement 

The mean hydrodynamic emulsion particle size and distributions were measured 

using a BIC 90 plus particle size analyzer equipped with a Brookhaven BI-9000 AT 

digital correlator (Brookhaven Instrument Corp., New York) based on dynamic light 

scattering. The light source is a solid-state laser operating at 658 nm with 30mW power, 

and the signals were detected by a high-sensitivity avalanche photodiode detector. 

Emulsion samples stored at 25 oC and 45 oC were diluted 100× with Milli-Q water and 

well mixed prior to the measurement to prevent multiple scattering effects. All the 

measurements were conducted in triplicate at a fixed scattering angle of 90o at 25±1 oC. 

The mean diameter of each sample was determined by Cumulant analysis of the 

intensity-intensity autocorrelation function, G (q, t). 
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3.2.4. Measurement of citral 

An Agilent 6850 gas chromatography was used to quantify citral’s two isomers 

and various degradation products during the storage. The GC was equipped with a J&W 

DB-5MS capillary column (30 m × 0.25 mm i.d.; 0.25 μm film thickness) and connected 

with a flame ionization detector (FID). The FID temperature was set at 250 oC. And the 

oven temperature profile was programmed as follows: there was a 4 oC/min increment 

from 60 oC to 150 oC at first stage, and then further increased to 230 oC at the rate of 20 

oC/min, finally held at 230 oC for 5 min with the total program timing of 31.5 min. The 

flow rate of hydrogen as the flame gas was controlled at 40.0 mL/min, air flow at 45 

mL/min, and helium as the carrier gas flow at 45.0 mL/min. The injection port was 

equipped with a 0.75 mm inner diameter SPME injection sleeve to minimize the 

broadening effect. And for the SPME extraction, a manual sampling SPME fiber holder 

with a 65 μm PDMS/DVB fiber (needle size 23 ga) was employed. The SPME fiber was 

exposed in the headspace of the amber glass vials with emulsion samples under constant 

magnetic stirring for 40 min for adsorption equilibrium at 50 oC. Then, it was inserted 

into the injection sleeve immediately and held for 5 min for complete desorption. Internal 

standard (undecane) was used to quantify citral’s two isomers and the degradation 

products. 

3.2.5. GC-Mass analysis of citral’s degradation products 

An Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass detector 

and a J&W DB-5MS capillary column (30 m×0.25 mm i.d.; 0.25 μm film thickness) was 

used. The temperature programming and gas flow rates were kept the same as the above 

described GC measurements. The ionization voltage was held at 70 eV and the ion 
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temperature was 280 ºC. Authentic compounds for major degradation products of citral 

(p-cresol, α,p-dimethylstyrene, p-metha-1,5-dien-8-ol and p-methylacetophenone) were 

purchased from Sigma Aldrich (St. Louis, MO) for matching the mass spectrum and 

retention index. 

3.2.6. Statistical analysis 

All experiments were conducted twice in duplicate, and all data were expressed as 

means ± standard deviations. Where appropriate, data were analyzed using t-test by 

SigmaPlot 12.0 software, significant difference was defined at p < 0.05. 

3.3. Results and discussion 

3.3.1. Physical stability of citral-loaded emulsions with and without Q10H2 

The physical stability of O/W nanoemulsions under the storage temperatures of 

25 oC and 45 oC were evaluated by the particle size profile of each sample in 10 day 

intervals throughout the storage time. The mean particle sizes of the different emulsion 

formulations were calculated by cumulant method and are shown in (Fig. 10). After high-

speed and high-pressure homogenization processing in the same conditions, fresh 

nanoemulsions with particle sizes in the range of 98 nm to 120 nm were obtained. Among 

which, the control (without Q10H2) had the smallest particle size of 98 nm. The addition 

of Q10H2 to the oil phase had varied impact on the particle size. And during the storage 

time, the particle size of emulsions stored at 25 oC increased very slowly. All the 

emulsions had an increment of 25-40 nm in particle sizes during the 40 day storage time. 

The particle sizes of emulsions stored at 45 ºC, in contrast, showed a faster and sharper 

increase due to the greater thermodynamic moving rate of particles. Approximately 70-95 

nm increment range was observed for all the tested emulsion samples after 40 days. All 
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the samples showed the similar trend of increment profile, and none of them were 

observed with having phase separation or creaming during the storage period at either 

temperature. Visual observation also indicated good kinetic stability of all the citral-

loaded lecithin stabilized nanoemulsions. 

 

Figure 10. Mean emulsion particle size changes for citral-loaded emulsions with 

different concentrations of Q10H2 stored at 25 oC (a) and 45 oC (b). Data represent the 

mean ± standard deviation (n=3). 
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3.3.2. Stability of citral in emulsions with and with Q10H2 

The two isomers of citral, neral and geranial, naturally occur in the ratio of 2:3. In 

this study, both the degradation rate of neral and geranial were measured to indicate 

citral’s loss during storage at 25 oC and 45 oC for 40 days. From the degradation rate 

profiles, neral and general behaved similarly in terms of degradation trends. Under the 

storage temperature of 25 oC (Fig. 11), control (without Q10H2) had 53.8% neral and 

49.3% geranial left after 15 days. After 40 days of storage, there was 29.2% neral and 

27.3% geranial left. Both neral and geranial showed a relatively fast degradation rate at 

earlier stages (day 0 - day 15), and slower rates were observed afterwards.  

Adding different concentrations of Q10H2 into the citral-loaded emulsions caused 

different and complicated effects. Data that shows the average percentage of citral 

remaining and statistical significance compared to control is presented in table format 

(Table 6). With 0.01 wt% concentration of Q10H2 (Q10H2/citral ratio 1:10) in the system, 

surprisingly, more rapid degradation of both neral and geranial were observed in contrast 

with control. Only 47.9% neral and 42.4% geranial remained after 15 days, and at the end 

of 40 days, 19.3% neral and 16% geranial were left. However, when the concentrations of 

Q10H2 were increased to 0.05 wt% (Q10H2/citral ratio 1:2) and 0.10 wt% (Q10H2/citral 

ratio 1:1), the inhibition effects of both neral and geranial’s degradations were observed, 

especially at early storage time. Specifically, the sample with 0.05 wt% Q10H2 retained 

62.7% of neral and 60.2% of geranial on day 15. And 0.10 wt% Q10H2 greatly inhibited 

citral from degradation compared to the control. Around 77.3% neral and 74.2% geranial 

were still left after 15 days, which showed significant difference compared to control and 

the best effect among all the tested formulations. However, the emulsions with Q10H2 in 
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the formulations showed more linear citral degradation rates. At the end of the 40 day 

storage period, 26.8% of neral and 25.9% geranial were left in the sample with 0.05 wt% 

Q10H2, which was slightly lower than the control. The sample with 0.10 wt% Q10H2 still 

retained 35.3% neral and 34.6% geranial after 40 days. Compared to the values of 

control, this was about an increase of 20.9% neral and 26.7% of geranial retention. 

Complicated results were observed when the Q10H2 concentration was further increased 

to 0.20% (Q10H2/citral ratio 2:1). From the quantification of the GC data, there was 

56.2% of neral and 52.0% of geranial on day 15 remaining, and 26.6% neral and 24.8% 

geranial left after 40 days, which was slightly better than the 0.05 wt% Q10H2 sample but 

less effective than the 0.10 wt% sample during the early stage of storage period. Overall, 

the sample with 0.10 wt% Q10H2 formulated into the system showed the best effect to 

inhibit degradation of both neral and geranial at the 25 oC storage conditions. 

Table 6. Average percentages of neral and geranial retained in varied Q10H2 formulations 

during 25 oC storage period. 

Sample  Day 7 Day 15 Day 23 Day 31 Day 40 

Control 
Neral 83.48±2.94 53.75±2.17 43.75±3.16 37.90±0.84 29.24±2.84 

Geranial 77.43±6.03 49.31±1.35 40.77±4.16 33.78±3.29 27.29±3.86 

Q10H2-

0.01% 

Neral 71.70±2.18a 47.91±0.90 30.42±1.08a 23.45±0.66a 19.26±2.37 

Geranial 67.03±1.66a 42.36±1.21a 27.11±0.07a 20.94±0.76a 15.98±1.98 

Q10H2-

0.05% 

Neral 83.13±0.03 62.73±0.57a 49.21±1.07a 36.75±2.18 26.76±1.87 

Geranial 82.10±1.10 60.24±2.73a 46.87±1.20 35.87±1.78 25.88±2.16 

Q10H2-

0.10% 

Neral 89.58±2.10 77.34±0.53a 62.24±0.58a 48.89±1.81a 35.28±0.84a 

Geranial 90.86±5.69 74.23±3.70a 58.38±0.86a 45.37±2.49a 34.58±1.07 

Q10H2-

0.20% 

Neral 86.12±5.68 68.80±2.65a 56.19±2.88a 41.05±2.25 26.64±0.74 

Geranial 86.02±6.25 65.21±2.11a 52.02±3.65a 38.02±2.93 24.75±0.10 

a statistically significant difference from control  
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Figure 11. Degradation profiles of neral (a) and geranial (b) in emulsions with different 

concentrations of Q10H2 stored at 25oC in comparison with the control. 
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From the results of the 25 oC degradation, it can be tentatively concluded that 

concentration of Q10H2 played an important role in protecting citral from degradation in 

the O/W nanoemulsions. With low concentration of Q10H2 (0.01 wt%) in the formulation, 

it was ineffective at protecting the citral from degradation. Adversely, it promoted citral 

to degrade in a faster rate than the control. By increasing the Q10H2 concentration to 

higher levels, inhibition effects were observed. But beyond a certain level (e.g. 0.20 wt% 

in our formulations), the inhibition will be adversely suppressed. One possible reason 

may be due to the complexity of the citral-loaded emulsion system, which involved both 

lipid oxidation and citral degradation/oxidation over the storage period. Q10H2 as an 

antioxidant could theoretically scavenge free radicals and retard oxidation. However, it 

has been implied before that the antioxidant functions of ubiquinol are mainly 

encompassed by the QH2→Q• − redox transition, whereas their pro-oxidant character will 

also arise from O2 reduction coupled to the Q• −→Q reaction (131). The context of the 

redox transitions of ubiquinol conducted by Rich et al. (132) and Swallow et al.(133) 

allowed one to use relevant reduction potentials to view the reactivity of ubiquinols with 

nitrogen- and oxygen-containing free radicals on thermodynamic grounds. From which, 

the E (QH2 /Q• −, 2H+) and E (Q• −/Q) values are +190 mV and -220 mV, respectively. 

Overall, it appears that the ubiquinol/ubisemiquinone transition may be associated with 

antioxidant functions, whereas the ubisemiquinone/ubiquinone redox reaction may be 

endowed with pro-oxidant properties. So, when low concentration of Q10H2 presented in 

the system, most of them were autoxidized into Q10
• − and were further fully coupled by 

O2 to form Q10 and O2
• − at the early stage of storage, from which most Q10H2 were 

‘sacrificed and wasted’. The superoxide radicals formed can further oxidize Q10H2 or 
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other compounds to form different radicals which can have possible pro-oxidant 

properties thus promote citral from degradation and oxidation. An increased level of 

Q10H2 worked better as a real antioxidant probably due to the majority of QH2/Q• − 

transition occurring at early stages to facilitate its antioxidant properties other than the 

minor Q• −/Q redox reaction when Q10H2 was abundant in the early stage. The 

phenomenon of further increasing the concentration of Q10H2 to 0.20 wt% showed a 

decreased inhibition effect was also interesting. It seems that antioxidant property of 

Q10H2 is not proportionally linked with its dosage, while it is mostly dependent on the 

complexity of the system involved and environment encountered. As we know, 

quenching of an oxidizing radical always produces another radical and so may produce a 

pro-oxidant. Whether or not the overall effect of different concentrations of ubiquinol-10 

worked as antioxidant or pro-oxidant depends on combination of the properties 

(reduction potential and lifetime) of the various radicals involved in the whole process in 

the specific environment. Clearly, it is not easy to predict and hence, our observations 

may be only a reported phenomenon that specifically occurred in our tested systems. 

Although it is difficult to elucidate the detailed mechanism associated by far, many 

previous studies and reviews (134-136) also addressed the similar phenomena on other 

antioxidants like carotenoids. Thus the importance of antioxidant concentration should be 

emphasized with a switch from anti- to pro-oxidation observed in several systems as its 

concentration increases beyond certain value. 

While at 45 oC (Fig. 12) storage temperature, both neral and geranial showed 

more rapid degradation rates in all the tested formulations. Although data were partially 

overlapped and showed no statistical significance, minor differences of both neral and 
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geranial retentions can still be observed. After first three days of storage, around 65-72% 

neral and 60-65% geranial were left in different formulations. The sample with 0.01 wt% 

Q10H2 showed a relatively faster degradation rate than others after day ten. And the 0.10 

wt% Q10H2 sample had a slightly slower rate of degradation for both neral and geranial 

compared to the control. Other two Q10H2 concentrations also showed minor effect at 

early storage period. However, at later stages (i.e. after 10 days) they were proven to be 

not effective in protecting citral from degradation and even had little promotion effect. 

After 20 days of storage at 45 oC, only about 5% to 14% of neral, and 4%-12% geranial 

was left among all the formulations. At the end of the 40 days, almost all the neral and 

geranial were degraded. As under high temperature condition, the degradation was more 

rapid and complicated to compare, the purpose of the high temperature storage was to 

investigate the off-flavor compounds produced by citral degradation, the detailed results 

and discussions will be shown in later session. 

Due to different formulations, extraction methods, and storage conditions, it is 

difficult for direct and quantitative comparisons between our data with previous work. 

But the lecithin stabilized emulsions did show better protection on citral’s chemical 

degradation under similar storage time and conditions. For instance, Djordjevic et al. (57) 

prepared sodium dodecyl sulfate-chitosan (SDS-CS) and gum arabic (GA) stabilized 

emulsions to test their efficacy on the stability of citral. Almost all the neral and geranial 

were lost only after six days of storage at 37 oC in the SDS-CS stabilized emulsion, and 

around 35% of neral and geranial was left of the GA stabilized one. In contrast, our 

formulation with lecithin PC75 as the emulsifier showed better protection at the even 

harsher conditions of 45 oC storage. In which, after seven days, there were still around 
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40% neral and 36% geranial left for the sample without antioxidant. 

 

 

Figure 12. Degradation profiles of neral (a) and geranial (b) in emulsions with different 

concentrations of Q10H2 stored at 45oC in comparison with the control. 
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3.3.3. Comparison between ubiquinol-10 and ubiquinone-10 

A previous study (77) indicated that ubiquinone-10 (Q10), unlike Q10H2, exerts no 

antioxidant activity to inhibit lipid peroxidation in vitro. In order to systematically 

investigate the effect of Q10 on inhibition of citral’s degradation, a set of experiments 

were also conducted to compare 0.10 wt% of Q10 in the emulsion formulation and the one 

with same concentration of Q10H2 as previously tested. Similar emulsion particle size 

distributions and profiles were recorded for the formulation with 0.10 wt% Q10. The 

freshly-prepared citral nanoemulsion had a mean particle size of 107.0±1.6 nm. After 40 

days of storage, a slight increment of 26 nm was observed at 25 oC. In the 45 oC storage 

condition, the emulsion particle size increased by about 75 nm to a value of 182.0±9.6 

nm (data not shown), which was in the same range as the control and other formulations 

with differing concentrations of Q10H2. To investigate the effect of Q10 on citral’s 

stability, GC measurements of both neral and geranial’s degradation rates during the 

storage time were also obtained under 25 oC (Fig. 13) and 45 oC (Fig. 14) storage 

conditions. With the incorporation of 0.10 wt% Q10, no significant difference was 

observed in neral and geranial degradation compared with control under 25 oC, and less 

effective as the same concentration of Q10H2, indicating Q10 could not protect citral from 

chemical degradation, though it will neither promote the degradation. While under 45 oC 

storage condition, citral degraded slightly faster in the sample with Q10 than in the 

control. 
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Figure 13. Degradation profiles of neral (a) and geranial (b) in emulsions with 0.10 wt% 

of Q10 stored at 25oC in comparison with the control. 
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Figure 14. Degradation profiles of neral (a) and geranial (b) in emulsions with 0.10 wt% 

of Q10 stored at 45oC in comparison with the control. 
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3.3.4. Evaluation of the major citral degradation compounds 

Citral was completely degraded after 40 days of storage at 45 oC. Four major 

citral degradation products (p-cresol, α,p-dimethylstyrene, p-mentha-1,5-dien-8-ol, and p-

methylacetophenone) were detected and quantified throughout the storage period, with 

mass spectrum and retention index that agrees with authentic compounds purchased from 

Sigma-Aldrich (St. Louis, MO). Among which, three of them were oxidation products, 

only p-mentha-1,5-dien-8-ol was the acid-catalyzed reaction products (56). Moreover, 

some other degradation products like p-cymene, p-cymen-8-ol, and many monoterpene 

alcohols could not be detected. Therefore, it can be concluded that encapsulation of citral 

in oil phase of nanoemulsion can effectively isolate protons in the acidic aqueous phase, 

thus inhibits acid-catalyzed degradation reactions as we previously observed (53). The 

detailed generation profiles of the four detected off-flavors during the storage were 

shown in Fig. 15 (a–d). 

However, for the acid-catalyzed degradation product, p-mentha-1,5-dien-8-ol (c), 

adding Q10H2 could not effectively inhibit its formation, instead, the control showed the 

minimum levels throughout the storage time. And for the three oxidation products, 

different concentrations of Q10H2 had different effects on their generations. For p-cresol 

(a), only 0.10 wt% of Q10H2 slightly inhibited the formation of it compared to control. 

Others, especially the sample with 0.01 wt% Q10H2 actually increased the formation of p-

cresol to a higher level of 7.7±0.26 ppm on day 30 in contrast with 3.4±0.38 ppm of the 

control. For p-methylacetophenone (d), similar results were observed, with the 0.10 wt% 

Q10H2 showing the minimum detectable levels throughout the storage period. The 0.05 

wt% sample was fluctuating around comparable with the control and showed negligible 
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difference. Low (0.01%) and high (0.20%) concentration samples both promoted the 

generation of p-methylacetophenone to higher levels. Finally, it seems that the generation 

of α,p-dimethylstyrene (b), can be inhibited to certain levels by adding appropriate 

concentrations of Q10H2 (0.05%, 0.10% and 0.20%). Among which, 0.10% always 

showed the best performance. Only the 0.01% sample had slightly higher levels than the 

control. The observed results were in well accordance with the citral degradation profiles 

though. The sample (0.10 % Q10H2) with slowest degradation rate of both neral and 

geranial performed best in the off-flavor generation. Although some concentrations of 

Q10H2 (0.05% and 0.20%) showed some protection effect on citral’s degradation under 25 

oC, it turns out that they could not effectively inhibit the potent off-flavors like p-cresol 

and p-methylacetophenone under 45 oC. Also from the degradation profiles of both neral 

and geranial under 45 oC, faster degradation rates were observed of the emulsions with 

certain concentrations of Q10H2, only the 0.10% sample showed the inhibited rate 

compared with the control. These results, on the other hand, demonstrated the importance 

of the concentration of Q10H2 in the emulsion system to protect citral from degradation 

and the relevant off-flavors generation. 
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Figure 15. Generation profiles of four major citral degradation off-flavors in the 

emulsions stored at 45oC: (a) p-cresol; (b) α,p-dimethylstyrene; (c) p-mentha-1,5-dien-8-

ol; (d) p-methylacetophenone. 
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3.3.5. Effect of ubiquinol-10 on lipid oxidation 

Although lipid oxidation is not the main topic of this work, some of the lipid 

degradation products were detected during the storage tests due to the incorporation of 

MCT and lecithin in the emulsion formulations, such as 2-heptanone, 1-octen-3-ol and 

butanoic acid. The concentrations of the above mentioned degradation compounds on day 

30 (45 oC storage condition) were shown in Fig. 16. Incorporation of Q10H2 decreased the 

level of 2-heptanone, with the sample of 0.10% showing the minimum. For 1-octen-3-ol, 

only the 0.10% sample showed a decreased level. Other formulations all had relatively 

higher values than the control. The data of butanoic acid showed the sample with 0.01% 

Q10H2 had higher amounts than the control, and others all worked better than the control. 

These results were complicated and need more interpretations and support to better define 

the effect of Q10H2 and role of its concentrations on lipid oxidation. It is widely accepted 

that addition of antioxidants into emulsions would retard lipid oxidation through 

inactivating free radicals, scavenging oxygen, and other oxidative molecules, while the 

concentration of antioxidant in specific system and the potential switch from anti- to pro-

oxidant at critical levels should be drawn more attention according to this research. 

 

Figure 16. Concentrations of lipid degradation products from the emulsions stored at 

45oC for 30 days: (a) 2-heptanone; (b) 1-octen-3-ol; (c) butanoic acid. 
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3.4. Conclusions 

In summary, the effects of different concentrations of Q10H2 on citral’s stability 

were systematically investigated and compared in the citral-loaded oil-in-water (O/W) 

nanoemulsions. Among all the tested formulations, the optimum concentration of Q10H2 

was determined to be 0.10 wt% (Q10H2/citral ratio 1:1), which can effectively protect 

citral from chemical degradation and oxidation in the system. However, 0.01 wt% Q10H2 

was proven to have no protection effect, and may induce the Q10
• −/Q10 redox transition, 

which gave Q10H2 pro-oxidant properties. Further increasing Q10H2 concentration beyond 

a certain value (e.g. 0.20 wt%) also hindered its efficacy. Major off-flavor compounds 

from citral degradation were monitored throughout the storage, and the major oxidation 

products, i.e., p-cresol, p-methylacetophenone, α,p-dimethylstyrene, and some of the lipid 

degradation products could be properly inhibited with the optimum Q10H2 concentration. 

The oxidized form of Q10 was determined to have no protection effect on citral’s 

chemical stability and the off-flavor generation. This study provided detailed and 

quantitative data for reference of the CoQ10 incorporated emulsion systems in inhibiting 

citral degradation and preventing the corresponding off-flavor generation. Besides the 

chemical antioxidant property in protecting sensitive flavor compounds, CoQ10 can also 

serve as a functional ingredient to improve human health. Thus new strategies can be 

inspired for food industry to develop multi-functional food products with improved 

sensory and human health. 
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CHAPTER 4: EFFECT OF EMULSIFIER TYPE ON THE FORMATION OF 

NANOEMULSION AND CITRAL STABILITY IN THESE SYSTEMS 

4.1. Introduction 

There has been increasing consumer demand for clean label products made with 

more natural, sustainable ingredients in the food industry. Being an integral part of 

emulsion, emulsifier is also experiencing its transition from synthetic to natural 

alternatives to align this big trend. However, due to limitation in performance, versatility 

and cost, the real application of natural emulsifier is still very limited. Synthetic 

surfactants such as Tweens and Spans together with some animal protein based 

emulsifiers are still the predominant candidates for various food product applications. 

Obviously, more studies on comparing and identifying promising natural emulsifiers for 

specific food applications need to be performed. Up to now, no comprehensive research 

has been published regarding citral’s stability and off-flavor generation in emulsions 

stabilized by different types of emulsifiers. Only few reported the influence of some 

biopolymer stabilized emulsions on the stability of citral (57, 58). The purpose of this 

study was therefore to directly compare the effects of some promising natural emulsifiers 

with synthetic surfactants in stabilizing O/W emulsions, and with specific interest in 

investigating citral’s stability in these systems. 

Currently, the candidate pool of natural emulsifier is limited compared with the 

synthetic materials. Only four categories of natural amphiphilic ingredients are 

recognized, including proteins, polysaccharides, saponins and phospholipids (137). 

However since most natural emulsifiers cannot be used to form emulsions using low-

energy approaches, we selected candidates based on its compatibility with high-energy 
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approaches in assembling nanoemulsions. Common proteins (lactoglobulin, serum 

albumin, casein etc.) and polysaccharides (gum arabic, pectin etc.) can form regular 

emulsions, but are more challengeable to produce emulsions with particle size smaller 

than 200 nm (d), due to relative big molecular size of these biopolymers and high 

surfactant-to-oil ratio (SOR) needed to stabilize emulsion droplets. Moreover, 

polysaccharides and proteins may be depolymerized or denatured with the high local 

temperature and pressure generated by high-energy methods, which can adversely affect 

their functionality. Therefore, in the current study, we focused on evaluating the 

performances of small molecular surfactants, which can achieve much reduced SOR and 

particle size with high-energy methods. 

If brief, five types of highly recognized and promising natural and synthetic 

emulsifiers were selected for evaluation and comparison: polysorbate, saponin, sugar 

ester, lecithin and lyso-lecithin. Correspondingly, model compounds were identified for 

representing each of these categories, including Tween 80, Q-Naturale, sucrose 

monopalmitate (SMP), PC75 lecithin and LPC20 lyso-lecithin. Among them, polysorbate 

80 and SMP are synthetic, while Q-Naturale, PC75 and LPC20 are considered to be 

natural or natural derived. The detailed information of these five surfactants is 

summarized in Table 7. Based on similarity in their molecular weights, Tween 80 was 

coupled with Q-Naturale® for comparison, and SMP was evaluated against PC75 and 

LPC20. The overall performances of these compounds in stabilizing nanoemulsion and 

citral were systematically investigated and elucidated. 
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Table 7. Properties of model synthetic and natural emulsifiers used for comparison. 

Emulsifier Category Source HLB Charge Mw 
(g/mol) Molecular Structure 

Tween 80 Polysorbate Synthetic 15 Non-
ionic 1310 

 

Q-Naturale Saponin Natural 13.5 Ionic ~1650-
2000 

 

Sucrose 
Monopalm-
itate (SMP) 

Sugar ester Synthetic 18 Non-
ionic 580 

 

PC75 Lecithin Natural 9 Ionic ~760-
800 * 

 

LPC20 Lyso-
lecithin 

Natural 
derived/
Clean 
label 

12 Ionic ~500 * 

 

* Molecular weights of PC75 and LPC20 were estimated based on pure phosphatidylcholine (PC) and pure 

lyso-PC. A palmitoyl/oleoyl (C16:0/C18:1) -PC was shown to represent the molecular structure of PC75. 

4.2. Materials and methods 

4.2.1. Materials 

Tween 80 was purchased from Sigma-Aldrich (St. Louis, MO); Q-Naturale® 200 

was provided by Ingredion Inc. (Bridgewater, NJ); Habo Monoester P90 containing 90% 

of sucrose monopalmitate was obtained from Compass Foods (Singapore); PC75 and 

LPC20 were kindly provided by American Lecithin Company (Oxford, CT). Neobee 

1053 MCT was obtained from Stepan Co. (Northfield, IL). Citral (mixture of neral and 
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geranial, 95% pure), undecane, and other chemicals and suppliers were purchased from 

Sigma-Aldrich (St. Louis, MO). Milli-Q water was used throughout the experiments 

when needed. 

4.2.2. Nanoemulsion preparation 

In brief, five citral-loaded (0.1 wt%) nanoemulsions were made with each of the 

above mentioned emulsifiers. For nanoemulsion systems, the water phase was composed 

of pH 3.5 citric acid buffer (88.34 wt%) and emulsifier (1.5 wt%), together with EDTA 

(0.05 wt%) as chelating agent. Since the commercial Q-Naturale® 200 product only 

contains 14% of the Quillaja extract (active ingredient), therefore 10.7 wt% of Q-

Naturale® was added in 79.14 wt% buffer, which gives the equivalent amount of 1.5 wt% 

of emulsifier in the final composition. The oil phase was composed of MCT (10 wt%), 

citral (0.1 wt%) and undecane as internal standard (0.01 wt%). The mixture of each water 

and oil phase was then passed through a pre-optimized homogenization treatment: high-

shear (Ultra-Turrax T-25, IKA Works Inc.) at 15,000 rpm for 3 min, followed by high-

pressure homogenization (EmulsiFlex-C3, Avestin Inc.) at 10,000 psi for 5 cycles. Fine 

nanoemulsions stabilized with different emulsifiers were produced after the processing. 

4.2.3. Control group preparation 

Besides emulsion systems, other researchers indicated micellar structures can also 

help to protect citral from degradation (68, 69). Therefore, in this study, the control group 

was citral-loaded micelle system formed by self-assembly of Tween 80 molecules. In 

detail, 1.5 wt% of Tween 80 was dissolved in the pH 3.5 citric acid buffer before 0.1 wt% 

citral was added. Then the system was stirred for 12 h at 4 oC until citral became 
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solubilized in the Tween 80 micellar structures in the buffer system. Citral’s stability was 

compared among all the tested nanoemulsions and the control group during the storage.  

4.2.4. Storage tests 

For each emulsion and the control micelle solution containing citral, 10 grams of 

sample was weighed and transferred into a 20 mL amber glass vial with screw cap 

(PTFE/silicone septum, Supelco Analytical) designed for SPME immediately after 

preparation. All vials with emulsion samples were divided into two groups, with one 

stored at 25 oC, and the other stored at 50 oC, both kept under dark conditions throughout 

the experiments. During the storage, physical stability of emulsions was evaluated by 

monitoring mean particle sizes, distribution profiles and surface charges of the emulsion 

droplets. Citral’s stability was assessed by measuring both neral and geranial’s 

degradation trends in all tested samples. 

4.2.5. Particle size distribution and zeta potential measurements 

The particle sizes distributions were measured by Dynamic light scattering (DLS) 

using a Zetasizer Nano ZS (Malvern Instruments, U.K.) with a 3 mW He-Ne laser at 633 

nm. The unit collects light back-scattered at an angle of 173o. Citral-loaded emulsion 

samples together with micelle solutions were diluted with pH 3.5 buffers for 100 times 

before analyzing. After thermal equilibration of the sample, autocorrelation functions 

were collected using acquisition times of 30 - 60 s per correlation function. Measured 

autocorrelation functions were converted into particle size distribution and z-average size 

by using the “narrow modes” algorithm. 
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Zeta-potential measurement of the citral-loaded emulsion systems were performed 

using the same Zetasizer instrument with micro-electrophoresis. The instrument uses a 

Phase Analysis Light Scattering method to measure the electrophoretic mobility of 

particles in solution. The Smoluchowshi equation is used to calculate the zeta potential of 

the particles in solution. Emulsion samples were diluted 100× with pH 3.5 buffer in 

disposable capillary cells and measured by a ZEN1002 type Dip cell probe with electrode. 

Measurements were performed in triplicate. 

4.2.6. Measurement of citral 

To measure citral’s two isomers (neral & geranial) and different degradation 

compounds, we used an Agilent 6850 gas chromatography equipped with a J&W DB-

5MS capillary column (30 m × 0.25 mm i.d.; 0.25 μm film thickness) and a flame 

ionization detector (FID). The program of GC was set to our previous optimized 

conditions as mentioned in Section 3.2.4. For extraction of neral, geranial and volatile 

degradation compounds, a manual sampling SPME fiber holder with a 65 μm 

PDMS/DVB fiber (needle size 23 ga) was used. The SPME fiber was exposed in the 

headspace of the amber glass vials with emulsion samples under constant magnetic 

stirring for 40 min at 50 oC until adsorption equilibrium reached. Then, it was inserted 

into the injection sleeve immediately and held for 5 min for complete desorption. 

Undecane was used as an internal standard to quantify neral, geranial and the degradation 

compounds. 

4.2.7. GC-Mass analysis of degradation products 

To determine key degradation products of citral and some lipid oxidation 

products, we used an Agilent 6890 GC equipped with an Agilent 5973 mass detector and 
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a capillary column with the same specification of the GC measurements. The oven 

temperature program and gas flow rates were also kept the same as described above. The 

ionization voltage was held at 70 eV and the ion temperature was set at 280 oC. Authentic 

compounds for major citral degradation products (p-cresol, α,p-dimethylstyrene, p-

metha-1,5-dien-8-ol and p-methylacetophenone) and lipid degradation products 

(heptanal, pentanal) were purchased from Sigma Aldrich (St. Louis, MO) for matching 

the mass spectrum and retention index. 

4.2.8. Statistical analysis 

All measurements regarding citral’s degradation and off-flavor generation were 

duplicated. The mean and standard deviation were calculated from these measurements. 

When necessary, we analyzed data with t-test by SigmaPlot 12.0 software to define 

significant difference (p < 0.05). 

4.3. Results and discussion 

4.3.1. Physical stability of citral-loaded colloidal systems during storage 

The physical stability of all citral-loaded emulsions together with the micelle 

system (control group) were monitored for particle sizes and surface charges (zeta-

potential) during a 60-day storage test at both 25 and 50 oC. Fig. 17 shows the particle 

size distribution profiles together with the mean sizes for each of the fresh made (Day 0) 

emulsions and micelles. From the results, citral-loaded micelles formed by Tween 80 

showed an average size of 11.05 nm, significantly smaller than all the emulsion droplets. 

Which is predictable, since micelles assembled by polysorbate molecules usually result in 

particle sizes around 5-10 nm in aqueous systems, with citral molecules aligned or 

incorporated within its hydrophobic region, the micelle size slightly increases. While all 
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the emulsions stabilized by different emulsifiers had similar distributions and mean 

particle sizes (140 - 160 nm range), indicating that the tested compounds had similar 

emulsifying properties under our defined processing condition, which produced small-

size, monomodal distribution nanoemulsions. Among which, the LPC20 (141.9 nm) and 

Q-Naturale (144.4 nm) stabilized nanoemulsions produced relatively smaller sizes 

compared with others. 

Particle size distribution by intensity (Day 0)
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Figure 17. Particle size distribution profiles of citral-loaded colloidal systems (Day 0): 

nanoemulsions stabilized with different emulsifiers (Tween 80, Q-Naturale, SMP, PC75, 

LPC20) and micelles formed by Tween 80 molecules. 

Then, all these colloidal systems were continuously monitored with their particle 

size changes for 60 days. Results were summarized in Fig. 18. The size of citral-loaded 

micelles didn’t change much during the entire storage time, which fluctuated around 10-

13 nm. However, the particle sizes of all the nanoemulsions generally increased during 
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the storage at both temperature conditions. Fig. 18 (a) shows the particle size changes 

monitored at 25 oC storage, and Fig. 18 (b) indicates the 50 oC storage results. At 25 oC, 

the particle sizes of emulsions increased slightly. All the emulsions had a slow growth of 

about 25-50 nm in particle sizes after 60 day storage. While at elevated temperature (50 

oC), an approximately 40-85 nm increment was observed with mush faster rates for all 

samples due to the greater thermodynamic moving rates of particles. Quantitative results 

of the differences in mean particle size of emulsions after 60 days of storage were 

summarized in Table 8. Among all tested emulsifiers, Q-Naturale stabilized emulsions 

had the minimum size growth at both temperature conditions after 60 days, followed by 

LPC20, SMP, and Tween 80 stabilized emulsions. The PC75 stabilized emulsion, 

however, showed relatively higher increment at both storages conditions. Nevertheless, 

all emulsions showed relatively good physical stability during the storage at both 

temperature conditions, no phase separation or creaming occurred in any samples after 60 

days. The particle size distributions still maintained monomodal but were slightly shifted 

to higher size range and broader distributions were observed (data not shown).  

It is widely accepted that the physical stability of emulsions are strongly 

correlated with the dispersed particle stability against flocculation and coalescence. 

Obviously, the smaller initial size and more stable of particles against growth, the higher 

physical stability of emulsion would be. Therefore, based on the observed trends, the 

physical stabilities of all nanoemulsions stabilized with the five tested emulsifiers were 

ranked in decreasing sequences as follows: Q-Naturale > LPC20 > SMP > Tween 80 > 

PC75.  
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Figure 18. Mean particle size changes of citral-loaded colloidal systems stored at 25 oC 

(a) and 50 oC (b) during 60 days. Data represent the mean ± standard deviation (n=3). 

  

(a) 25 oC 

(b) 50 oC 
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Table 8. Mean particle size increments (nm) of citral-loaded emulsion systems stored at 

25 oC and 50 oC after 60 days. 

  Tween 80 Q-Naturale SMP PC75 LPC20 

25 oC 
Day 0 151.9 144.4 150.4 162.2 141.9 
Day 60 185.7 161.2 179.1 213.2 165.8 

Difference 33.8 16.8 28.7 51.0 23.9 

50 oC 
Day 0 151.9 144.4 150.4 162.2 141.9 
Day 60 218.2 180.6 194.2 248.3 186.8 

Difference 66.3 36.2 43.8 86.1 44.9 
 

At the same time during the storage, we also measured the surface charge (zeta-

potential) of all the emulsion droplets stabilized by different emulsifiers. Fig. 19 shows 

the results of the surface charge distributions of freshly made emulsion droplets at day 0. 

Due to the ionic nature of some molecules, emulsions stabilized by LPC20, PC75 and Q-

Naturale showed highly negative charges at pH 3.5 (greater than -30 mV); with LPC20 

stabilized one had the most negative charge of -48.6 mV. Tween 80 is non-ionic, 

therefore the average zeta-potential was close to zero. Interestingly, emulsion droplets 

stabilized by non-ionic SMP also carried slightly negative charge (-11.0 mV), probably 

due to the presence of some impurities, such as free fatty acids in the SMP samples, since 

the SMP is only 90 % pure. It is worth mentioning that the zeta-potential of all samples 

didn’t change significantly during storage, though the negatively charged emulsions 

became slightly more negative after 60 days of storage (data not shown). 

Usually, high surface charge indicates strong electrostatic repulsions existing 

between droplets, which prevent them from flocculation and coalescence. Therefore, the 

surface charge can also be used as a reference to indicate the stability of colloidal 

systems. However, no correlation was found from our results of surface charge with 
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emulsion stability. Especially for the PC75 stabilized emulsion, which carried highly 

negative charges, however, was less stability compared with others. Therefore, there must 

be other factors involved in the instability of emulsions, which will be raised and 

explained in the later session. 

 

Figure 19. Droplet surface charge distributions and average zeta-potential of citral-

loaded emulsions stabilized by different emulsifiers (day 0). 

4.3.2. Stability of citral in micelle and emulsion systems 

Citral’s chemical stability was determined by measuring both neral and geranial’s 

contents in all tested formulations at 25 oC and 50 oC storage for 35 days. Fig. 20 shows 

the results of 25 oC storage. At 25 oC, both neral and geranial showed similar degradation 

trends, with neral degraded slightly faster than geranial. Among tested formulations, 

micelle system was proved to be least effective in protecting citral from degradation. 

After 1 week storage at 25 oC, only about 41.2% of neral and 72.2% of geranial were left. 

And by the end of 35 days storage, levels of neral and geranial further dropped to 12.3% 
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and 29.8% respectively. Compared with micelle, much higher levels of neral and geranial 

were retained in all tested emulsion systems. Among them, the one stabilized with Q-

Naturale showed the best and superior effect in maintaining citral’s stability. Results 

indicated more than 70% of neral and 92% of geranial were still left after 35 days storage 

at 25 oC. LPC20 and SMP stabilized emulsions had similar but slightly faster citral 

degradation rates compared with Q-Naturale. Followed next was the Tween 80 stabilized 

one, which showed even more accelerated rates. And finally, the PC75 stabilized 

emulsion had the fastest degradation trends of both neral and geranial among all tested 

emulsion systems. By the end of storage test, only 46.2% of neral and 61.5% of geranial 

were left. While under the 50 oC storage, much increased degradation rates of both neral 

and geranial in all systems were observed (Fig. 21). However, the trends were generally 

the same as the 25 oC storage. As shown in the plot, citral in micelle system degraded 

most rapidly. Only 8.2% of neral and 20.3% of geranial were left after 7 days storage at 

50 oC. And by the end of 35 days, all neral and geranial were completely gone. For 

emulsion systems, Q-Naturale stabilized one continuously performed the best among 

others. With more than 36.1% of neral and 68.2% of geranial remained after 35 days, Q-

Naturale emulsion significantly improved citral’s stability even at elevated temperature 

condition. Besides Q-Naturale, LPC20 emulsion was ranked as the second in terms of 

citral’s stability. The results for other three emulsion groups were more complicated at 50 

oC storage. At early stages, relatively faster degradation rates were observed in PC75 

stabilized emulsion than the SMP and Tween 80 ones. While by the end of storage on day 

35, similar levels of neral and geranial were detected in these three systems. 
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                                                 Neral (25 oC) 

 
                                               Geranial (25 oC) 

                    

Figure 20. Degradation profiles of neral (a) and geranial (b) in micelle and emulsion 

systems during storage at 25 oC. 

  

(a) 

(b) 
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                                                Neral (50 oC) 

 
                                              Geranial (50 oC) 

                    

Figure 21. Degradation profiles of neral (a) and geranial (b) in micelle and emulsion 

systems during storage at 50 oC. 

  

(a) 

(b) 
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We observed that the results of citral’s stability correlated well with emulsion 

physical stability as we summarized in section 4.3.1. Which is easy to understand, 

because citral has very limited water solubility, it may predominantly distributed at the 

oil-water interface or within the oil phase of emulsions, therefore more stable the 

emulsion was, more stable citral would be in the system. While the superior performance 

of Q-Naturale in protecting citral from degradation still intrigued us, since the results 

observed here was even better than some of our previous findings with addition of 

antioxidants in the emulsion systems (53, 67), although conditions were slightly different. 

There might be other factors involved beyond considering the physical stability of 

emulsions. We speculated that Q-Naturale may also contain antioxidant properties with 

some free radical scavenging abilities, which effectively protected citral from being 

oxidized. This hypothesis was strongly supported by a recent study by Uluata et al. (138), 

who compared the physical stability, autoxidation and photosensitized oxidation of ω-3 

oils in nanoemulsions prepared with different surfactants including quillaja saponin. The 

authors found the free radical scavenge capacity of quillaja saponin (55.6 μM Trolox 

equivalents/ μM surfactants) was significantly higher than other surfactants, as confirmed 

by ORAC assay. They also observed improved emulsion stability and inhibited lipid 

oxidation in the quillaja saponin stabilized emulsions. Their assumption was that the 

antioxidant property of quillaja saponin may come from the abundant hydroxyl groups 

distributed on its molecules. Moreover, saponins from soy had also been reported to be 

able to scavenge free radicals and superoxide anions previously (139). These existing 

evidences together with our current findings confirmed the excellent performance of 

saponin emulsifier in stabilizing emulsions and protecting oxidation sensitive ingredients. 
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4.3.3. Evaluation of the major citral degradation compounds 

The degradation of citral will not only lead to loss of the pleasant lemon aroma, 

but also generate a lot of undesired off-odors. In this study, four major citral degradation 

products (p-cresol, α,p-dimethylstyrene, p-mentha-1,5-dien-8-ol, p-methylacetophenone) 

were identified and detected during storage. The levels of these four key off-odors were 

shown in Fig. 22 (a, b, c, d) after storage at 50 oC for 35 days. Among these four off-

odors, only p-mentha-1,5-dien-8-ol is the acid-catalyzed reaction intermediate, other 

three compounds are oxidation products. From the results, significantly higher levels of 

three oxidative products were observed in the micelles system, and lowest levels were 

always observed with the emulsion stabilized by Q-Naturale, especially for p-cresol and 

p-methylacetophenone. These results were generally in consistency with the citral 

stability data, indicating higher amount of citral being degraded, higher levels of 

oxidative off-odors were generated, although some minor variations existed. Also, it 

confirmed that Q-Naturale had exceptional performances in protecting citral from 

degradation and inhibiting oxidative off-odors generation in the emulsion systems due to 

its excellent emulsifying and antioxidant properties. 

However, for p-mentha-1,5-dien-8-ol, only trace amount was detected in the 

micelle system, while higher levels were found in other emulsion systems. The reason 

probably lies in the fact that p-mentha-1,5-dien-8-ol is an intermediate compound, which 

may be further degraded. While after about 21 days storage at 50 oC, all citral in the 

micelle system were completely degraded, therefore little or no intermediate compound 

can be detected by the end of 35 days storage at elevated temperature. However, 

considerable amounts of citral were still retained in emulsion systems. Therefore certain 
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levels of this intermediate could still be detected in them. It was also notable that levels 

of p-mentha-1,5-dien-8-ol detected in emulsions systems were not correlated well with 

other oxidative off-odors, with the highest level detected in LPC20 stabilized emulsion, 

followed by Q-Naturale and PC75. Tween 80 and SMP stabilized systems had similar 

and relatively low levels. 

(a) p-cresol                                                    (b) α,p-dimethylstyrene

 

(c) p-mentha-1,5-dien-8-ol                                    (d) p-methylacetophenone 

Figure 22. Levels of four major citral degradation off-odors in all tested colloidal 

systems stored at 50 oC for 35 days: (a) p-cresol, (b) α,p-dimethylstyrene, (c) p-mentha-

1,5-dien-8-ol, (d) p-methylacetophenone. 
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4.3.4. Evaluation of lipid degradation products 

Besides monitoring citral’s chemical stability and off-flavor generations, we were 

also able to detect some lipid oxidation/degradation products during the storage tests at 

elevated temperature condition. Fig. 23 shows the detection levels of two key lipid 

oxidative degradation products (pentanal and heptanal) after storage at 50 oC for 35 days. 

Heptanal is usually derived from oxidation of n-9 mono-unsaturated fatty acid (e.g. oleic 

acid), and Pentanal is normally derived from oxidation of n-6 poly-unsaturated fatty acid 

(e.g. linoleic acid). However, we noticed that MCT, the oil phase used for this study, is 

mainly composed of saturated lipids. Thus there was low chance for MCT to be auto-

oxidized and generate considerable amounts of these lipid degradation products. We then 

found clues by looking into the structures of emulsifiers used in this study. Tween 80 

contains oleic acid (n-9) on its structure which might be prone to auto-oxidation and 

degradation at elevated temperatures. SMP itself doesn’t contain unsaturated fats, while 

the impurities inside may have degradable fats. Lecithin products usually contain 

different levels of unsaturated fatty acids. PC75, as specified in product data sheet, 

contains ~70% of unsaturated fatty acids. In contrast, lyso-lecithin LPC20 has much less 

contents of unsaturated fatty acids as claimed. These unsaturated fat contents existed in 

emulsifier structures might be the main reason for the generation of these oxidative 

degradation products.  

Based on the above information, reasonable explanation of the observed results 

can be deduced. Notably, highest amount of heptanal was observed in the PC75 stabilized 

emulsion, due to high amount of unsaturated fatty acids existed in PC75 phospholipids. 

Followed next was the LPC20 system, which had reduced levels of heptanal because of 
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lower amount of unsaturated fat content. Micelle system and Tween 80 stabilized 

emulsion were also detected with certain levels of heptanal, since polysorbate 80 

molecules contain oleic acids. Then for the SMP system, very low level of heptanal was 

detected probably due to the contribution of impurities. While no heptanal (trace level 

lower than the detectable threshold) was found in Q-Naturale stabilized emulsion, since it 

is free from lipids that are prone to degradations. For Pantanal, however, only PC75 and 

LPC20 systems were detected after 35 days storage at elevated temperature, likely due to 

the presence of some n-6 poly-unsaturated fatty acids in lecithin and lyso-lecithin 

compositions, but not in other emulsifiers.  

These results indicated unsaturated lecithin (PC75) was less stable against auto-

oxidation compared with other emulsifiers during the storage. Moreover, this observation 

can also in turn to explain the observed inconsistency results of emulsion physical 

stabilities with the corresponding surface charges properties. The emulsion stabilized by 

PC75 had strong surface charge that could positively contribute to the emulsion stability 

but was proven to be least stable among tested formulations. The reason was probably 

due to the instability of PC75 molecules during the storage. The unsaturated fatty acids 

on PC75 were easily auto-oxidized and degraded. Therefore, decreased stability of the 

molecular structure impaired its emulsifying property and further lowered the stability of 

emulsion. However, lyso-lecithin (LPC20) was less affected due to the decreased level of 

unsaturated fatty acids. Although detected with certain levels of lipid degradation 

products, the performances of LPC20 in stabilizing citral-loaded emulsion and inhibiting 

the formation of off-flavor generation were still considered to be good among all tested 

emulsifiers, only next to Q-Naturale. Because compared with lecithin, lyso-lecithin only 
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contains one tail of fatty acids in the glycerol backbone, which makes it more hydrophilic 

(higher HLB values) and thus more efficient to stabilize O/W emulsions. 

 
 

 

Figure 23. Concentrations of lipid degradation products from all tested colloidal systems 

stored at 50 oC for 35 days: (a) heptanal; (b) pentanal. 

4.4. Conclusions 

In summary, five different small molecular surfactants with synthetic or natural 

origins were tested and compared for their performances in stabilizing citral-loaded O/W 

nanoemulsions together with a micelle system composed of polysorbate 80 molecules. 

(a) 

(b) 



80 

 

Under our defined usage levels and processing conditions, all tested surfactants had 

analogous emulsifying properties to produce stable nanoemulsions with similar mean 

particle sizes and initial size distributions. Among them, Q-Naturale stabilized system 

performed slightly better than others in terms of physical stability during storage, 

followed by LPC20, SMP and Tween 80 systems. While PC75 stabilized emulsion 

showed less stability compared with others though it carried strong surface charges. As 

evidenced by the lipid degradation products generated, the reason was primarily due to 

the auto-oxidation of largely existing unsaturated fatty acids in lecithin molecules, which 

weakened its emulsifying properties and further impaired emulsion stability during 

storage. For citral’s chemical stability, emulsions were proven to be more effective in 

protecting citral from degradation than the micelle system. The effects of different 

surfactants in protecting citral from degradation and inhibition of off-odors generations 

were generally correlated with the emulsion stability results, with the Q-Naturale 

stabilized emulsion had significantly better performance than others, even in elevated 

temperature conditions. The superior ability of Q-Naturale in stabilizing citral was not 

only attributed to its excellent ability to stabilize O/W emulsions, but also its potential 

antioxidant properties. 

The current study confirmed promising effects of some natural emulsifiers, i.e. Q-

Naturale and LPC20, in stabilizing O/W nanoemulsions and protecting sensitive aromas 

(citral) in the emulsion systems. Our results will be a meaningful reference for the food 

industry to select saponin and lyso-lecithin based natural emulsifiers in replacing the 

traditional synthetic surfactants for specific flavor and beverage applications. It is worth 

mentioning that there are different types of saponin, lecithin and lyso-lecithin emulsifiers, 
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our results were only based on one specific product of each of these emulsifier categories. 

More comprehensive studies need to be done in the future to systematically investigate 

other types of natural emulsifiers with different sources and compositions. 
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CHAPTER 5: IN VITRO DETERMINATION OF COENYZME Q10 

BIOACCESSIBILITY 

5.1. Introduction 

Coenzyme Q10, a lipid soluble, physiological important compound, was selected 

as the model nutraceutical for our functional beverage system. The aim of the current 

study was to improve its extra low bioavailability by using nanoemulsion as the delivery 

system. The bioavailability of Q10 is predicted by its bioaccessibility, which can be 

obtained from simulated in vitro digestion models. Based on the formulation of citral-

loaded nanoemulsions, we further optimized our nanoemulsion formulations for Q10 

delivery by screening different triglycerides as oil phases. Then we used two in vitro 

digestion models, pH-stat lipolysis and TIM-1 systems, to kinetically determine the 

bioaccessibility fraction of Q10 in the testing formulations. Q10 oil dispersion was used as 

the control group representing common oil-based CoQ10 supplements, which will be 

compared with our optimized Q10 nanoemulsion system. 

Another objective of the current study was to determine the bioaccessibility 

differences of Q10 versus Q10H2, two major redox states of CoQ10, known as ubiquinone 

(oxidized form) and ubiquinol (reduced form) respectively. It is generally known that 

these two forms can be recycled in vivo within the mitochondrial respiratory chain by the 

action of endogenous enzymes. However, CoQ10 in endo-membranes, plasma membranes 

is extensively in the reduced form, most of the CoQ10 in serum and tissue is also in the 

reduced form (140, 141). Previous study also reported the conversion from Q10 to Q10H2 

took place in the enterocytes during its absorption (142). Therefore it is highly interesting 

to study the absorption kinetics of Q10 and Q10H2, and investigate the bioavailability 
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differences by taking these two forms as supplements. Currently, ubiquinone and 

ubiquinol are both commercially marketed. As the reduced form, ubiquinol is being 

promoted as the active antioxidant/advanced form of CoQ10. However, limited 

knowledge is garnered regarding the bioaccessibility and bioavailability differences of 

taking Q10 versus Q10H2. In order to obtain more insights, we designed comparison 

studies to investigate the bioaccessibility of Q10 and Q10H2 in our developed formulations 

by using pH-stat simulated digestion model. 

5.2. Materials and methods 

5.2.1. Materials 

Coenzyme Q10 was kindly provided by Advanced Orthomolecular Research Inc. 

(Calgary, Canada) and reduced form Q10H2 (95% UV) was purchased from Hangzhou 

Joymore Technology Co., Ltd. China. Coenzyme Q8 was purchased from Avanti Polar 

Lipids (Alabaster, AL). Neobee 1053 medium-chain triacylglycerol (MCT) together with 

other triglycerides (Neobee 1095, Wecobee FS, Wecobee S) with different fatty acid 

chain lengths and compositions were provided by Stepan Co. (Northfield, IL). Alcolec 

LPC20 lyso-lecithin was a gift from American Lecithin Co. (Oxford, CT). Q-Naturale 

200 was provided by Ingredion Inc. (Bridgewater, NJ). Sodium taurodeoxycholate 

(NaTDC) was purchased from CalBiochem (La Jolla, CA). Pancreatin with 8× USP 

specification, pepsin, trypsin, α-amylase and all other analytical chemicals and reagents 

were purchased from Sigma-Aldrich (St. Louis, MO). Fresh pig bile was obtained from 

Farm-to-Pharm (Warren, NJ). The bile was collected and standardized from a 

slaughterhouse, aliquoted for individual TIM experiments, and stored at -20 °C  until use. 
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HPLC-grade methanol and ethyl alcohol were purchased from Pharmco-AAPER 

(Brookfield, CT). Milli-Q water was used throughout the experiments when needed. 

5.2.2. Testing formulation preparation 

A food-grade nanoemulsion was designed to encapsulate and solubilize Q10, with 

the objective of improving its poor bioavailability. Based on the results from Chapter 4, 

we further fine-tuned the nanoemulsion formulation for Q10 delivery. By dissolving 0.1-

1.0 wt% of Q10 in triglyceride (9.0-9.9 wt %), the oil phase was thoroughly mixed and 

homogenized with water phase containing emulsifier (5 wt%) using an Ultra-Turrax T-25 

high-speed homogenizer (IKA Works Inc., Wilmington, DE) at 24,000 rpm for 3 min 

followed by homogenization using an EmulsiFlex-C3 high-pressure homogenizer 

(Avestin Inc., Ottawa, Canada) for 6 cycles at 150 MPa. The control group, Q10 oil 

dispersion, was prepared at the same concentration in the oil phase as in the 

nanoemulsion representing the standard lipid-based Q10 supplements.  

5.2.3. Titration based pH-stat lipolysis model 

The in vitro lipolysis model (fed-state) was carried out using the method 

described previously (143). In brief, the lipolysis buffer was composed of Tris maleate, 

NaCl, CaCl2·H 2O, NaTDC, and phosphatidylcholine in concentrations of 50, 150, 5, 20, 

and 5 mM, respectively, to mimic the high concentrations of bile salts and endogenous 

phospholipids in the small intestine lumen. Pancreatin solution was prepared by mixing 1 

g of pancreatin powder with 5 mL of the lipolysis buffer, followed by 15 min 

centrifugation at 2,000 rpm, collection of the supernatant was kept on ice until use. 

Samples containing 0.25 g of lipids were added to 9 mL lipolysis buffers. Then 1 mL 

pancreatin solution was added to initiate lipolysis under constant mixing. During the 2 h 
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simulated digestion, the system pH was controlled at 7.50 ± 0.02 by adding 0.25 mol/L 

NaOH at 37 °C. The NaOH concentration vs. time was recorded throughout the 

experiment, and the total NaOH consumed was obtained for final calculation. Upon 

completion, the whole lipolysis liquid was ultracentrifuged at 4 °C and 50,000 rpm for 1 

h (Ti 60 rotor, Beckman Coulter). The middle aqueous phase of micellar Q10 was 

collected and filtered using 0.22 µm filters before the HPLC analysis. 

5.2.4. Determination of the extent of lipolysis and bioaccessibility 

According to stoichiometric ratio, it assumes that upon digestion, one mol of 

triglyceride releases two mols of free fatty acids (FFAs) and consumes two mols of 

NaOH for neutralization to maintain the pH. The extent of lipolysis, defined as the 

percentage of triglycerides digested during lipolysis, may be determined from the total 

amount of NaOH consumed. A control was tested using either a water solution (for oil 

dispersion samples) or a corresponding emulsifier solution (for emulsion samples), and 

the amount of NaOH used for the mock lipolysis was subtracted from the Q10 samples. 

The following equation describes the calculation of extent of lipolysis: 

Extent of Lipolysis =
V NaOH (t) × C NaOH × Mw,lipid

2 × m lipid
× 100% 

where V NaOH (t) is the volume of NaOH titrated into the reaction vessel at the digestion 

time (t) to neutralize the FFAs released. C NaOH is the concentration of NaOH (mol/L), 

and Mw, lipid is the average molecular weight of the lipid (g/mol). In this experiment, MCT 

has an average Mw of 503 g/mol and m lipid is the total mass of digestible lipid added (g). 

The corresponding Q10 bioaccessibility of can be calculated as follows: 
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Q10 Bioaccessibility =  
Total mass of solubilized Q10

Total mass of Q10 input
 × 100% 

The mass of solubilized Q10 is calculated by the product of the concentration of 

Q10 in the aqueous phase and the total volume. 

5.2.5. TIM-1 model  

The schematic representation of the TIM-1 dynamic model is shown in Fig. 24. 

This in vitro gastrointestinal model mimics the digestive tract utilizing four 

compartments: stomach, duodenum, jejunum, and ileum. Each compartment is infused 

with defined start residues that resemble the actual physiological gastrointestinal 

conditions. In short, the formulations “meals” were tested during 4 h simulated digestions 

of the TIM-1 model in the fed-state. The “meal” (300 g) was prepared by combining 100 

g sample (Q10 nanoemulsion or oil dispersion with same Q10 content), 95 g gastric 

electrolyte solution, 50 g water, 5 g gastric enzyme solution and 50 g water. Secretions of 

HCl (1M), sodium bicarbonate (1M), digestive fluids were modulated with pre-

programmed flow rates, the pH curves, gastric emptying rates, and intestinal transit times. 

The surrounding water jackets controlled the temperature at 37 °C and simulated 

peristalsis by pressurizing the fluid. The Q10 in filtrates, passed through the capillary 

membranes (Spectrum Milikros modules M80S-300-01P, with 0.05 μm pore size) at the 

jejunum and ileum compartments, were defined as the soluble micellar fraction available 

for absorption, i.e. bioaccessible fraction. During the digestion, jejunum and ileum 

filtrates were collected in every 30 min fraction, and samples were immediately stored at 

-20 °C until analysis. 
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Figure 24. The cabinet of the in vitro gastrointestinal model, TIM-1: (a) food inlet, (b) 

gastric compartment, (c) duodenum compartment, (d) jejunum compartment, (e) ileum 

compartment, (f) semi-permeable hollow fiber membrane, (g) pyloric sphincter, (h) 

peristaltic valve, (i) ileo-caecal sphincter. 
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5.2.6. Extraction and analysis of Q10 

The concentration of Q10 in the aqueous phases (pH-stat lipolysis) and filtrates 

(TIM-1) were determined using an UltiMate 3000 HPLC system (Dionex) with a UV-

VIS absorption detector at 275 nm and a reverse phase Luna® 3 µm C18, 150 × 4.6 mm 

column (Phenomenex). The mobile phase was ethyl alcohol / methanol (60:40, v/v) with 

isocratic elution at a flow rate of 1 mL/min. For the pH-stat lipolysis samples, 200 μL of 

the aqueous phase was filtered through a 0.22 μm filter and mixed with 400 μL ethanol 

for direct HPLC analysis. For the TIM-1 samples, upon thawing under room temperature 

and mixing the filtrates, 1 mL of each sample was transferred into small vials. Coenzyme 

Q8 as the internal standard (I.S.) was added to the filtrates. Then 5 mL of n-hexane was 

added to each sample and vortex for 3 min to extract the Q10 from the filtrates. After 

centrifugation, the top n-hexane layer was transferred into a new vial and then dried 

under nitrogen, reconstituted in ethanol, and analyzed by HPLC. To prevent Q10 from 

photo degradation, all the procedures were conducted under dim light. 

5.2.7. Measurements of the bioaccessibility of Q10 versus Q10H2 

Both oil dispersions and nanoemulsions were prepared using Q10 and Q10H2 at the 

same level of 0.1 wt% for bioaccessibility determination using the pH-stat model. After 

simulated digestion, the bioaccessible fractions were quantitatively determined by HPLC. 

Due to the inevitable exposure of Q10H2 in the oxidative stress during sample preparation, 

such as homogenization and extraction, certain portion of Q10H2 might be oxidized into 

Q10 before, during or after digestion. Therefore, for the bioaccessibility determination of 

Q10H2 formulas, reducing agent NaBH4 was used to treat the samples before HPLC 

analysis. 
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5.2.8. Statistical analysis 

The pH-stat lipolysis experiments were performed in triplicate for each sample. 

TIM-1 experiments were duplicated for each sample, and each sample duplicate was 

analyzed in two technical duplicates. All data were expressed as the mean ± standard 

deviation. When appropriate, data were analyzed by SigmaPlot 12.0 software with a 

student t-test or one-way analysis of variance (ANOVA). Significant difference was 

defined at p < 0.05. 

5.3. Results and discussion 

5.3.1. Nanoemulsion formulation optimization for Q10 

Since Q10 is a lipid soluble nutraceutical, the lipid phase of nanoemulsion was 

further investigated with different lipids. Four triglycerides with varying chain lengths 

and compositions were selected as the candidates for oil phase. The detailed 

physicochemical properties of these lipids are listed in Table 9. Among them, two 

Neobee oils are considered as medium chain triglycerides (MCT), and other two 

Wecobee oils are mixtures of long chain triglycerides (LCT). As a general role, the 

melting point of a lipid is positively correlated with its chain length/molecular weight. 

And usually saturated fatty acids have higher melting points than the unsaturated fatty 

acids due to more linear molecular geometries, which allow the fatty acids molecules to 

be more closely stacked together, thus result in stronger intermolecular interactions and 

higher melting points. In this study, all the lipids are saturated triglycerides, and only 

Neobee 1053 MCT is liquid oil, other three lipids are considered as solid lipids under 

room temperature. 
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Table 9. Properties of four different lipid candidates as oil phase. 

Triglycerides Neobee 1053 Neobee 1095 Wecobee FS Wecobee S 

Composition C8:0=55% 
C10:0=44% C10:0=96% 

C12:0=47.4% 
C14:0=15.3% 
C16:0=8.3% 

C18:0=19.4% 

C12:0=39.5% 
C14:0=12.9% 
C16:0=10.1% 
C18:0=26.5% 

Melting Point 
°C (°F) -5 (23) 32 (90) 39.8 (103.6) 44 (111) 

Saponification 
Value 334 325 244 240 

 

Then, the lipolysis raw curves of these four lipids (Fig. 25 A) were obtained by 

recording their corresponding digestion time vs. volumes of NaOH consumed. And the 

extent of lipolysis was calculated according to the above mentioned equation and shown 

in Fig. 25 B. 

It is reported that the digestion rate of MCT was greater than LCT, and was 

independent of bile salt concentration (144). Our in vitro lipolysis results confirmed this 

observation, and further indicated that chain length of a lipid was negatively correlated 

with its rate and extent of digestion. Neobee 1053, being the shortest chain length lipid 

tested, had the fastest digestion rate and highest extent of lipolysis after 2 hours. 

Therefore, to accelerate digestion, we selected Neobee 1053 MCT, consisting of 55% 

caprylic and 44% capric triglyceride, as the oil phase to further prepare our Q10 loaded 

oil-in-water (O/W) nanoemulsion.  



91 

 

 

 

Figure 25. (a) Lipolysis curves (digestion time vs. volume of NaOH consumed) of four 

lipids during 2 h of in vitro digestion; (b) the corresponding extents of lipolysis (%). 
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Then, based on previous results from Chapter 4 for citral-loaded nanoemulsions, 

we selected Saponin (Q-Naturale 200) and lyso-lecithin (LPC20) as the candidates of 

emulsifiers for Q10-loaded nanoemulsions. To be consistent with the previous developed 

formulas, we kept using 10 wt% of oil phase and aimed at stabilizing up to 1 wt% of Q10 

in the final formula. For low Q10 dose (0.1 wt%), which was used for in vitro 

bioaccessibility characterization, both Q-Naturale and LPC20 performed well in 

stabilizing Q10-loaded emulsions. However when Q10 loading further increased to 1 wt% 

(used for next stage in vivo bioavailability characterization), LPC20 produced more stable 

nanoemulsion than Q-Naturale (data not shown). Moreover, considering the composition 

of cell membrane is phospholipid bilayer, using phospholipid based materials may have 

the merit of altering the membrane fluidity and potentially increase the transportation and 

bioavailability of delivered nutraceuticals. Given the above reasons, we selected LPC20 

lyso-lecithin as the emulsifier for the Q10-loaded nanoemulsions in experimental designs. 

Therefore, the nanoemulsion formulation was optimized for CoQ10 delivery, with 

10% of Neobee 1053 MCT as the oil phase, 5% of lyso-lecithin as the emulsifier in the 

water phase, which was able to stable 0.1 - 1.0 wt% of CoQ10. The optimized formulation 

can achieve the initial particle size of nanoemulsion to be ~105 nm after the defined 

homogenization conditions. And during a two-month storage test at 25 oC, only slight 

increase in particle size was recorded, no creaming or phase separation was observed 

(data not shown). 

5.3.2. Using pH-stat model to determine the bioaccessibility of Q10 formulations 

Utilizing the pH-stat lipolysis model, both the Q10 nanoemulsion and Q10 oil 

dispersion had a high degree of lipolysis (Figure 26A). Lipids were readily digested to 
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free fatty acids during the 2 h lipolysis experiments for the nanoemulsion sample while 

about 90% of the triglycerides, in Q10 oil dispersion were hydrolyzed after 2 h. Although 

the extent of lipolysis was not in huge different, the rate of lipolysis in the first 20 min 

was significantly higher for the nanoemulsion compared to the oil dispersion. In the first 

5 min, approximately 70 % of lipids were rapidly digested in the nanoemulsion, while for 

the MCT dispersion only 24 % of oil was hydrolyzed. This observation is congruent with 

previous work (44), and can be possibly attributed to the larger oil-water interfacial area 

of nanoemulsion droplets compared with the bulk oil phase and thus facilitates lipase 

hydrolysis. The bioaccessible Q10 fraction in the nanoemulsion was 77.11% and 16.35% 

in the oil dispersion (Figure 26B). The formulated nanoemulsion improved the 

bioaccessibility of Q10 by a factor of nearly 5 compared with the oil dispersion sample. 
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Figure 26. (a) pH-stat in vitro lipolysis digestion curve (extent of lipolysis) of Q10 

nanoemulsion and Q10 oil dispersion samples; (b) The Q10 bioaccessibility (% of input) 

after lipolysis in Q10 nanoemulsion and Q10 oil dispersion samples. 
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5.3.3. Using TIM-1 model to determine the bioaccessibility of Q10 formulations 

The aforementioned Q10 nanoemulsion and oil dispersion were also tested using 

the TIM-1 model. The Q10 concentrations in jejunum and ileum filtrates were analyzed 

and back calculated the Q10 bioaccessibility at 30 min time intervals (Fig. 27). During the 

4 h digestion, the bioaccessible fraction of Q10 at each 30 min interval varied, but the 

general trends for the two formulations were with similar. For the nanoemulsion, 

negligible Q10 was detected in jejunum filtrates during the first 30 min. After 30 min, the 

bioaccessible fraction increased gradually and the highest concentration was achieved 

between 150 and 180 min at 10.1% Q10. The concentration then continually decreased 

until the end of digestion (Fig. 27A). Compared with jejunum, much lower concentration 

of Q10 became bioaccessible in ileum (Fig. 27B), indicating that most of release of Q10 

was assembled into micellar form and readily absorbed in jejunum, while the remaining 

fraction was further assimilated in ileum. It was observed that the bioaccessible Q10 in 

ileum increased with time fraction during the entire digestion process, which was in part 

due to the time lag of the chyme passing through the digestive tract. Being the latter part 

of the small intestine, the peak Q10 concentration occurred later in ileum than in the 

jejunum. The overall Q10 bioaccessibility was defined as the sum of bioaccessible 

fraction of Q10 accumulated in both jejunum and ileum filtrates for the 4 hrs. The overall 

bioaccessibility of Q10 from the nanoemulsion formulation was accumulated for each 30 

min sample (Fig. 27C) and followed the trends seen in Fig 19A, with an increasing 

amount of Q10 became bioaccessible at early stage of digestion, and the peak 

concentration observed between 150 and 180 min. 
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Figure 27. Bioaccessible Q10 fraction (% of input) accumulated in every 30-min 

digestion period from different parts of the TIM-1 model. (a) Bioaccessible Q10 fraction 

in jejunum filtrates from nanoemulsion; (b) Bioaccessible Q10 fraction in ileum filtrates 

from nanoemulsion; (c) Total bioaccessible Q10 fraction in both jejunum and ileum 

filtrates from nanoemulsion; (d) Bioaccessible Q10 fraction in jejunum filtrates from oil 
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dispersion; (e) Bioaccessible Q10 fraction in ileum filtrates from oil dispersion; (f) Total 

bioaccessible Q10 fraction in both jejunum and ileum filtrates from oil dispersion. 

 

In contract, the Q10 oil dispersion showed decreased Q10 bioaccessibility in both 

jejunum and ileum filtrates (Fig. 27D, 27E) and the overall bioaccessible fractions (Fig. 

27F).  The Q10 concentration plateaued at 1.83% between 180 and 210 min. A delayed 

peak indicated a slower digestion of oil sample compared with nanoemulsion, which was 

in accordance with the results obtained using the pH-stat lipolysis curve. In a comparable 

overview, the accumulative Q10 bioaccessibility of the two formulations in jejunum, 

ileum and the combined (jej.+ile.) total were plotted in Fig. 28. In the jejunum, the Q10 

bioaccessibility was 27.07% for the nanoemulsion compared to 4.59% for the oil 

dispersion (Fig. 28A). In the ileum it was 2.13% and 0.43% for the nanoemulsion and oil 

dispersion samples, respectively (Fig. 28B). Taken together (Fig. 28C), for the 

nanoemulsion, the total Q10 bioaccessibility was 29.20% compared to 5.02% for the oil 

dispersion, indicating a nearly 6× increase in the bioaccessibility. 
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Figure 28. Cumulative Q10 bioaccessibility (% of input) recovered during the 4h of 

digestion in TIM-1 model for both Q10 nanoemulsion and Q10 oil dispersion. (a) 

Cumulative Q10 bioaccessibility in jejunum; (b) Cumulative Q10 bioaccessibility in ileum; 

(c) Overall cumulative Q10 bioaccessibility in both jejunum and ileum. 
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5.3.4. Discussion of the results obtained from two in vitro systems 

Both in vitro systems indicated the nanoemulsion had a much higher (about 5~6×) 

bioaccessible Q10 fraction compared with oil dispersion. However, the absolute Q10 

concentration obtained from TIM-1 model were considerably lower than pH-stat model. 

29.20% of the inputted Q10 was recovered and determined bioaccessible in the TIM-1 for 

the nanoemulsion, this is in contrast to the 77.11% recovered in the pH-stat model. 

Similarly, there was a significant difference observed between of the oil dispersions in 

the two systems (TIM-1: 5.02%; pH-stat: 16.35%). The complexity and accuracy of the 

system designs and simulations account for the differences obtained. The pH-stat 

lipolysis model, as a simplified digestion model, only controlled temperature, pH, initial 

endogenous bile salts and phospholipid concentrations for digestion. Many of other 

important factors are overlooked. In most cases, a container with a stirrer surrounded by 

temperature control unit resembles the intestinal milieu in the pH-stat model poorly 

mimicking the physical conditions and the movement of digestive tract. Moreover, in the 

pH-stat model, the entire sample was completely exposed to the digestive solutions from 

the initial stage till the end of the digestion, with no defined gastric emptying, intestinal 

transit, nor dynamic secretions which modify the digestive rates. In contrast, the TIM-1 

model more accurately simulates the upper GI tract considering more physiological 

conditions. Besides simulating the concentration of digestive enzymes, concentration of 

bile salts in different regions of gut and the transit of chyme, it also mimics peristaltic 

movements. More importantly, it allows for continual sampling throughout digestion at 

jejunum and ileum independently, which is significant for investigating the digestion 

kinetics. Obviously, the bioaccessibility data obtained from TIM-1 model is more 
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convincing and meaningful to act as a reference of further in vivo studies. While the pH-

stat model may still provide some initial guidelines in the development of lipid based 

delivery systems for lipophilic nutraceuticals and drugs since it is a rapid, low cost 

method for assessing formulation. 

It is also worth mentioning that all in vitro models only simulate processes 

occurring in the lumen and do not mimic biological activities associated with 

biotransformation or metabolism. The data gathered from these in vitro models overlook 

processes occurring in later stages of the absorption cascade that define true 

bioavailability, e.g. permeability through the gut wall by active transport, intra-enterocyte 

process, efflux transporters, lymphatic transport, and post-enterocyte processes including 

hepatic first pass metabolism. Therefore, more efforts to develop in vitro-in vivo 

correlations may aid in designing more accurate in vitro models. 

5.3.5. Bioaccessibility of Q10H2 versus Q10 determined by the pH-stat model 

To better understand the differences in digestion/absorption kinetics between 

Q10H2 and Q10, the bioaccessibility of Q10H2 was determined by the pH-stat model in 

both oil dispersions and nanoemulsions. Results were compared with the previously 

obtained Q10’s bioaccessibility and summarized in Fig. 29. It was interesting that in the 

form of oil dispersion, 24.65% of Q10H2 became bioaccessible after simulated small 

intestine digestion, which was significantly higher than the 16.35% of bioaccessibility of 

Q10. However, similar bioaccessibility of Q10H2 (78.21%) and Q10 (77.11%) were 

observed in the delivery form of nanoemulsion. The increased bioaccessibility in oil 

dispersion indicated Q10H2 was more efficiently incorporated into mixed micelles 

compared with Q10. This observation was in accordance with a recently published 
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research by Failla et al (145). Where the authors reported the increased bioavailability of 

ubiquinol compared to that of ubiquinone was due to more efficient micellarization and 

improved uptake of epithelial cells. While in the form of nanoemulsion, our results 

indicated the partitioning efficiencies of Q10H2 and Q10 into mixed micelles were similar 

probably due to significantly improved solubility of the lipophilic compound in 

emulsified nanoparticles which facilitated its digestion and releasing from the delivery 

matrix into mixed micelles. Moreover, it might be possible that the released emulsifier 

molecules, such as saponin and lecithin, contributed to the formation of mixed micelles, 

which further improved the bioaccessibility of CoQ10. Therefore the differences of 

partitioning efficiencies into mixed micelles between Q10H2 and Q10 were not significant 

in this case. It should also be noted that extra processing (such as homogenization, 

extraction, etc.) of Q10H2 under the oxidative stress will make it more liable to be 

oxidized into Q10. Therefore, for Q10H2’s bioaccessibility determination, sodium 

borohydride (NaBH4) was used as a reducing agent to convert any oxidized Q10 back to 

Q10H2 before HPLC analysis. 

Overall, our results confirmed the improved bioaccessibility of Q10H2 over Q10 in 

the oil dispersion when subjected to simulated digestion. While the importance of 

delivery systems in determining the bioaccessibility of lipophilic nutraceuticals should be 

highly addressed, as nanoemulsion can significantly improve the bioaccessibility of both 

Q10H2 and Q10. No significant difference was observed for the bioaccessibility of Q10H2 

and Q10 in nanoemulsion formulations. 
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Figure 29. Bioaccessibility of Q10H2 and Q10 in both oil dispersion and nanoemulsion 

forms determined by the pH-stat digestion model. 

5.4. Conclusions 

Nanoemulsion formulations for CoQ10 delivery were tuned with oil phase and 

emulsifier selections based on previous citral stability work. The optimized CoQ10 

nanoemulsion was compared with the control oil dispersion group for bioaccessibility 

determination. Two in vitro models, pH-stat and TIM-1, were utilized to determine the 

bioaccessibility of Q10. Results from both models confirmed a 5~6× improvement of Q10 

bioaccessibility for the nanoemulsion compared to the oil dispersion in the current study, 

indicating the importance of designing proper delivery systems for lipophilic 

nutraceuticals. While the absolute bioaccessibility values obtained from these two models 

were significantly different (i.e., the Q10 bioaccessibility from pH-stat model was much 

greater than that obtained from the TIM-1 model). Considering the complexity of the GI 

track, the pH-stat model was over simplified system and it was suspected that an 
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overestimation of the bioaccessible fraction was observed. The TIM-1 model more 

adequately simulates the upper GI tract, increasing the control of the digestive fluids and 

conditions, and is more capable of delivering convincing in vitro bioaccessibility data. 

Still, the pH-stat model is a useful and rapid tool for initial formulation screening and 

comparison by providing relative bioaccessibility for proof of concept studies. 

Moreover, we reported increased bioaccessibility of Q10H2 over Q10 evidenced by 

results from the pH-stat digestion model, especially in the oil dispersion form. The 

improved bioaccessibility was due to greater partitioning efficiency of Q10H2 into the 

mixed micelles formed during digestion. Again, nanoemulsions were shown to provide 

much higher bioaccessibility for both Q10H2 and Q10 compared with their oil dispersion 

forms, though no significant difference was observed for Q10H2 and Q10 in the 

nanoemulsion forms.  
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CHAPTER 6: IN VIVO DETERMINATION OF COENYZME Q10 

BIOAVAILABILITY - PHARMACOKINETICS AND TISSUE DISTRIBUTION 

STUDIES 

6.1. Introduction 

To mediate its health-promoting effects, orally administered CoQ10 must be 

bioavailable in systemic circulation and delivered to target tissues. As the bioavailability 

of CoQ10 is not only determined by bioaccessibility results from in vitro models, but also 

other complicated bioactivities associated with absorption, transportation, metabolism, 

tissue uptake and distribution, etc. It is crucial to investigate the pharmacokinetics and 

tissue distribution of CoQ10 after oral administration of the developed nanoemulsion 

formulations.  

Pharmacokinetics (PK) study is a widely used method to access and indicate the 

relative bioavailability of drugs or nutraceuticals in vivo. There are quite a few reports on 

the pharmacokinetics of CoQ10 in humans and in animal models. While different T max 

values (ranging from 2 h to 6 h or longer) and elimination half-life were reported with 

trials on different formulations and animal models. Also, in some studies, a second 

plasma CoQ10 peak was observed at about 24 h following oral ingestion (124). Therefore, 

it is important to test the PK curve for CoQ10 in our developed beverage emulsion 

formulations for better understanding of its relative bioavailability after consumption 

compared with the unformulated form. 

After being available in blood for systemic circulation, CoQ10 will be further 

delivered and accumulated in tissues and organs for potential physiological functions. 

There are literatures on the CoQ10 distribution and redox states in various organs, while 
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few references can be found to indicate the change of levels of CoQ10 in different tissue 

and organs after one time or chronic CoQ10 supplement, probably due to the difficulty 

and complexity in conducting the experiments. It will be meaningful to collect these data 

by carefully designing animal experiments. 

In this study, the plasma CoQ10 responded to oral ingestion of both oil dispersion 

and nanoemulsion were examined and compared. Moreover, the distribution and uptake 

levels of CoQ10 in major organ tissues were investigated after one time administration in 

both experimental and control groups. 

6.2. Materials and methods 

6.2.1. Materials 

Coenzyme Q10 was provided by Advanced Orthomolecular Research Inc. 

(Calgary, Canada). Coenzyme Q8 was purchased from Avanti Polar Lipids (Alabaster, 

AL) as the internal standard. Neobee 1053 medium-chain triacylglycerol (MCT) were 

obtained from Stepan Co. (Northfield, IL). Alcolec LPC20 lyso-lecithin was a gift from 

American Lecithin Co. (Oxford, CT). HPLC-grade methanol and ethyl alcohol were 

purchased from Pharmco-AAPER (Brookfield, CT). Milli-Q water was used throughout 

the experiments when needed. All other chemicals and analytical supplies were 

purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification and 

treatment. 

6.2.2. Testing formulation preparation 

CoQ10 nanoemulsion was prepared according to the formulation developed in 

5.2.2. By dispersing 1.0 wt% of Q10 in 9.0 wt% Neobee 1053 MCT, the oil phase was 
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thoroughly mixed and homogenized with water phase containing 5.0 wt% of LPC20 lyso-

lecithin using an Ultra-Turrax T-25 high-speed homogenizer (IKA Works Inc., 

Wilmington, DE) at 24,000 rpm for 3 min followed by homogenization using an 

EmulsiFlex-C3 high-pressure homogenizer (Avestin Inc., Ottawa, Canada) for 6 cycles at 

150 MPa. The control group, Q10 oil dispersion, was prepared at the same Q10 

concentration in the Neobee 1053, which represents common lipid-based Q10 

supplements.  

6.2.3. Pharmacokinetics study 

All animal studies were performed at the College of Food Science and 

Technology, Huazhong Agricultural University (HZAU). Kunming mice (male, SPF, 20 

± 2 g) purchased from the Animal Center for Disease Prevention and Control (Wuhan, 

China) were used for the pharmacokinetics (PK) study. The experimental protocol was 

approved by HZAU and followed the international guidelines for animal experiments and 

ethical principles for laboratory animal use and care. Mice were caged under controlled 

laboratory conditions (25 ± 1 oC, 50% relative humidity, 12 h light/12 h dark cycle) with 

ad libitum water and feed. Then animals were randomly divided into control and 

experimental groups after one week of acclimation. Upon the PK experiment, all mice 

were fasted overnight before administrating 100 mg/kg of Q10 in the delivery form of 

nanoemulsion or oil dispersion through oral gavage. At selected time intervals (1, 2, 4, 6, 

8, 10, 12, 24 and 30 hr), blood samples were acquired through cardiac puncture after the 

animals were sacrificed under the ether anesthesia. In the current experimental design, 10 

mice were sacrificed for each time point in each group. Collected whole blood samples 
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were immediately centrifuged at 10,000 rpm for 15 min at 4 oC, and blood plasma were 

collected and stored at -80 oC until analysis. 

For sample analysis, 500 µL of thawed plasma from each sample was first 

collected into 5 mL centrifuge tubes. Since CoQ10 presented in the blood may exist in 

both oxidized and reduced form, the samples were oxidized with FeCl3 in hydrochloric 

acid to convert any possible Q10H2 to Q10 before analysis. Then aliquot amount of the 

CoQ8-in-n-hexane stock solution (internal standard, I.S.) was added into each tube and 

well mixed, which gave the final concentration of I.S. to be 10 µg/mL. Then 3 mL n-

hexane was added to each sample for extraction of Q10, and the contents were vortex-

mixed for 3 min, and centrifuged at 5,000 rpm for 10 min. The n-hexane phase was then 

transferred to a new tube and dried under nitrogen. Upon analysis, the content in dried 

tube was re-dissolved with 100 µL absolute ethanol, and carefully transferred into the 

HPLC vials with glass inserts (200 µL in volume with plastic bottom spring) for analysis. 

Once the plasma concentration of Q10 vs. time curves were acquired, peak concentration 

(C max) and time to peak concentration (T max) were recorded directly from the curves. 

The total areas-under-curve (AUC) of the time-concentration plot were calculated using 

the linear trapezoidal rule. 

6.2.4. Tissue distribution study 

Wistar rats (8 week old, male, SPF, 180-200 g) were purchased from the Animal 

Center for Disease Prevention and Control (Wuhan, China) for Q10 tissue distribution 

study. Similarly, after one week of acclimation under standardized laboratory conditions, 

rats were randomly divided into two groups for testing. The experimental group was fed 

with Q10 nanoemulsion, and the control group with Q10 oil dispersion, both at the single-
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time feeding dosage of 100 mg/kg by oral gavage after fasting one night before 

experiments. At selected time interval after oral administration, rats were sacrificed by 

ether anesthesia. 5 rats were sacrificed for each time point for each group in the current 

experimental design. Then four major organ tissues (heart, kidney, liver, small intestine) 

were collected at time intervals of 12 and 24 h after oral ingestion. The obtained organ 

tissues were carefully washed with phosphate-buffered saline (PBS) for two times, and 

stored at -80 oC. For analysis, the thawed organ was weighed and homogenized with 

physiological saline at the weight to volume ratio of 1:9, which produced the tissue 

concentration of 0.1 g/mL. Then 500 µL of the tissue homogenate from different organs 

were collected into 5 mL centrifuge tubes. Similarly, oxidation treatment was conducted 

to convert any Q10H2 to Q10, and then aliquoted CoQ8 was added into each sample to 

provide a 5 µg/mL of I.S. for reference, as determined by pre-experiments. After adding 

I.S., 1 mL of absolute ethanol was added to each sample and allowed 1 min vortex for 

deproteinization. The following extraction steps were the same as the PK study. Briefly, 

Q10 accumulated in different organ tissues were extracted with n-hexane, dried with 

nitrogen, and then reconstituted for HPLC analysis. Finally, Q10’s concentrations in 

different organ tissues were obtained by back calculation. 

6.2.5. HPLC determination and analysis of Q10 

The concentration of Q10 in blood plasma and organ tissues were determined 

using a Waters e2695 HPLC-diode array detection (DAD) system (Waters, Milford, MA, 

USA), equipped with a diode array detector, a vacuum degasser, an auto-sampler and a 

binary pump. The separation of Q10 and other derivatives were carried out using a Agilent 

reverse phase C18 column (250 mm × 4.6 mm, 5 µm ). The mobile phase was ethyl 
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alcohol / methanol (60:40, v/v) with isocratic elution at a flow rate of 1 mL/min for a 

total program of 30 min. A 50 µL aliquot of each reconstituted sample was directly 

injected into HPLC and detected at the wavelength of 275 nm for analysis. 

6.2.6. Statistical analysis 

All results were expressed as mean ± standard deviation. When appropriate, data 

were analyzed by SigmaPlot 12.0 software with a student t-test or one-way analysis of 

variance (ANOVA). Significant difference was defined at p < 0.05. 

6.3. Results and discussion 

6.3.1. Pharmacokinetics study of Q10 

To better understand the oral bioavailability of Q10 in our developed beverage 

emulsion formulations, a PK study was designed and conducted using mice fed with 

either nanoemulsion or oil dispersion containing same dosage of Q10 through gavage 

ingestion. As a final step in evaluating ingested compound’s bioavailability, in vivo PK 

study covers all physiological factors during the digestion and absorption cascade, 

including bioaccessibility, transport coefficient, and possible metabolisms, which gives a 

comprehensive assessment of compound’s availability to reach systemic circulation after 

being orally administered. In the current study, we conducted a single-dose feeding 

experiment at the Q10 level of 100 mg/kg animal weight with our experimental group and 

the control group. Distinctive pharmacokinetic profiles between these two testing groups 

were observed and shown in Fig. 30, and the key pharmacokinetic parameters, i.e. C max, 

T max, and, are summarized in Table 10. 



110 

 

Post-feeding Time (h)

0 5 10 15 20 25 30

Pl
as

m
a 

C
oQ

10
 C

on
c.

 (u
g/

m
L)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0 CoQ10 oil dispersion
CoQ10 nanoemulsion

 

Figure 30. Pharmacokinetics (PK) curves of Q10 in the testing formulations: 

nanoemulsion vs. oil dispersion. 

 
Table 10. Pharmacokinetic parameters of Q10 formulations after oral administration. 

 C max 
(μg/mL) T max (hr) Area under the 

curve (AUC) 
Q10 oil dispersion 0.6813 8, 24 13.7835 

Q10 nanoemulsion 1.5998 8, 24 36.5647 
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Our results indicated much higher blood plasma Q10 concentrations in 

nanoemulsion than oil dispersion during all recorded time course after oral administration. 

Which provided solid evidence for Q10’s improved bioavailability in our developed 

nanoemulsion formulation compared with common oil based supplements. Overall, the 

Q10 nanoemulsion group accumulated 36.56 µg/mL*hr of AUC, compared with 13.78 

µg/mL*hr of AUC for the oil dispersion group, there was a 2.65 times increase in Q10’s 

relative bioavailability. Considering the bioaccessibility of Q10 determined by in vitro 

models to be about 5-6 times higher in nanoemulsion than the oil dispersion, we postulate 

that other factors associated with post-absorption of Q10 may also largely affect its final 

bioavailability, such as permeability through the gut wall, first pass metabolism and 

lymphatic transport, etc. Nevertheless, the PK study confirmed the significantly improved 

bioavailability of Q10 in our developed nanoemulsion formulation. 

Besides the AUC and the corresponding bioavailability, it is notable that the 

concentration-time profiles of both testing groups were in “two-peak” patterns, with the 

first peak occurred at 8 hr and the second at 24 hr. This pattern is less often observed in 

PK studies, while we were still able to find some in vivo studies that can support our 

findings. Weis et al (79) examined the bioavailability of four different Q10 formulations 

with ten healthy volunteers and found all concentration-time curves show a characteristic 

“two-peak pattern” with peaks at 6 and 24 hr after dosing. Likewise, Tomono et al (146) 

and Luecker et al (147) in earlier studies also reported similar observations. This unusual 

plasma level curve may probably due to the effects of enterohepatic recycling and 

redistribution from liver to circulation. As proposed by Tomono et al, the absorbed Q10 

was taken up by the liver and then transferred mainly to very low density lipoprotein 
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(VLDL) and redistributed from the liver to systemic circulation. However, it is still 

unknown why many other in vivo studies of Q10 didn’t observe similar pattern in the 

concentration-time curves. Apparently, different formulations, animal models, analytical 

methods and experimental designs may affect the obtained results. Therefore, more 

comprehensive researches are still needed to systematically investigate Q10’s absorption 

kinetics in different animal models, and to look into detailed physiological factors that 

affect its oral bioavailability. 

Moreover, our results also indicate that Q10 was very slowly absorbed from the 

gastrointestinal tract to systemic circulation. Most drug and nutraceutical compounds 

usually peak during the first 2 hr after ingestion, while the first Tmax of Q10 in current 

study is 8 hr, probably attributed to its hydrophobicity and very high molecular weight 

(863.34 g/mol). It seems that the nanoemulsion delivery system did not significantly 

improve Q10’s absorption rate, as similar peak trends were observed in oil dispersion 

group. In another earlier study (148) where a straight tablet formulation of Q10 was 

compared with a sustained release tablet formulation, both showed a T max of 6 hr and 

similar C max values, which indicated that the sustained release feature did not 

significantly delay the absorption rate of Q10 either. These results suggested that the 

absorption rate of Q10 may be less affected by its delivery form. While other factors, such 

as permeation rate through the gut wall and the subsequent metabolisms might be the 

rate-limiting steps. 

6.3.2. Tissue uptake and distribution of Q10 

Besides investigating Q10’s bioavailability after oral administration, we were also 

interested about the tissue distribution of Q10 after being available in systemic circulation, 
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since very limited knowledge at present is known regarding the uptake and accumulation 

levels of Q10 in different organ tissues. One can often see the health benefits of taking Q10 

supplements for reduced heart failure risks or enhanced energy levels, but rare 

convincing data actually exist in the current literature to support the claim with evidence 

of improved Q10 levels in targeted organ tissues after taking the supplements. The reason 

for shortage of such data is probably due to the complexity and ethics issue in conducting 

in vivo experiments. The objective of the current study was therefore to design and 

conduct an animal experiment that can provide direct information regarding the uptake 

and distribution of Q10 in major tissues after dosing with our developed nanoemulsion 

versus the oil dispersion control. As we know, CoQ10 ubiquitously exists in all human 

tissues since it is a vital component in cellular bioenergetics.  As a general rule, tissues 

with high-energy requirements or metabolic activities need relatively high concentrations 

of CoQ10 (73). While, it is worth mentioning that in relatively short-lived species such as 

rats and mice, the predominant CoQ homolog is CoQ9, rather than CoQ10 in humans or 

other mammals. Therefore, in this experiment, we selected rats as the animal model, 

which can avoid any analytical bias contributed by endogenous Q10. Also compared with 

mice, rats are relatively bigger thus easier for operation. Following the single-dose 

feeding of the two testing formulations, Q10’s concentrations in four major organ tissues, 

including small intestine, liver, kidney, and heart, were determined at 12 hr and 24 hr, 

respectively. Results are compared and shown in Fig. 31. 
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Figure 31. Q10’s concentrations in major organ tissues after being fed with single dosage 

of nanoemulsion or oil dispersion for 12 hr and 24 hr. 
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Generally, compared with the oil dispersion, improved levels of Q10 were 

observed in all tested organ tissues at 12 and 24 hr after ingestion with the nanoemulsion. 

These results proved our hypothesis that nanoemulsion can not only improve Q10’s 

bioavailability in blood stream, but also increase the uptake levels of Q10 in major organ 

tissues. By looking into the data of each organ tissue, more detailed information can be 

found and deduced. First of all, for small intestine, the major site where Q10 got absorbed, 

data indicated a declining trend from 12 hr to 24 hr in both oil dispersion and 

nanoemulsion groups, meaning that Q10 was being gradually absorbed then delivered 

from small intestine to systemic circulation. Significantly higher levels of Q10 in small 

intestine tissues observed in nanoemulsion group compared with the control group also 

evidenced the improved absorption of Q10, which further confirmed the results of the 

previous PK study.  

In liver tissues, more significant differences were found between the two testing 

groups. At 12 hr, compared with 7.8 µg/g tissues in oil dispersion group, Q10 level of 24.2 

µg/g tissues was observed for the nanoemulsion group. Then at 24 hr, a nearly 4 times 

higher level of Q10 was detected in nanoemulsion group (33.9 µg/g tissues) than the oil 

dispersion group (8.6 µg/g tissues). Interestingly, Q10 concentration differences between 

the two testing groups observed in liver tissues were close to the previously observed 

bioaccessibility differences in GI tract, meaning that most of the bioaccessible Q10 was 

possibly absorbed via the hepatic portal vein route after permeating through the gut wall 

barriers. Considering the Neobee 1053 oil used in the formulation is a medium chain 

triglyceride, our assumption is likely to be true. It was reported that the absorption of 

lipid and lipid digestion products are largely dependent on their chain lengths (149). For 
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long chain lipids (≥ 12 C), after entering into enterocytes, normally they will be packed 

into the chylomicron, a major transport lipoprotein, and then be delivered mainly via 

lymph ducts into systemic circulation.  However, for short and middle chain lipids (≤ 10 

C), they are more tend to be associated with fatty acids binding proteins and absorbed 

directly into the hepatic portal vein, then travel to the liver for processing before 

continuing to the systemic circulation. Accordingly, the absorption of nutraceutical 

compounds in the lipid matrix may also be affected by the absorption routes of the 

carrying lipids. Therefore, it is likely that a large proportion of Q10 was absorbed via the 

hepatic portal vain route together with the digestion products of MCT in this study. As a 

result, the first-pass metabolism undergoes in liver will be the key limiting factor for Q10 

to further become bioavailable. Moreover, the trends of Q10 levels in liver and small 

intestine tissues may be associated with the two-peak pattern observed in PK study, that 

the absorbed Q10 possibly experienced enterohepatic recycling and redistributed from 

liver to circulation, which contributed to the second peak at 24 hr in the concentration-

time curves. 

Then, for kidney and heart tissues, similar trends were observed in the two testing 

groups, with the nanoemulsion group showed relatively higher levels of Q10 compared 

with the oil dispersion group at both 12 hr and 24 hr, though not significantly different. 

And the increasing trends from 12 to 24 hr also indicated that the absorbed Q10 were 

gradually delivered and accumulated by the kidney and heart tissues due to its slowly 

absorption kinetics. We believe that this trend can be more significant if repeated dosing 

was given or longer time was observed after dosing. Nevertheless, it is still exciting to 

see the improved levels of Q10 in these functional organ tissues after single-dosing up to 
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24 hr. Previously, there is no clear evidence of the dietary Q10 that secreted into 

circulation in association with lipoproteins in the liver is taken up by other tissues under 

normal conditions, since the intestinal absorption of dietary Q10 is very limited (124). In 

one study with rats, orally-administered Q10 was found to appear in circulation, liver and 

spleen, but not in heart or kidney (150). Compared with that study, we used higher 

dosage and more solubilized form of Q10. Therefore, our results confirmed that dosage, 

formulation and duration of Q10 administration are all important factors regulating its 

uptake by kidney, heart and other tissues.  

6.4. Conclusions 

Using mice as in vivo model, Q10’s oral bioavailability and pharmacokinetic 

parameters were determined within two testing groups. A 2.65 times increase in AUC 

was found in the group fed with our developed nanoemulsions (experimental group) 

compared with the group fed with oil dispersions (control group), indicating significantly 

improved oral bioavailability was achieved by using nanoemulsion as the delivery system 

for Q10.  Moreover, a “two-peak” pattern was observed in the concentration-time curves 

for both groups, with the detected Q10 levels peaked at 8 hr and 24 hr respectively after 

ingestion. The first peak indicated the slow absorption and permeation kinetics of Q10 

from the GI-tract to systemic circulation, while the second peak was probably due to the 

effect of enterohepatic recycling and Q10 redistribution from liver to circulation. 

Therefore, we postulated that the majority of Q10 might be absorbed through the hepatic 

portal vein route in the current experiment, from which the absorbed Q10 firstly traveled 

to the liver for processing before continuing to the systemic circulation. As a 

consequence, the first-pass metabolisms occurred in the liver further limited Q10 from 
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being bioavailable. Overall, our results confirmed the improved oral bioavailability of 

Q10 in our developed nanoemulsion formulation. 

Subsequently, by using rats as the in vivo model, Q10’s distribution levels in four 

major organ tissues, i.e. small intestine, liver, kidney and heart were determined and 

compared among two testing groups at 12 hr and 24 hr after single-dose feeding. 

Compared with the control, improved levels of Q10 were observed in all tested organ 

tissues after ingestion with the nanoemulsion. The results further proved our hypothesis 

that nanoemulsion can not only improve Q10’s bioavailability in blood stream, but also 

increase the uptake levels of Q10 in major organ tissues.  
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CHAPTER 7: SUMMARY AND FUTURE WORK 

7.1. Summary of the dissertation 

A functional beverage nanoemulsion containing citral and CoQ10 was successfully 

developed. The effects of antioxidant concentration and emulsifier type on the stability of 

citral in the nanoemulsion systems were carefully investigated and elucidated. Reduced 

form of CoQ10 (i.e. ubiquinol or Q10H2), as a lipophilic antioxidant, can effectively inhibit 

citral from degradation in the emulsion systems when its concentration was optimized. 

Some natural derived small molecular emulsifiers, such as saponin and lyso-lecithin, 

showed improved emulsion stability as well as citral stability. It is promising for these 

natural emulsifiers to replace traditional synthetic surfactants in beverage emulsion 

systems for “clean label” solutions. CoQ10’s bioavailability was significantly improved in 

our developed nanoemulsion formulation compared with the normal oil-based 

supplement, evidenced by in vitro bioaccessibility determination with two simulated 

digestion models (pH-stat and TIM-1), followed by an in vivo pharmacokinetic study on 

mice. Further investigation on Q10’s distribution in major organ tissues (small intestine, 

liver, kidney, and heart) after dosing confirmed Q10’s improved tissue uptake levels when 

fed with nanoemulsion. Therefore, enhanced health benefits of Q10 can be expected when 

consuming with our developed functional beverage emulsion compared with the common 

oil-based Q10 supplements. In summary, data generated in this research will be valuable 

references for the food industry to formulate and develop novel functional beverages 

fortified with sensitive flavors and lipophilic nutraceuticals. 
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7.2. Future work and directions 

Due to the limitation of experimental design, time and resources, some 

meaningful experiments and ideas related with this dissertation were not able to be 

performed and tested. However, they are worth mentioning and thus can be proposed as 

future work and directions. 

For the work of citral stability in emulsion systems, besides the conventional 

emulsion and nano-/micro-emulsions stabilized by small molecular surfactants or 

biopolymers, the use of solid particles to stabilize emulsions has recently attracted 

increasing interest due to their distinctive characteristics. This type of emulsion is 

referred to as Pickering emulsion, named after S.U. Pickering, who firstly described this 

phenomenon in the early 20th. Although the concept is by no means new, recent 

researches identified the potential use of some food-grade particles instead of traditional 

inorganic or synthetic particles in stabilizing Pickering emulsions, which extended the 

potential use of Pickering emulsions in the food related systems (151-155). It is reported 

that Pickering emulsion can display superior long-term stability and is usually more 

stable against coalescence and Ostwald ripening (156, 157). Theoretically, improved 

physical stability of emulsion will result in better protection of sensitive compounds in 

the emulsion system. Therefore, it will be interesting to test the Pickering emulsion as a 

potential delivery system for citral and see if better stability of citral can be retained. 

However, considering its relatively high oil content, big droplet size, and high viscosity, 

the usage of Pickering emulsion in beverage applications might be challenging. Moreover 

it might be a concern for the Pickering emulsion to lose its stability when diluted into 

beverage bases. Nevertheless, it is worth trying the idea since currently there is no 
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literature regarding the using of Pickering emulsion as delivery systems for flavor and 

beverage applications.  

Then for the work of CoQ10 bioavailability, we already proved that our developed 

nanoemulsion formulation can significantly improve CoQ10’s bioavailability compared 

with oil-based supplements. While another interesting question remains that if taking the 

reduced form of CoQ10 (Q10H2) will have better bioavailability and health benefits 

compared with the oxidized Q10. We touched upon this question by simply testing the in 

vitro bioaccessibility differences of Q10H2 versus Q10 in both oil dispersion and 

nanoemulsion formulations. Our results indicated that improved bioaccessibility of Q10H2 

can be observed especially in the oil dispersion group, while less difference was found in 

the nanoemulsion group. Future work is still needed to further investigate the in vivo 

pharmacokinetics and tissue distribution of Q10H2 in comparison with Q10 to provide 

better answer for this question. Moreover, in the animal study, we identified that the 

hepatic portal vein might be the major absorption route for Q10 when fed with our 

formulations containing MCT, based on the results of pharmacokinetics and tissue 

distributions. As we know, the first-pass effect is a key limiting factor for Q10 to become 

bioavailable, therefore designing delivery systems for Q10 to possibly bypass the first-

pass metabolism by alternating its absorption route might be a very attractive future 

research direction. It was reported that long chain lipid vehicles will largely stimulate the 

formation of chylomicron, and thus promote the transport of highly lipophilic compounds 

to go through intestinal lymphatic system rather than the hepatic portal vein route, thus 

avoiding the first-pass effect (149, 158-160). On the other hand, the down side of long 

chain lipids might be associated with their relatively slow digestion and absorption rates 
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compared with short/middle chain lipids. Therefore, it will be highly interesting in the 

future to conduct in vivo studies to directly compare Q10’s bioavailability and tissue 

distribution in lipid vehicles composed of different chain lengths. 
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APPENDICES 

A. Optimization and validation of the SPME-GC method for citral measurement 

To monitor and quantify the degradation trends of citral (neral & geranial) and 

generation of various off-flavors during the storage, a Head Space - Solid Phase 

Microextraction - Gas Chromatography (HS-SPME-GC) method was developed to 

extract volatile compounds from the citral-loaded emulsion systems and trace their 

concentration levels during the storage. 

This method was optimized and validated by previous co-worker Dr. Huaixiang 

Tian. In brief, multiple variables, including types of SPME fiber, absorption 

temperature/time, salt concentration, were carefully evaluated through a Box-Behnken 

design. Based on the results, a 65 μm polydimethylsiloxane/divinylbenzene 

(PDMS/DVB) fiber was chosen due to its best reproducibility and comprehensive 

adsorption profiles for all target compounds. The optimized absorption temperature and 

time for extraction were determined to be at 50 oC for 40 min. And finally, salt 

concentration was optimized to be at 6 M to improve the overall peak profiles for low 

concentration compounds with different volatilities. Overall, good linearity, high 

recovery, good reproducibility and low limit of detection for all key off-odor compounds 

indicated that the developed SPME method was suitable for the analysis of citral 

degradation products in headspace volatile of emulsions. Detailed information can be 

referred to the publication by Tian et al (161). 
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A representative gas chromatogram of citral and its degradation products was 

shown below. Narrative descriptions of the off-flavor identification methods, retention 

index and concentration calculation were also given. 

 Figure S1. Representative gas chromatogram of citral and its degradation off-flavors 

generated under 50 oC storage at day 0 (a) and day 30 (b). Numbered compounds 

correspond to those degradation products listed in the following Table. 
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 Degradation products generated and identified from citral-loaded emulsions stored at 

50 oC after 30 days. 

Compound 
No. a 

Degradation 
Compounds 

Retention Index 
(RI) 

Identification 
Method b 

1 2-heptanone 881 A 

2 1-octen-3-ol 991 A 

3 δ-2-carene 1033 A 

4 p-cresol 1060 B 

5 α, p-dimethylstyrene 1093 B 

6 butanoic acid 1174 A 

7 p-mentha-1,5-dien-8-ol 1185 B 

8 p-methylacetophenone 1190 B 

a Numbers correspond to those in the above Figure. 
b Compounds were identified on the basis of the following criteria: A, mass spectrum 

agrees with that of Wiley mass spectra database and considered to be “tentatively 

identified”; B, mass spectrum and retention index agree with those of authentic 

compounds.  

 Retention Index calculation: 

RI = 100 ∗ n + 100 ×
t − tn

tn+1 − tn
 

t:  r.t. of the compound corresponding to whose RI value that is being calculated; 

tn:  r.t. of the I.S.; i.e. undecane (C11) 

tn+1:  r.t. of the I.S.; i.e. dodecane (C12) 

n:  C numbers of the I.S. 

 Compound concentration (mol/L) calculation: 

Conc. of I. S. (C11)

Area of I. S. (C11)
=

Conc. of X

Area of X
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B. Reagents and secretion fluids preparation for the TIM-1 model 

Reagents & Solutions Recipe Amount/Flow rate 

Pancreatin Solution 

Pancreatin powder: 17.5 g (± 0.5 g) 
DI-water: 250 g (± 5g) 

- Mix for 10 min, centrifuge for 20 min at 
9,000 rpm at 4 °C, use the supernatant 

267.5 g 
0.25 mL/min 

Bile Solution 
- Use 50 °C water bath to melt the frozen 
bile, filter through a 250 µm cloth filter 500 g 

Gastric Electrolyte Solution 
(GES) 

NaCl: 6.2 g/L 
KCl: 2.2 g/L 

CaCl2: 0.3 g/L 
500 g 

Gastric Enzymes 

GES: 150 g (± 3 g) 
1M CH3COONa buffer (pH 5): 1.5 mL 

Lipase: 37.5 mg 
Pepsin: 30.0 mg 

151.5 g 

Small Intestinal Electrolyte 
Solution (SIES) 

NaCl: 5 g/L 
KCl: 0.6 g/L 

CaCl2: 0.3 g/L 

2000 g 
3.2 mL/min 

Duodenum Electrolyte 
Solution (DES) 

Same as SIES 450 g 
0.5 mL/min 

Jejunum Secretion 
SIES: 1250 g (± 10 g) 

DI-water: 100 g (± 5 g) 
Bile: 150 g (± 1 g) 

1500 g 
3.2 mL/min 

Ileum Secretion Same as SIES 1500 g 
3.9 mL/min 

Gastric Start Residue Same as Gastric Enzyme 5 g 

Duodenum Start Residue 

SIES: 15 g (± 0.3 g) 
Pancreatin solution: 15 g (± 0.3 g) 

Bile: 30 g (± 0.5 g) 
Trypsin solution (2 mg/cup): 1 cup 

- Incubate for 5 min at 37 °C 

60 g 

Jejunum Start Residue 
SIES: 40 g (± 0.5 g) 

Pancreatin solution: 40 g (± 0.5 g) 
Bile: 80 g (± 1 g) 

160 g 

Ileum Start Residue Same as SIES 160 g 
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