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Abstract 
 

Rutin, a plant-derived bioactive compound is becoming increasingly popular as a natural 

ingredient in various nutraceutical, pharmaceutical, or cosmetic industries. However, because 

of its hydrophobic nature, rutin possesses a low solubility in both aqueous- and lipid-based 

systems; thereby, reducing its absorption in the gastrointestinal digestion tract. Such properties 

of rutin (i.e., poor solubility and low bioavailability) have been the main limiting factors against 

its use as a functional ingredient in the food industry so far. Pertaining to its functional 

attributes for exhibiting anti-oxidative potency coupled with its metabolic capacity that 

regulates cellular functions in the physiological system, previous research at Massey University 

invented a highly soluble form of rutin using a food protein (sodium caseinate). This delivery 

system safeguards rutin against undesirable changes that occur during the processing and 

storage of the food, as well as under the conditions of the upper part of the gastrointestinal 

system. This patented novel technology, known as ‘FlavoPlus’ existing in the form of two 

products (FlavoPlus 1™ and FlavoPlus 2™), can deliver rutin at the targeted sites in the gut 

and can substantially improve its bioavailability. Accordingly, the current research used 

FlavoPlus™ as a functional ingredient for the assessment of its functionality (bioactivity and 

bioaccessibility of rutin) in a protected form after its incorporation into a functional milk 

beverage. This study also aimed to assess the antioxidant capacity and the subsequent 

absorption using a Caco-2 cell model system. 

 

This research was carried out in two phases. In Phase 1, the antioxidant potential of FlavoPlus 

1 (FP1), FlavoPlus 2 (FP2), and rutin hydrate (RH) was investigated using DPPH (2,2- 

diphenyl-1-picryl-hydrazyl) assay, which attributed to the total antioxidant content present in 

these three samples. FP1 and FP2 had significantly (p≤0.05) higher scavenging abilities in a 

concentration-dependent manner than RH. Further, the total phenolic content (TPC) in FP1, 

FP2, and RH was measured by corresponding each concentration with rutin equivalent present 

in the three samples. RH consisted of 94% rutin equivalent per gram of sample whereas FP1 

and FP2 had 46% and 27.3% rutin equivalent per gram of sample, respectively. Although RH 

contained higher rutin content (%), its antioxidant activity was lower than FP1 at 200 µg/mL. 

Further, FP1, FP2, and RH were subjected to an in vitro cell-based model to measure their cell 

viability and intracellular antioxidant potency using Caco-2 cells that were stimulated with 

0.1% DMSO. With an increase in their concentration, FP1 and FP2 maintained cell viability 
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better than RH after four hours of incubation. As there were no significant (p>0.05) differences 

in cell viability, it was proposed that FP1 and FP2 protected Caco-2 cells without causing any 

toxicity even at higher concentrations. In addition, the intracellular antioxidant assay proposed 

that FP1 and FP2 exhibited higher antioxidative potency even at a low concentration of 0.5 

µg/mL than RH in Caco-2 cells that were stimulated with a free radical generator (i.e., 2,2′- 

azobis(2-methylpropionamidine) dihydrochloride (AAPH)) during 0, 10, and 30 minutes of 

incubation. Thus, similar attributes were analysed after exposing FP1, FP2, and RH to in vitro 

gastrointestinal digestion, to understand the interactions between rutin-protein composites and 

the dairy beverage matrix. 

 

In Phase 2, the rutin-protein composites and RH were incorporated into a dairy beverage to 

deliver rutin in the gut. Bigger particle size was observed for FP2 during both gastric and 

intestinal phases, when compared to FP1, thereby reducing the surface area. Whereas RH 

showed a decreasing trend for particle size from gastric to intestinal phase, which could be due 

to the aggregation of proteins as the result of pH change during both gastric and intestinal 

phases. Moreover, the bioaccessibility of FP1 and FP2 after digestion was estimated at 

63% and 45%, respectively. These bioaccessible samples were subjected to transepithelial 

electrical resistance (TEER) estimation. The findings suggested that FP2 maintained the 

barrier integrity of Caco-2 cell monolayers even at high concentrations over 24 hours of 

incubation whereas, FP1 had a lower TEER value suggesting a disruption in the epithelial 

barrier. These results are in accordance with the findings obtained from the cell viability 

assay as FP1 and FP2 maintained the viability within a similar range of concentrations. In 

addition, the intracellular antioxidant assay proposed that FP2 exhibited higher antioxidant 

potency than either FP1 or RH during 0 and 10 minutes of incubation. With a longer 

incubation period, FP1 was stronger in scavenging AAPH even at a higher concentration 

of 25 µg/mL. 

 

Taken together, the findings of this research confirmed that both FlavoPlus products could 

be delivered through a suitable dairy matrix (i.e., a milk beverage) as the carrier that 

attributes their high digestibility and enhanced functional properties within the gut without 

compromising human health and nutrition. Thus, based on the findings of this research, it 

can be concluded that FP1 and FP2 showed higher bioactivity than RH based on their 

antioxidant potential and cell viability of Caco-2 cells. The rutin-protein composites 

exhibited higher bioaccessibility when delivered through a dairy matrix and were found to 
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be non-toxic to Caco-2 cells at higher concentrations resulting in good barrier integrity for 

Caco-2 monolayers. However, further research is required to assess the bioavailability of 

rutin-protein composites after digestion within physiological systems in vivo. 
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Introduction 
 

 

1.1. Background 

 
Diet and health are the major contributors to the onset of chronic diseases worldwide (Frutos 

et al., 2019). The industrial revolution has caused an advent in agriculture and the processing 

of food products, which risks the incidence of lifestyle-related diseases (Wu & Schauss, 2012). 

Most of the population globally suffers from diet-related chronic diseases caused by poor 

nutrition (e.g., a high-fat, sugar, and salt-rich diet) coupled with fewer levels of physical 

activity. This has increased the potential of changing food choices to promote healthy 

regulation of nutrients and dietary components (Ruiz-Cruz & Ornelas-Paz, 2017). Chronic 

diseases such as type-2 diabetes, arthritis, cancer, cardiovascular, and neurogenerative diseases 

induced by oxidative stress, uncontrolled inflammation, and mitochondrial dysfunction is a 

major contributor to mortality. According to World Health Organisation (WHO), the global 

mortality rate due to chronic diseases was around 71%, which demonstrates that, 

epidemiologically, a healthy diet is necessary to improve life expectancy and quality of life 

(Kyrø et al., 2013; McGuire, 2016; Organization, 2019). Subsequently, a variety of health- 

promoting foods that exhibit bioactive compounds have emerged in the format of “functional 

foods” (Roberfroid, 2002). 

 

The Food and Nutrition Board of the National Academy of Sciences defines functional food as 

a potentially healthy product including “any modified food or food ingredient that may provide 

a health benefit beyond that of traditional nutrients it contains” (Milner, 2000). For a functional 

food product to achieve optimum nutrition, we need adequate scientific knowledge that 

satisfies the dietary need of all members of a population. Epidemiologically speaking, every 

functional food needs to be validated and biologically relevant for a specific health benefit it 

possesses. Functional foods can be designed to target specific functions or reduce the risk of 

disease with strong scientific evidence (Roberfroid, 2002). The simplest forms of functional 

foods available are vegetables and fruits. Nonetheless, there are commercial functional food 

products such as fortified drinks (e.g., products containing dietary fibres and additional fortified 

vitamins, green tea enriched with catechins), enriched food products (e.g., margarine with 

cholesterol-lowering agents), and enhanced food products (e.g., eggs with enriched omega-3 
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and yoghurts with prebiotics and probiotics) (Lau et al., 2012). The global market size of 

functional foods and beverages was USD 258 billion in 2020, which is set to increase by 9.5% 

in consecutive years (i.e., reaching USD 529 billion by 2028). Such an unprecedented demand 

in the functional food market was attributed to the global impact of COVID-19 (Supplements, 

2021). 

 

Traditionally, chronic diseases and inflammation have been treated with alternative medicine 

with historical roots such as Ayurveda and phytotherapy that uses naturally occurring plants 

and herbs (Sen & Chakraborty, 2017). These plant-derived fruits and vegetables are rich in 

bioactive moieties that are characterised by a wide variety of naturally occurring molecules 

that possess a polyphenolic structure (Hussain et al., 2019; Ignat et al., 2011). These molecules 

consist of several hydroxyl groups on aromatic rings. These polyphenols are further classified 

into flavonoids and phenolic acids (Ignat et al., 2011). Flavonoids consist of six sub-groups 

including flavones, flavonols, flavanol, isoflavones, and anthocyanins. These are found 

abundantly in fruits and vegetables such as plums, cherry, blueberries, celery, capsicum, soy, 

grapefruit, oranges, and plant-derived beverages such as wines, teas, and berry juices (Clifford, 

2000; Hussain et al., 2019; Wang & Li, 2015). Phenolic acids, on the other hand, include 

tannins, lignans, and stilbenes. Major sources of phenolic acids are coffee, berries, grapes, 

cereals, spinach, and tomatoes (Naczk & Shahidi, 2006). 

 

Rutin is a natural bioactive classified as a flavonol glycosidic derivative comprising of flavonol 

quercetin and disaccharide rutinose (Sharma et al., 2013). It is commonly found in buckwheat 

and grapes which are the major sources. Rutin can be extracted from different parts of plants 

(e.g., Sophora Japonica) including leaves, hulls, seeds, buds, peels, and dried sprouts, with the 

concentration found in the extract differing based on the variety of the plants (Frutos et al., 

2019). Rutin has been reported for its antioxidant and free radical scavenging activity, and it 

exerts anti-inflammatory properties by reducing inducible nitric oxide synthase (iNOS) activity 

in cells and appears to mitigate the effect of pro-inflammatory cytokines (Yu et al., 2015). 

 

Even though several studies have revealed rutin’s capability to induce anticancer effect and 

scavenge radicals, it still possesses a challenge of low bioavailability due to hydrophobicity 

and inadequate absorption in the gastrointestinal tract (GIT) (Ben Sghaier et al., 2016; Hussain 

et al., 2019). Accordingly, due to its low bioavailability, a higher dose is required to induce the 

health-promoting properties in the body. There are various dosage forms of rutin available for 
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their respective treatment of diseases. Few studies have reported 1000 mg/day for its 

antioxidant action while others have suggested a variable range of 400-1000 mg/day for its 

blood vessel protection in cardiovascular diseases (Boyle et al., 2000; Hendler & Rorvik, 

2008). In this regard, there are different oral dosage forms of rutin currently available in the 

market for various ailments; e.g., tablets, capsules, chewable, gels, powders, soft-gel capsules, 

suspensions, and ointment/creams (Sharma et al., 2013). 

 

To achieve the effective bioavailability of a bioactive compound such as rutin, various delivery 

systems have been designed, which can increase the absorption rate of bioactives. The stability 

of a bioactive compound can be disrupted due to metabolic reactions that occur in the GIT. 

These reactions can affect the stereochemistry, molecular weight, and chemical structure of 

such a compound (Hussain et al., 2019). In order to avoid structural modification of rutin before 

absorption, it needs better stability and an enhanced biological delivery system. Such a system 

can likely be provided by protein-based nano-carriers such as albumin or milk-derived caseins, 

nano-emulsion encapsulation, or nanoparticles (Bordenave et al., 2014; Rashidinejad, 2020; 

Rashidinejad et al., 2019; Thiruvengadam et al., 2018). A protein-based encapsulation/delivery 

system can influence different electric charges based on varying pH. 

 

The complexity of choosing a compatible food matrix is strongly influenced by the choice of 

encapsulation method or nano-carrier for the bioactive compound (Dima et al., 2020). In this 

research, it was hypothesised that the interactions between bioactive compound (i.e., rutin) and 

protein (i.e., caseinate) could improve the bioaccessibility of rutin incorporated into a 

functional food matrix and increase its bioavailability and absorption in a cell model system. It 

was already known that the development of such novel rutin-protein composites resulted in a 

highly dispersible powder comprised of sodium caseinate as the water-soluble dairy protein 

ingredient (Rashidinejad et al., 2019). By developing protein complexes/composites with 

hydrophobic bioactives, the requirement for high doses of such dietary supplements can be 

reduced by enhancing their bioaccessibility. Considering the interaction of rutin with milk 

proteins, and its stability under acidic systems with effective solubilisation of a hydrophobic 

compound, a milk beverage may be a suitable vehicle for delivering rutin in the gut with high 

digestibility and enhanced intestinal absorption. These novel rutin-protein composites may 

result in a functional antioxidant within the human physiological system and exhibit as a 

functional ingredient without compromising the desirable properties of the food product and 

human health. 



21  

 

1.2. Aims and objectives 

 
The current study was undertaken to demonstrate and achieve the following aims: 

 
1. To determine cell cytotoxicity and antioxidant potential of protected rutin (rutin-casein 

composites; FlavoPlusTM) in comparison with rutin hydrate (RH), using an in vitro cell culture 

model of human intestinal epithelial cells (Caco-2). 

2. To investigate the bioaccessibility, physicochemical properties, and intracellular antioxidant 

potential of FlavoPlus products incorporated into a functional milk product, using an in vitro 

gastrointestinal model. 

 

To achieve these aims, the research was carried out with three objectives as follows: 

 
 Determination of the free radical scavenging capacity, cell cytotoxicity, and 

intracellular antioxidant potential of rutin-casein composites (FlavoPlusTM 1 and 

FlavoPlusTM 2) in comparison to rutin hydrate. 

 Incorporation of the novel rutin-casein composites into a milk beverage and 

investigation of the effect on its structural and analytical properties, as well as 

determination of the bioaccessible rutin using static in vitro gastro-intestinal model. 

 Determination of the absorption and intracellular antioxidant potential of rutin in the 

fortified milk beverage using intestinal epithelial cell model (polarised Caco- 2 cells). 

 

The schematic outline of the structure of the current research is presented in Figure 1.1. 
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Figure 1.1 Schematic outline of the structure of the current research 
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Review of literature 

 
2.1. Rutin

Rutin is a citrus flavonoid glycoside generally available in the form of a yellow powder. The 

name ‘Rutin’ was derived from a plant called Ruta graveolens, which is how the compound 

was discovered (Frutos et al., 2019; Yang et al., 2008b). Rutin is also known as rutoside, 

sophorin, quercetin-3-rutinoside, and vitamin P (Albu et al., 2013). This natural flavonol 

comprises quercetin and a disaccharide (i.e., rutinose), and is found abundantly in different 

plants, citrus fruits, vegetables, plant-derived beverages like buckwheat, apple, grape, tea, and 

wines. Various plant species with naturally occurring rutin are Sophora japonica (Fabaceae), 

Canna indica (Cannaceae), and Eucalyptus spp. (Myrtaceae) (Negahdari et al., 2021). These 

sources have a variable amount of rutin content due to their growing conditions with different 

environmental factors like ultraviolet radiation (UV), and temperature (Frutos et al., 2019). 

 

Table 2.1 Rutin content in different plant-derived sources (Frutos et al., 2019) 

 
Plant name 

 

Plant part 

(s) 

Rutin content 

(mg/100 g dry 

weight) 

 
Reference 

Rue (Ruta graveolens L.) Leaves 3.1 (Proestos et al. (2006) 

Common buckwheat 

(Fagopyrum sculentum 
Moench.) 

Hulls 

Dried sprouts 

Seeds 

3.25 

157 

10 

 
(Glavač et al., 2017) 

Tartary buckwheat 

(Fagopyrum tataricum 

Gaertn.) 

 
Seeds 

 
1250 

 
(Fabjan et al., 2003) 

Apples (Malus pumila L.) Peel 800 (Wach et al., 2007) 

Grapes (Vitis vinifera L.)  1.592 (Iacopini et al., 2008) 

Sea buckthorn (Hipppophae 

rhamnoides L.) 

 
Leaves 

 
300 

 
(Zu et al., 2006) 

 

Amaranthus hybrid 
(Amaranthus cruentus) 

 

Seeds 
Leaves 

 

8 

2.450 

 

(Kalinova & 
Dadakova, 2009) 
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2.2. Chemistry of rutin 

 
Flavonoids have a core structure based on the three-carbon bridge (C6 -C6 -C6), which is 

cyclized with oxygen. Flavonoids provide color pigments like yellow, purple, red, and blue in 

plants and vegetables due to the presence of chemotaxonomic markers (Prasad & Prasad, 

2019). Rutin was discovered in the 19th century in Ruta graveolens L. (Rutaceace) (Yang et 

al., 2008a). 

 

 
2.2.1. Structural characteristics of rutin 

 
As mentioned in the previous section, rutin glycoside is a combination of aglycone quercetin 

along with a disaccharide rutinose (rhamnose and glucose). In the proposed structure of rutin, 

there is the presence of two intramolecular hydrogen bonds between quercetin and the glucose 

moieties (Prasad & Prasad, 2019), along with a trans conformation between rhamnose and 

glucose moieties of rutin that makes it a rigid structure (Jin et al., 1990). Flavonols undergo 

methylation and hydroxylation reactions after glycosylation (Batra & Sharma, 2013). It has 

been demonstrated that rutin is synthesized by an enzymatic reaction where rhamnose is 

transferred from a sugar nucleotide moiety (thymidine diphosphate L-rhamnose) to form 3- 

quercetin-β-D-glucoside, which is also known as isoquercetin (a mono-glycoside form of 

quercetin). The formation of 3-quercetin-β-D-glucoside is catalyzed by hesperidinase, an 

enzyme that forms quercetin. The combination of these two systems completes the 

glycosylation of quercetin to rutin (de Araújo et al., 2013). 
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Figure 2.1 Chemical structure of rutin (quercetin-3-O-rutinoside). Source: (Ghiasi et al., 2012) 

 

 

 
The glycosylation of flavonols also suggests a reduction in its antioxidant activity. Blocking of 

the 3-OH group on the C-ring can decrease the radical scavenging because, in order to achieve 

the maximum antioxidant effect, the 3-OH group needs to be attached to a 2,3-double bond 

which is adjacent to the 4-carbonyl (Figure 2.2) in the C-ring (Frutos et al., 2019; Panche et al., 

2016; Rice-Evans et al., 1996). According to a study by Nguyen and Liu (2013), the formation 

of a complex with rutin and cyclodextrin molecules (which is a family of glucopyranose, that 

trap hydrophobic compounds (Szejtli, 1998)) not only enhanced the stability of rutin under 

oxidation, heat, light, and hydrolysis but also increased its capability to scavenge free radicals. 

The rutin-cyclodextrin complex required a concentration of 0.014 mg/mL (IC50) to scavenge 

50% of DPPH (2,2-diphenyl-1-picryl-hydrazyl) radicals; whereas rutin in its free form needed 

a concentration of 0.022 mg/mL to scavenge 50% of DPPH radicals. These structural changes 

to rutin reflect strongly on its antioxidant activity (Ganeshpurkar & Saluja, 2017). 
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2.2.2. Stability of rutin 

 
Rutin is susceptible to degradation under various reactions like thermal, oxidation, and light- 

induced decomposition (Chua, 2013; Nguyen et al., 2013). Thermal processes in an aqueous 

medium system such as cooking, frying, and boiling can degrade the functionality of a 

flavonoid. A study was undertaken by Buchner et al. (2006) where rutin and quercetin were 

heated at 100°C in an aqueous solution at pH 5 and pH 8, and the flavonols were perfused with 

air to initiate oxidation. At pH 5, quercetin concentration was decreased by 75% after 300 

minutes, whereas the amount of rutin was reduced by only 20% at the same pH. This behaviour 

of rutin is due to its chemical structure also called rutinoside of quercetin or quercetin glycoside 

(Frutos et al., 2019), which is due to the blocked 3-OH group in the C-ring by a sugar moiety 

(Figure 2.2) that makes rutin more stable than quercetin against oxidation and weak basic 

conditions. The presence of two intra-molecular hydrogen bonds in the B-ring of rutin makes 

it more stable than quercetin (Zvezdanović et al., 2012). The conjugation of aromatic rings in 

rutin influences its stability towards oxidation and chemical transformation under the influence 

of pH (Prasad & Prasad, 2019; Suzuki et al., 2005). 

 

 
2.2.3. Solubility of rutin 

 
Rutin is a hydrophobic flavonoid in nature, but it can be solubilized in polar solvents such as 

methanol, ethanol, 1-propanol, acetone, 1- butanol, dimethyl sulfoxide (DMSO), and ethyl 

acetate with high temperatures (Zi et al., 2007). With the increase in demand for rutin to be 

used as a health-promoting agent in the food, pharmaceutical, and cosmetic industries, the use 

of organic solvents can cause toxicity in the food formulations and decrease in yield and purity 

of rutin. The hydrophobic nature of rutin causes low aqueous solubility in water and decreases 

membrane permeability, which hinders in vitro and in vivo studies (Chua, 2013). Moreover, 

the degradation of rutin can occur due to hydrolysis, oxygenation, and other enzymatic 

reactions in the gastrointestinal system (Rashidinejad et al., 2019). The solubility of rutin can 

be enhanced using a combination of 1% DMSO along with cell culture media for in vitro 

studies (Ravi et al., 2018). However, the use of nanoparticulate systems can enhance the 

solubility of bioactive compounds while exhibiting higher bioavailability and stability in the 

physiological systems (Gullón et al., 2017). In order to develop a highly dispersible form of 

rutin, studies have shown that nano-emulsions and nanocrystals in the aqueous phase protect 
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rutin from drastic morphological changes even after a change in pH treatment after 

crystallization reaction (Mauludin et al., 2009). A study by Kurisawa et al. (2003) produced a 

rutin-polymer that exhibited 50 times higher solubility than monomeric rutin by oxidative 

polymerization using a catalyst called Myceliophthora laccase in a methanol buffer. 

 

 
2.2.4. Extraction of rutin 

The efficient recovery of a bioactive compound like rutin from its natural sources has intrigued 

many researchers to find solutions regarding its bioaccessibility in food systems and 

bioavailability in physiological systems (Garcia et al., 2017; Hollman & Katan, 1999; Lee et 

al., 2007). Extraction is a critical step in insolating and purifying a bioactive compound, and 

its efficiency depends on a series of factors such as the type of organic solvent used, 

temperature, a change in the concentration gradients, and achieving maximum yield from the 

source (Ignat et al., 2011). 

 

Over the years, multiple methods have been developed for the optimal extraction of rutin from 

various sources. Some of these include conventional solvent extraction techniques such as 

liquid-liquid extraction where one or more solutes would be thoroughly mixed with an 

immiscible solvent and result in an extract, which is a solvent-rich solution inclusive of the 

desired solute (Ignat et al., 2011; Müller et al., 2000). Liquid-liquid extraction is commonly 

used in the beverage industry for separating polyphenolic compounds (Bucić-Kojić et al., 

2007). Another extraction technique commonly used in the food industry is solid-liquid 

extraction, where a solid matrix is mobilized into a solvent and an extract is recovered through 

a mass transport phenomenon (Bucić-Kojić et al., 2007; Corrales et al., 2009). 

 

These conventional extraction techniques have been evaluated for the efficient extraction of 

rutin using different types of solvents, which sometimes are also mixed with water as well 

because using a small amount of water helps in the diffusion of flavonoids through the plant 

tissues, which increases the surface area for easier contact between the solvent and solute and 

maximize the yield of the extract (Altıok et al., 2008; Kim et al., 2005). Major solvents that 

have been used for the extraction of rutin are methanol, ethanol, diethyl ether, ethyl acetate, 

and acetone (Stalikas, 2007). Polar alcoholic solvents such as ethanol and methanol have been 

reported to increase the extraction yield of rutin (Fathiazad et al., 2010). According to a study 

that was carried out long ago by Sando and Lloyd (1924), a method was developed where rutin 
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was extracted using 95% alcohol from the flowers of elder (Sambuscus canadensis L. 

(Adoxaceae)), which was later patented by further research in 1948. 

 

There are other significant factors that affect the extraction process of rutin; e.g., temperature 

and time. Conventionally, high temperature and longer extraction time enhance mass transfer 

during a heat reflux extraction but rutin undergoes thermal degradation after 100°C in an 

aqueous system (Buchner et al., 2006; Nguyen et al., 2013). However, this might decrease the 

concentration of rutin concerning its extraction time at higher temperatures (Chua, 2013), 

resulting in a loss of its bioactivity. 

 

Extraction cycles are also considered significantly important and effective for an extraction 

process used for rutin. Xie et al. (2011) extracted rutin from Hibiscus mutabilis L., where two 

extraction cycles of 10 and 5 minutes at 25°C achieved an increase in the extraction yield, 

which was more than 90% of the total yield. Thereby, successive extraction helps in increasing 

the efficiency of extraction for bioactive compounds (Altıok et al., 2008; Chua, 2013). 

Innovative extraction techniques, such as pressurized liquid extraction, are being used (Zhang 

et al., 2008) to ensure a good quality substrate or a product. 

 

 

 
2.2.5. Detection and quantification of rutin 

 
There are different types of highly sensitive techniques and analytical methods being used for 

the quantitative and qualitative analysis of polyphenols, which can provide solutions for the 

separation of polyphenols and their detection in different groups (Ignat et al., 2011; Q. Liu et 

al., 2008). Spectrophotometric methods are being used for quantitative and qualitative analysis 

of different classes of polyphenols. Spectrophotometric methods such as UV-Vis and 

colorimetric assays are simplistic and low in cost, but they have limited functionality because 

they neither quantify individual polyphenols nor separate them (Ignat et al., 2011). 

 

Method development for high-performance liquid chromatography–diode array detection 

(HPLC-DAD) has been modified over the years to improve its efficacy and reduce its analysis 

time. For detection, separation, and quantitative analysis of rutin, HPLC has been commonly 

used (Acevedo-Fani et al., 2021; Babazadeh et al., 2017). The chromatographic conditions of 

HPLC commonly used for rutin include a reverse-phase C18 column, which enhances the 
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separation of different classes of polyphenolic compounds mostly polar and hydrophobic 

compounds with a faster equilibrium process. The ultraviolet-visible (UV-Vis) diode array 

detector, where a deuterium lamp is used as a source of UV light, can determine rutin in a food 

matrix with a range of wavelength from 190 to 490 nm. A mobile phase consists of a binary 

solvent system; an organic polar solvent such as methanol or acetonitrile as Solvent A and 

acidified water containing acetic acid or formic acid as Solvent B (Ignat et al., 2011; Nollet & 

Toldrá, 2012). Some studies have suggested that the detection of rutin generally occurs between 

258-358 nm at a retention time of 4.8 minutes, which is considerably lower than other reports 

(e.g., 16.17 minutes (Brolis et al., 1998), 19 minutes (Deineka et al., 2004), and 27.2 minutes 

(Buchner et al., 2006), indicating that this method can be applied to rutin to determine its 

release from food products (Acevedo-Fani et al., 2021; Babazadeh et al., 2017; Rashidinejad 

et al., 2019). There are other techniques like liquid chromatography-mass spectroscopy (LC- 

MS) and nuclear magnetic resonance (NMR), which offer a better analytical approach to 

understanding bioactive compounds and their structures from different biological resources 

(Bureau et al., 2009; E.-H. Liu et al., 2008). 

 
2.3. The antioxidant property of rutin 

 
The generation of free radicals in humans can occur because of abnormal metabolic health, 

which is caused by the consumption of inherent oxygen in the cells leading to oxidative stress. 

Oxidative stress releases a range of free radicals and reactive oxygen species (ROS) such as 

superoxide, hydroperoxides, and hydroxyl causing cytotoxicity in normal cells by reacting with 

nucleic acids and proteins in the physiological system (Benavente-García et al., 1997; Sáez- 

Tormo et al., 1994). The antioxidant potential of rutin is well reported using different methods; 

either through biochemical estimations by measuring its capacity to scavenge stable DPPH free 

radical or through in-vitro cell-based intracellular antioxidant assays (Prior et al., 2005; Yang 

et al., 2008a). Its antioxidant effect can be due to its hydrogen donating ability towards the 

DPPH free radical, which accepts electrons to become a diamagnetic stable molecule. This 

helps the rutin molecules to have easier access to the DPPH molecules present in a solvent 

interface (Chat et al., 2013). A study was performed under in vitro conditions where rutin and 

butylated hydroxytoluene (BHT), a phenol derivative, were used at a concentration of 0.05 

mg/mL. This resulted in 90.4% and 58.8% inhibition of DPPH radicals, respectively. The 

inhibitory action of rutin towards the DPPH molecule had a concomitant increase; whereas, 
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BHT exhibited poor antioxidant activity (Yang et al., 2008a). According to a previous study 

(Boyle et al., 2000), rutin was used as a supplement to understand its antioxidant effects. 

Following a 6-week trial of 500 mg rutin supplementation/day, there was a 2.5-fold increase in 

the plasma levels of quercetin when compared to the Week 0 samples (Boyle et al., 2000). 

Rutin exhibited a protective effect against the toxicity of ROS that leads to oxidative damage 

in the physiological systems (Manach et al., 1997). In an in vitro intracellular antioxidant assay, 

rutin showed reliable cell permeability, which resulted in scavenging of induced hydroxyl 

radicals in a hepatocellular carcinoma cell line (HepG2 cells), indicating that rutin could exhibit 

antioxidant activity against oxidative stress-induced ROS. This behavior of rutin could be due 

to a combination of chelating activity by Cu2+ or free radical scavenging activity (Kim et al., 

2011). Table 2.2 summarizes several other previous studies that demonstrated the antioxidant 

effects of rutin. The recommended daily intake of rutin is 500 mg/d (Sattanathan et al., 2011), 

which is a challenge to be delivered via food.
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Table 2.2 Evidence of in vitro and in vivo studies demonstrating antioxidant effects of rutin and rutin-protein complexes 
 

 

Experimental design 

 
Dosage and 

duration 

 

Observations 

 

Proposed suggestions (if any) 

 

Reference 

  
In vitro studies 

  

 
Rutin-phospholipid (soya lecithin) 

complex and pure rutin subjected to 

DPPH assay 

 

10-90 µg/mL for 30 

minutes 

 
Rutin-phospholipid complex exhibited higher 

radical scavenging activity in comparison to pure 

rutin. 

 
Improving the lipophilicity of 

rutin enhances its free radical 

scavenging property. 

 

Jain et al. 

(2012) 

 

Rutin, Vc, and BHT were 

investigated for the potential 

antioxidative effect 

 
 

5,20,30,50,75 µg/mL 

for 30 minutes 

 

Inhibition rate for rutin was 90.4%, Vc (92.8%) and 

BHT (58.8%). 

Free radical scavenging increased with an increase 

in concentration. 

  
Yang et al. 

(2008a) 

 
Preventative effect on hemoglobin 

glycosylation by rutin 

 
0.5,5,10 µg/mL for 

72 hours 

 
Inhibition of glycosylation by rutin for tested 

concentrations was 11%, 27%, and 42% 

respectively. 

To understand the effect of 

structural activity different 

aglycones and glycosides should 

be compared. 

 
Asgary et al. 

(1999) 

 

Effect of rutin on superoxide anion 

production in HT29 cells, A549 

cells, and Caco-2 cells 

 
5-100 µM for 45 

minutes 

 

Against HT29, A549, and Caco-2 cells, rutin 

reduced ROS production by 64.41%, 56.65%, and 

31.12% respectively. 

 
Ben Sghaier 

et al. (2016) 

  
In vivo studies 
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STZ (60 mg/kg) induced renal injury 

in diabetic rats 

 
3 doses of 10, 30, and 

90 mg/kg for 10 

weeks 

 
Significant increase in the activity of CAT, GSH- 

Px, and T-SOD resulting in strong antioxidative 

effect by rutin. 

  
Hao et al. 

(2012) 

 

 
 

Hypercholesterolemia-induced male 

rats 

 
10 or 100 mg/kg in a 

high cholesterol diet 

for 4 weeks 

 
Rutin reduced total cholesterol, LDL-C levels, and 

liver enzymes at 100 mg/kg supplementation in 1 

mL/100g of diet. 

  
 

Ziaee et al. 

(2009) 

 

 
Hyperammonemia-induced male 

Wistar albino rats 

 
100 mg/kg body 

weight for 8 weeks 

 
Increased antioxidant levels were observed at 50 

mg/kg body weight. 

  
Mahmoud 

(2012) 

 

 
 

STZ (60 mg/kg) induced male Wistar 

rats 

 

20% casein diet 

supplemented with 

0.2% G-rutin for 4 

weeks 

 
 

G-rutin suppressed glycation of tissue proteins in 

diabetic rats. 

The behavior of rutin under 

elevated activation of the polyol 

pathway can help in 

understanding its role in 

diabetes. 

 
 

Nagasawa et 

al. (2002) 

 

DPPH: 2,2-diphenyl-1-picrylhydrazyl; Vc: Ascorbic acid; BHT: butylated hydroxytoluene; HT29 cell line: human colorectal adenocarcinoma cell line; A549 cell line: adenocarcinoma human alveolar basal epithelial 

cells; Caco-2 cell line: human epithelial cells; STZ: streptozotocin; CAT: catalase; GSH-Px: glutathione peroxidase; T-SOD: total superoxide dismutase; LDL-C: low-density lipoprotein cholesterol; G-rutin: 4(G)-alpha- 

glucopyranosylrutin. 
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2.4. Pharmacokinetics of rutin and its association with human health 

 
Rutin has been known to possess various biological activities such as antioxidant, 

antimicrobial, anti-inflammatory, anti-ulcerogenic, and chemo-preventative (Albu et al., 2013; 

Ben Sghaier et al., 2016; Ponnusamy et al., 2015; Sharma et al., 2013; Yu et al., 2015). These 

properties have been researched for pharmacological applications through animal models and 

in vitro cell models for various chronic diseases and conditions like neurogenerative disorders, 

cardiovascular diseases, diabetes mellitus, many types of cancers, and inflammatory bowel 

diseases (IBD) (Sharma et al., 2013). The use of rutin as a potent bioactive compound that 

exhibits strong antioxidant properties, may also explain its compatibility being complex with 

proteins and nanoparticles. Thus, enhancing its bioaccessibility through the gastrointestinal 

tract (GIT) without inducing any toxicity in the body (Sharma et al., 2013). 

 

 
2.4.1. Metabolic health and inflammation 

 
Although rutin and its associated compounds and complexes have been studied mostly as 

antioxidant compounds, their anti-inflammatory action has found higher relevance in clinical 

trials. According to Oboh et al. (2015), rutin could inhibit pro-oxidants such as Fe2+, induced 

during lipid peroxidation in rat pancreas homogenates, where it was significantly more 

effective than quercetin. 

 

The important mediators of inflammation are transcription factor, NF-κB, and TNF-α (tumour 

necrosis factor-alpha) as they regulate pro-inflammatory transcriptional factors that activates 

pro-inflammatory cytokines such as IL-1β, IL-6, and IL-8, which in turn, lead to an 

inflammatory response that can be either acute or chronic inflammation (Serhan et al., 2010). 

As inflammation involves the production of pro-inflammatory cytokines, enzymes such as 

cyclooxygenase-1 (COX-1), and other chemical mediators, the imbalance between the 

cytokines may lead to some chronic inflammatory responses in the human physiological 

system, resulting in endothelial dysfunction in the cells (Jiang et al., 2019). It has been found 

that rutin suppresses the inflammatory responses in an in vitro Caco-2 cell culture model, where 

it may prevent intestinal dysfunction and cardiovascular diseases linked to chronic 

inflammation (Morales et al., 2018). 
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2.4.2. Absorption and transepithelial transport of bioactives 

 
Rutin is hydrophobic and possesses difficulty in diffusion through cell membranes that reduce 

the absorption of the bioactive molecules in the stomach. The structure of bioactive compounds 

changes in the colonic region of the body due to microbial enzymes, thus resulting in 

glycosylation (Németh et al., 2003). Differentiated Caco-2 cells have been used typically to 

compare the absorption of a bioactive from the apical compartment to the basolateral 

compartment of monolayers. For a flavonoid glycoside such as rutin, a study by Németh et al. 

(2003) reported that the transfer of aglycones and its metabolites from the apical compartment 

after 4 hours of incubation was almost 90% and 70% respectively when quantified through 

HPLC-DAD. The evidence to prove that efficient absorption of dietary flavonoid glycosides 

takes place due to glycosylation has been reported by several researchers (Zhang et al., 2013). 

But the limitations to increasing the concentration of dietary flavonoids may result in longer 

incubation periods for absorption studies in vitro, thereby also increasing the risk of 

cytotoxicity in cells. With a polarised Caco-2 cell culture model, it mimics the characteristics 

of gut epithelium and hence it may be relevant to understanding the transport and potential 

absorption dynamics of rutin in the gut. The transepithelial absorption of rutin was observed at 

different time intervals of 2, 4, 6, 8, 12, and 24 hours to characterise the effect of rutin 

throughout the incubation time periods. The maximum transport through the monolayers from 

the apical compartment to the basolateral compartment was observed at 12 hours, after which 

there was a decrement in the transport of rutin that passed to the basolateral compartment of 

the cells (Jiang et al., 2019). 

There have been certain enzymes reported which are present in the small intestine that enhance 

the absorption of dietary flavonoids by hydrolysis, known as β-glucosidase. This enzyme has 

also been particularly known to enhance the absorption of lactose (the sugar present in milk 

that gives glucose and galactose upon hydrolysis) in the gut through sugar transporters such as 

SGLT-1 (sodium-glucose transport proteins) and GLUT (glucose transporter) that facilitate 

membrane diffusion within the cell monolayers (Németh et al., 2003). Transmembrane 

diffusion of rutin complexed with proteins or nanoparticles has its advantages as they extend 

the release of bioactives by being carriers for hydrophobic compounds and delivering the 

encapsulated or entrapped bioactives at the target area of the gut (Negahdari et al., 2021). To 

study the transport of hydrophobic compounds like rutin, the integrity of the monolayers is 

measured by monitoring the permeability of the compounds through transepithelial electrical 
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resistance (TEER) values. These values indicate the barrier integrity of the cells during the 

transport/diffusion of compounds across different barrier models such as GIT and the blood- 

brain barrier (Srinivasan et al., 2015). The transport characteristics depend on the concentration 

of the compounds, temperature, incubation time, and pH (He & Zeng, 2005). According to 

Zhang et al. (2013), accumulation of rutin through intracellular absorption can be dependent 

on time and concentration, along with metabolic enzymes that help in mediating rutin across 

the apical membrane of the monolayers to the basolateral membrane. 

 

2.5. Cytotoxicity of bioactives 

The intake of bioactives in substantial amounts through fruits and vegetables as a natural source 

has been a common practice. However, recent research trend has focused on developing 

flavonoid-enriched products with higher functional, biophysical, and bioaccessibility attributes 

(McClements, 2021). The potency of rutin was determined by how effectively it was 

responsible for the mechanisms that affected cytotoxicity within the body. Any healthy cells 

cultured in vitro with flavonoids triggers several metabolic activities such as cell proliferation, 

cell death, and apoptosis that are comparable to the physiological system in our body, as cells 

tend to respond and act against different stimuli (Sak, 2014). To characterize in vitro functional 

activities of these supplements using cell models, their cytotoxicity needs to be evaluated. This 

can help in finding effective concentration in the in vitro cell-based functional assays. 

 

To evaluate purified rutin or any functional foods fortified with rutin that have any cytotoxic 

effects on cultured cells, an effective and nontoxic concentration needs to be evaluated. The 

solubility of hydrophobic compounds can be overcome using solvents such as DMSO, 

methanol, or ethanol and they have severe cytotoxic effects on the cells (Hollebeeck et al., 

2011). This also increases the need to evaluate the role of delivering rutin through a protected 

matrix to minimise any toxic effect on the physiological system (Knekt et al., 2002). In this 

regard, as presented in Table 2.3, the in vitro studies demonstrated that rutin can protect against 

induced cytotoxicity and mitochondrial dysfunction in different cell models, thus maintaining 

cellular homeostasis. 
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Table 2.3 Evidence from the cytotoxic and protective effect of rutin in cell lines and animal models 
 
 

Experimental 

design 

 
Dosage and duration 

 
Observations 

 
Reference 

 

Rutin exposed to 

Caco-2 cells for 

cytotoxicity 

25 µM – 250 µM for 72 

hours 

 
96.5% cell viability at 150 µM, without any 

significant cytotoxicity. 

 
Kuntz et al. 

(1999) 

Effect of rutin on 

LPS-induced 
HUVECs 

2.5 µM - 100µM for 6 
hours. LPS treatment at 

100 ng/mL 

Decreased LPS-induced toxicity in cells in 

a dose-dependent manner without reducing 
cell viability. 

 
Lee et al. 

(2012) 

 
Cell viability of 

rutin on HepG2 

cells 

 

0.1 µM- 100 µM for 4 

hours and 24 hours 

No significant effect on cell proliferation 

after 24 hours. But, at 48 h inhibition in cell 

growth was observed at 100 µM, 50 µM, 

and 10 µM doses. 

 

Alía et al. 

(2006) 

Effect of rutin on 

Aβ42-induced 

SH-SY5Y cells 

 

2, 10, and 20 µM 

treatment of Aβ42 with 

and without rutin for 48 

hours 

 

Aβ42 reduced cell viability, while rutin 

attenuated the Aβ42-induced cytotoxicity at 

2, 10, and 20 µM by 14%, 20%, and 23% 

respectively. 

 
 

Wang et al. 

(2012) 

Rutin inhibits cell 

proliferation of 

rat C6 glioma 

cells 

 

50 µM of rutin treatment 

for 24 hours 

 

 
Rutin reduced cell proliferation by 24.81%. 

 

da Silva et al. 

(2020) 

HT29 cells: human colorectal adenocarcinoma cell line; HepG2 cells: human hepatoma cell line; Caco-2 cells: human epithelial cells; 

HUVECs: human umbilical vein endothelial cells; LPS: lipopolysaccharide; Aβ: β-amyloid peptides; SH-SY5Y cells: triple cloned subline of 

neuroblastoma cell line SK-N-SH; C6 glioma cells: Rat glioblastoma cell line 
 

 

 
 

As shown in Table 2.3, rutin has been a promising bioactive possessing antioxidant potential 

that reduces the risk of accelerating any chronic diseases and strengthening its free radical 

scavenging capacity in the physiological systems. To increase the functional effect of rutin 

without altering its structure, the formation of covalent bonds has been reported by former 

researchers (Afanas’eva et al., 2001). As per previous studies on quercetin’s strong potency as 

an antioxidant, it cannot be manifested as a protective compound due to its cytotoxic and 

genotoxic behaviour in comparison with rutin over longer incubation time periods with high 

concertation during in vitro experiments (Alía et al., 2006). 

 

The increasing interest of consumers in plant proteins has boosted the use of bioactives such 

as rutin to form complexes with different food materials that could enhance their limiting 

properties (e.g., hydrophobicity) via their delivery in fortified functional foods (Rashidinejad 
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et al., 2019). To overcome the limited bioavailability of rutin, some formulations have been 

developed where rutin has been used in combination with other ingredients in herbal remedies 

and multivitamin supplements (Erlund et al., 2000). Some studies have revealed a dose of rutin 

that is considered safe without initiating any toxicity or adverse health risks at 2000 mg/kg and 

5000 mg/kg. This, in turn, helps in creating more efficient formulations in the future to deliver 

rutin as a functional ingredient (Patil et al., 2012; Suzuki et al., 2015; Tiwari et al., 2020). 

 

 
2.6. Incorporating rutin into functional foods 

As consumers are becoming more aware of food ingredients and supplements, for health 

benefits that are scientifically proven or claimed, there has been a rise in the demand for 

functional foods. These foods exhibit higher nutritional values along with sustainable impacts 

on the environment (Gimenez-Bastida & Zielinski, 2015). Because of its higher nutritive value 

and health benefits, rutin has become an essential part of the diet through different sources such 

as fruits and vegetables or buckwheat (Frutos et al., 2019). However, dietary rutin is poorly 

soluble in both water and oil and possesses high hydrophobicity, low bioavailability, and 

limited membrane permeability, thus, the lower absorption in the body (Gullón et al., 2017). 

Therefore, by reducing its hydrophobicity and developing hydrophilic modified rutin fortified 

functional foods, we can increase its bioavailability and functionality. 

To develop a food carrier for loading rutin into the food matrix, there are various delivery 

systems such as lipid-based nano emulsions, that can be used in fortifying rutin within any 

beverages, as well as maintaining high stability and increased bioavailability (Dima et al., 

2020). The most common encapsulating materials for bioactives such as rutin are milk proteins 

as they are hydrophilic and nontoxic. Some of the commonly used milk proteins used for this 

purpose are casein, whey proteins, lactoferrin, sodium caseinate, and β-lactoglobulin. The 

major advantage of choosing proteins for bioactive encapsulation may be due to their 

polyelectrolyte structure, which can help in maintaining the charge within the carrier and help 

to stabilise the entrapped bioactive compound (Dima et al., 2020; Rashidinejad et al., 2019). A 

research study by Barbé et al. (2013) observed that kinetics of milk protein digestion and the 

absorption of amino acids for unheated milk, heated skim milk, milk with rennet, and milk 

without rennet gelation had different results. Therefore, the gelation of milk decreased the 

outflow of the food from the stomach and thus the subsequent absorption of amino acids, which 
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indicates the resistance of caseins and β-lactoglobulin towards hydrolysis under acidic 

conditions within the stomach (Moughan, 2020). 

To develop gels fortified with bioactives, natural biopolymers (e.g., polysaccharides) are used 

that generally have a negative charge after interacting with proteins as they form electrostatic 

complexes. Some examples of polysaccharides used for this reason are cellulose, xanthan, 

pectin, and carrageenan. Polysaccharides are broken down by amylase during digestion in the 

GIT, and subsequently, are fermented by colonic microbiota (Dima et al., 2020). 

 
 

2.6.1. Enhancing the bioavailability of rutin through delivery systems 

 
As discussed previously (Section 2.6), the major disadvantage of delivering rutin itself is 

directly linked to its poor solubility (Gullón et al., 2017). There have been different approaches 

to increasing the solubility of rutin after studying its biological characteristics and maximising 

its potential in the food industry for food fortification and developing new functional foods 

(Dima et al., 2020). 

 

As shown in Table 2.4, many approaches have been used to encapsulate bioactive compounds 

to overcome their poor solubility (Nguyen et al., 2013). Novel delivery systems have been 

designed to deliver bioactives through the GIT, which have made it possible to discover new 

methods to improve their therapeutic potential, without limiting their efficacy, cytotoxicity, 

and structural integrity (Negahdari et al., 2021). These advances in delivery systems have made 

rutin an attractive target for commercial fortified functional foods. Formulations based on 

nano-carriers such as lipids have significantly improved aqueous solubility and facilitated 

emulsification, thereby, increasing its absorption in the body (Sharma et al., 2013). 

 

Importantly, every product introduced into the market needs to have approved regulatory 

requirements, sensorial attributes, storage, and high-temperature stability along with mitigating 

oxidation due to variable environmental conditions. The issue of delivering bioactive 

compounds within the GIT is that it needs a food matrix that can enhance its bioactivity and 

ensure that interactions between the encapsulating agent and the bioactive result in a controlled 

release when ingested (Moughan, 2020). The food matrix also affects the GIT after delivering 

fortified foods, due to the breakdown of the matrix loaded with bioactives. There are mineral 

ions, proteins, surfactants, and other conjugates formulated with bioactives that are released in 

the gut along with gastric and intestinal fluid, which are then absorbed by the surface of the gut 
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upon their breakdown. The release of the bioactives after the breakdown of its food matrix 

changes the physicochemical characteristics of the released compound and affects its transport 

mechanism through the junctions of the intestinal epithelium cells (Liu et al., 2017; Zhang & 

McClements, 2016). Table 2.4 discusses the interactions between encapsulating material and 

bioactives through common delivery systems, which have been used to enhance bioaccessibility and 

absorption of bioactives such as rutin, curcumin, and β-carotene. 
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Table 2.4 Delivery systems designed to enhance bioaccessibility and bioavailability of bioactives 
 

Encapsulating nanomaterial Bioactive compound Impact of the delivery system Reference 

Cyclodextrins (α, β, ɣ) 

complex 

Rutin, Curcumin, Lycopene, 

Resveratrol 

Increased dissolution rate; Stable in the GIT after oral administration (in 

vivo); Increased antioxidant capacity; Protection against UV and heat 

treatments; Controlled release in the gut; Increased bioaccessibility; 

Maintaining oxidative and thermal stability. 

Nguyen et al. (2013); Sri et al. 

(2007); Paczkowska et al. 

(2015); Celik et al. (2015); 

Chen et al. (2020); Liu et al. 

(2016); Shi et al. (2015) 

 
Phospholipid complex 

 
Rutin, EGCG, β-Carotene 

 
Increased permeability and intestinal absorption in Caco-2 cells; 

Increased oxidative stability; Heat stabilized; Increased solubility; 

Maintaining antioxidant potential and bioactivity. 

 
Granja et al. (2019); Alexander 

et al. (2016); Das and Kalita 

(2014); Singh et al. (2012); 

Gutiérrez et al. (2013); 

Shpigelman et al. (2012); Kidd 

and Head (2005) 

 
Nanoparticulate systems 

(nanoemulsions, 

nanocapsules, SMEDDS, 

polymeric nanoparticles, 

nanocrystals) 

 
Rutin, EGCG, β-carotene, EPA, 

DHA, Vitamin D3 

 
Enhanced physicochemical properties; heat stabilized; Re-dispersible and 

higher dissolution activity; Prolonging release in the GIT; Enhanced 

bioaccessibility after in vitro digestion; Enhanced absorption in everted 

sac models in vivo; Improving cellular uptake in Caco-2 cells; 

Bioaccessibility was improved after in vitro digestion. 

 
Mauludin et al. (2009); 

Babazadeh et al. (2016); Dey 

et al. (2019); Dima and Dima 

(2020); Kumar and Bhopal 

(2012); Walia and Chen 

(2020); Yang et al. (2016); 

Yuan et al. (2019) 

Rashidinejad et al. (2019); 

Zhang and Han (2018) 

 
GIT: gastrointestinal tract; UV: ultraviolet; EGCG: epigallocatechin gallate; Caco-2 cells: human epithelial cells; SMEDDS: self-emulsifying drug delivery systems; EPA: eicosapentaenoic acid; DHA: docosahexaenoic 

acid. 
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2.6.2. Functional foods enriched with bioactives 

The role of a novel food-grade delivery system is to overcome issues of bioaccessibility, 

bioavailability, and cytotoxicity, to develop new food products that can have a similar sensorial 

property, stability, or shelf-life without altering the biological functions of the bioactives or the 

sensorial and structural properties of the food they are incorporated into. 

 

2.6.2.1. Enriched dairy products 

Milk and its product derivatives are commonly consumed as part of a staple diet worldwide; 

however, these products are perishable as they have a short shelf life. To improve these 

limitations, researchers have developed formulations in the dairy industry to improve their 

physicochemical properties, rheological attributes, and textures along with sensorial properties 

to satisfy consumers (Dima et al., 2020). Hydrocolloids have been extensively used to create 

complexes with proteins, particularly casein micelles, which are used in the dairy industry. 

There have been various hydrocolloids such as carrageenan, xanthan, carboxyl 

methylcellulose, and pectin that are complexed with different proteins for the application of 

dairy derivatives such as yoghurt, cheese, ice cream, and butter milk (Yousefi & Jafari, 2019). 

 

Researchers have explored dairy products containing a protected form of hydrophobic 

flavonoids such as rutin. For example, a study by Acevedo-Fani et al. (2021) revealed that 

incorporating rutin complexed with sodium caseinate in a yoghurt resulted in better stability 

during in vitro gastrointestinal digestion. Moreover, it impacted the release of rutin from the 

food matrix, by making it more bioaccessible after gastrointestinal digestion. Thus, fortified 

dairy foods are suitable models for understanding the influence of the food matrix in which 

bioactives are encapsulated/protected for prolonging their release in the gut and enhancing their 

functional attributes such as antioxidant potency or stability under the conditions of food 

storage and digestive system (Helal & Tagliazucchi, 2018). 
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Research Methodology 
 

 

3.1. Introduction 

 
The experimental methodology in the current research was divided into 2 phases, with each 

phase serving its categorical objectives. Phase 1 demonstrated the potential antioxidant effect 

of the two rutin-casein composites (FlavoPlus 1TM and FlavoPlus 2TM) on human intestinal 

epithelial cells (Caco-2) through biochemical assays. In Phase 2, a functional milk product 

(banana-flavored milk beverage) fortified with both rutin-casein composites was prepared and 

digested using an INFOGEST in-vitro digestion model. Subsequently, this milk product was 

characterised by the effect of the incorporated composites on its physicochemical properties 

and intracellular antioxidant potential. 

 

3.2. Cellular and biochemical estimation of antioxidant potential of 

FlavoPlus 1™ and FlavoPlus 2™ through in vitro studies 

The human intestinal epithelium cell line, Caco-2 was used to test the antioxidant activity of 

rutin-casein composites (FP1 and FP2). Caco-2 cells were cultured in Minimum Essential 

Media (MEM) for 72 hours and always maintained at 37°C in a 5% CO2-humified incubator. 

Cells were treated with DMSO at doses varying from 0% to 5% before testing the cytotoxic 

effect of FP1, FP2,, and RH. The optimisation of DMSO concentration on Caco-2 cells was 

tested by investigating the cell viability through various experimental trials. Simultaneously, 

the cytotoxic effect of FP1, FP2, and RH on Caco-2 cells was determined by MTT assay, as 

demonstrated in Section 3.2.2.1. 

 

Evaluation of the in-vitro antioxidant activity of FP1 and FP2 in comparison to RH through the 

Caco-2 cellular model was determined by a fluorescent antioxidant assay. 2′,7′- 

Dichlorofluorescin diacetate (DCFH-DA) is a fluorescent dye that helps in the detection of 

ROS in cells. Cells were pre-treated with various concentrations of antioxidant medium 

containing FP1, FP2, and RH for 1 hour. DCFH-DA dye was added to these pre-treated cells 

and incubated for 1 hour, where it converts into an oxidisable form of DCFH. To determine the 

effective intracellular antioxidant activity of FP1, FP2, and RH, a free-radical generator, called 

2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) was added to these pre-treated 
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cells and relative fluorescence over 1 hour is monitored to indicate any antioxidant activity 

within the cells. 

 

 
3.2.1. Cell line, medium, and reagents 

Caco-2 cells (ATCC ®; American Tissue Culture Collection, # HTB-37) with passage number 

19 were kindly provided by Dr Rachel Anderson (AgResearch, Palmerston North, New 

Zealand). Cells were maintained and cultured in complete minimum essential media (MEM) 

and seeded in a 96-well plate for the experiment at 70% confluency. 

 

3.2.2. Cell culture medium and reagents preparation 

 
3.2.2.1. Complete Minimum essential media 

Complete MEM was prepared by supplementing GibcoTM MEM (L-Glutamine; Catalogue 

number 11095080, ThermoFisher ScientificTM, Waltham, MA, USA) with a 10% Fetal Bovine 

Serum (FBS, Australian sourced, ɣ-radiated, Catalogue number FBSF, Thermo Fisher 

Scientific, Waltham, MA, USA), 1% NEAA (MEM non-essential amino acids 100x solution; 

Catalogue #11140-050), and 1% penicillin-streptomycin (Pen-Strep, 10,000units/mL penicillin 

G sodium salt and 10,000 μg/mL streptomycin sulfate in 0.85% saline) were procured from 

Gibco, Invitrogen, MA, USA. Cells were sub-cultured every third day using trypsin 

(TrypLETM, GibcoTM, Invitrogen Corporation, Carlsbad, CA, USA), and GibcoTM PBS 

(Phosphate buffer saline), pH 7.4 (catalogue #10010023). The complete MEM was stored at 

4°C. 

 

3.2.2.2. 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) stock 

solution 

3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) stock solution was 

prepared by dissolving 5 mg of the dye (Catalogue #M6494, Invitrogen by Thermo Fisher 

Scientific™, Waltham, MA, USA) in 1 mL of phenol-free Gibco™ MEM. The solution was 

syringe-filtered (0.22 µm) and stored at -200C until further use. The working solution of MTT 

dye was prepared by diluting the stock solution by 10-fold (1:10) in phenol-free MEM. The 

stock solution was covered in the foil due to MTT’s light-sensitive nature. 
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3.2.2.3. Dimethyl sulfoxide (DMSO) 

A stock solution of 0.3% DMSO (Catalogue #D4540, Sigma-Aldrich®, St. Louis, MO, USA) 

was prepared, which was further diluted in phosphate buffer saline (PBS), pH 7.4 (Catalogue 

#10010023), before being syringe-filtered (0.22 µm) and stored at -20°C until used. 

 
3.2.2.4. DCFH-DA/Cellular antioxidant assay 

All reagents and buffers for the DCFH-DA assay were prepared according to the method 

reported by Ma et al. (2018) 

 

2′,7′-Dichlorofluorescin diacetate (DCFH-DA) stock solution 

To prepare a 12.5 mM stock solution, 12.182 mg of DCFH-DA (Catalogue #4091-99-0, Sigma- 

Aldrich®, St. Louis, MO, USA) was dissolved in 2 mL of DMSO (Catalogue #D4540, Sigma- 

Aldrich®, St. Louis, MO, USA) and stored in 100 µL single-use aliquots at -20°C to avoid 

repeated freeze-thaw cycles. 

 

2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) stock solution 

To prepare a 60 mM stock solution, 32.542 mg of AAPH (Catalogue #2997-92-4, Sigma- 

Aldrich®, St. Louis, MO, USA) was dissolved in 2 mL of GibcoTM HBSS (Catalogue 

#14175095, Thermo Fisher Scientific™, Waltham, MA, USA) and stored in 100 µL single-use 

aliquots at -20°C to avoid repeated freeze-thaw cycles. 

 

3.2.2.5. Preparation and resuspension of bioactive compounds 

 
Rutin hydrate stock solution 

A stock solution of rutin hydrate (≥94%; Catalogue #207671-50-9; Thermo Fisher Scientific™, 

Waltham, MA, USA) was prepared by dissolving 1 mg of the powder in 0.3% DMSO solution 

before further dilution in treatment medium. The solution was syringe-filtered (0.22 µm) and 

stored at -20°C until used. 

 

Rutin-casein composites (FP1 and FP2) stock solutions 

The composition of food-grade FP1 powder included: sodium caseinate (NaCas; 46%), rutin 

(46%), and dipotassium phosphate (8%). This powder was developed and manufactured in our 

laboratory by Rashidinejad et al. (2019). The manufacturing procedure for FlavoPlus 1™ and 

FlavoPlus 2™ was described in a patent by Thompson et al. (2020). A stock solution was 

prepared by dissolving 2 mg of the powder in 1 mL Ultrapure water (Millipore Corp., SAS – 
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#67120, Bedford, MA, USA) before further dilution in the treatment medium. The solution was 

then syringe-filtered (0.22 µm) and stored at -20°C until use. 

 

FP2 was composed of sodium caseinate (54.5%), rutin (27.3%), and dipotassium phosphate 

(18.2%). This powder was previously developed and manufactured in our laboratory 

(Rashidinejad; et al., 2022). A stock solution was prepared by dissolving 2 mg of the powder 

in 1 mL Milli-Q (Millipore Corp., SAS – 67120, Bedford, MA, USA) water before further 

dilution in the treatment medium. The solution was syringe-filtered (0.22 µm) and stored at - 

20°C until use. 

 

3.2.2.6. DPPH stock solution 

The DPPH stock solution was prepared by dissolving 0.025 g DPPH reagent (procured from 

Sigma-Aldrich Co., Inc. Darmstadt, Germany) in 100 mL methanol (Analytical grade, 

Catalogue #67561, Sigma-Aldrich®, St. Louis, MO, USA). The stock solution was covered by 

aluminium foil, due to its light sensitivity and stored in a dark and cool place until used. 

 

3.2.2.7. Total phenolic content (TPC) stock solution 

Folin-Ciocâlteu (FC) reagent (Merck Co., Inc. New Jersey, USA) was mixed with Milli-Q 

water in a ratio of 1:1 to generate a stock solution. The stock solution was covered by 

aluminium foil due to its light sensitivity and then was stored in a dark place and at 4°C until 

used. 

 

3.3. Methods 

 
3.3.1. Maintenance and culture of Caco-2 cells 

The Caco-2 cells were grown and maintained in the complete MEM at 37°C, 5% CO2 in a 

humified incubator (Heracell™ VIOS 160i CO2 Incubator, Thermo Fisher Scientific™, 

Waltham, MA, USA). The growth of cells was monitored daily under an inverted microscope 

(Nikon Eclipse TS100, Japan) until it reached 70% confluency. Cells were sub-cultured every 

third day by washing with PBS (pH 7.4; Catalogue #10010023), and incubating with trypsin 

for 4 minutes to remove adherent cells from the surface of the flasks (TrypLETM, GibcoTM, 

Invitrogen Corporation, Carlsbad, CA, USA). The cells were then centrifuged at 110 RCF for 

4 minutes (MegaFuge™ 8 centrifuge, Thermo Fisher Scientific™, Waltham, MA, USA) and 

resuspended in MEM medium. Subsequently, they were seeded into 96 well plates for the 

corresponding assays (Natoli et al., 2012). 
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3.3.2. Differentiation of Caco-2 cells 

Differentiation of Caco-2 cells was done to perform absorption experiments and barrier 

integrity assessment of the cell monolayer. The cells were tested for viability using trypan blue 

solution (0.4%, Catalogue #T10282, Invitrogen™ Thermo Fisher Scientific™, Waltham, MA, 

USA) where the cell suspension was mixed with trypan blue dye in a 1:1 ratio and mixed in 

Eppendorf tube. About 12 µL of the sample was loaded onto a disposable Countess™ chamber 

slide (ThermoFisher Scientific™, Waltham, MA, USA) and observed under a Countess™ 

automated cell counter (ThermoFisher Scientific™, Waltham, MA, USA). Live and viable 

cells were transparent and clear while dead cells were stained blue with trypan blue. 

Caco-2 cells were seeded at a density of 8 × 104 cells/ Transwell (6.5 mm, polyester, 0.33 μm 

pore size; Corning® Inc., Catalogue #CLS3470, ThermoFisher Scientific™, Waltham, MA, 

USA). The volume of fresh MEM medium in the apical compartment was 200 µL and the 

basolateral compartment was 810 µL. The plates were incubated in humified incubators at 37°C 

at 5% CO2. The medium in the transwell was changed after every second day. Differentiation 

of Caco-2 cells occurs after 15-17 days of incubation. The background transepithelial electrical 

resistance (TEER) across the Caco-2 cell monolayer was measured after cells reached 

confluency using the EndOhm TEER cup (World Precision Instruments, Sarasota, FL, USA) 

connected to the Epithelial Voltohmmeter (EVOM2) (World Precision Instruments, Sarasota, 

FL, USA), to determine the barrier integrity of the cells before absorption experiments. 

 

3.3.3. Treatment of Caco-2 cells with rutin-casein composites 

Caco-2 cells were treated with FP1, FP2, and RH at various concentrations ranging from 0.1 

µg/mL to 50 µg/mL. These concentrations were achieved after dilutions from the stock 

solutions in a fresh MEM medium. To understand the effect of the samples, the control vehicles 

such as DMSO were optimised at varying concentrations from 0.01% to 5%. The concentration 

of DMSO used in diluting RH corresponds to the concentration range of DMSO used for its 

optimisation. After seeding cells at a density of 4 ×105 cells/mL in a 96-well plate (Corning® 

Co-star 3596 Inc., Catalogue # 07-200-90, ThermoFisher Scientific™, Waltham, MA, USA), 

the incubation of 24 hours was needed for the cells to adhere to the surface of the well. After 

incubation, the cells were treated with DMSO (0.01% to 5%). These cells were quickly 

assessed via MTT Assay to optimise the cytotoxic concentrations of DMSO. 
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3.3.4. MTT Assay 

After the treatment with DMSO, FP1, FP2, and RH, the cells are washed with a phenol-red- 

free MEM medium. The MTT dye working solution (0.5 mg/mL) was added to each well and 

incubated for 3-4 hours. The negative control was DMSO+cells, the positive control was 

without any samples, and blank wells were regarded as wells without cells. After incubation, 

the wells had a dark blue/purple formazan crystal precipitation. After carefully aspirating the 

MEM medium from the wells, 100 µL/well DMSO was added. Further incubation of 10 

minutes with occasional shaking at 37°C was needed to dissolve the formazan crystal 

formation. Absorbance was measured at 570 nm using a microplate reader (FlexStation 3™ 

Multi-Mode Microplate Reader, Bio-Strategy, NZ). The cell viability was calculated using 

Equation 1. This method was adapted from Kuntz et al. (1999) with some modifications. 

 

% Cell viability = 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 – 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑐𝑛𝑐𝑒 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 
× 100 ............(Eq. 1) 

 

 

 

3.3.5. Intracellular antioxidant activity (DCFH-DA assay) 

Intracellular antioxidant activity was measured using a 2′,7′-Dichlorofluorescin diacetate 

(DCFH-DA) assay as mentioned by Wan et al. (2015) with slight modifications. The cells were 

seeded at a density of 6 ×105 cells/mL in a 96-well plate (Corning® Co-star 3596 Inc., Catalogue 

#07-200-90, ThermoFisher Scientific™, Waltham, MA, USA), where the incubation of 24 

hours was needed for the cells to adhere to the surface of the well. After the incubation, the 

MEM medium was discarded and the cells were washed with GibcoTM PBS, pH 7.4 (Catalogue 

#10010023, ThermoFisher Scientific™, Waltham, MA, USA). All the reagents were stored at 

4°C and were equilibrated to room temperature before use. The assay was performed by 

applying the method developed by Ma et al. (2018) with some modifications. The cells were 

treated with 100 µL of samples in conjunction with 25 µM DCFH-DA (Catalogue #4091-99- 

0, Sigma-Aldrich®, St. Louis, MO, USA) dye solution, which was incubated at 37°C for 1 

hour. After an incubation of 1 hour, the cells were washed with PBS 3 times. After washing 

the cells, 100 µL of (600 µM) AAPH (Catalogue #2997-92-4, Sigma-Aldrich®, St. Louis, MO, 

USA) was added into a 96 well-plate. The fluorescence intensity was immediately measured at 

37°C with an excitation of 480 nm and emission wavelength of 530 nm by a fluorescence 

micro-plate reader (FlexStation 3™ Multi-Mode Microplate Reader, Bio-Strategy, NZ) for 

every 5 minutes for 1 hour. The control group was without any samples and blank group was 
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without AAPH and samples; only PBS treatment was regarded as blank. The fluorescence 

intensity of the samples was calculated using Equation 2. 

 

Fluorescence intensity % = 
𝐹𝑠𝑎𝑚𝑝𝑙𝑒

 

𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
× 100 ................................... (Eq. 2) 

where, Fsample is the fluorescence of the sample and Fcontrol is the fluorescence of the control. 

 
3.3.6. UV-Spectrophotometric DPPH Assay 

DPPH (2,2-diphenyl-1-picryl-hydrazyl) free radical scavenging method (Vogrincic et al., 

2010) was used to test the antioxidant scavenging capacity of FP1, FP2, and RH via UV- 

spectrophotometric chemical-based assay.100 µL of each sample was mixed with 1:10 dilution 

of the DPPH stock solution in a cuvette and was then incubated in the dark for 30 minutes at 

room temperature (25°C) until the recording of the absorbance. For the control sample, 3.9 mL 

of the DPPH solution was added to the cuvette and its absorbance was recorded immediately 

at 517 nm using a spectrophotometer (Multiskan™ GO Microplate spectrophotometer, 

ThermoFisher Scientific™, Waltham, MA, USA). The blank sample consisted of water with 

DPPH solution. With the increase in the concentration of the bioactive compound (i.e., rutin), 

stable DPPH radical was reduced to its non-radical form changing the colour of the solution 

from purple to yellow. The scavenging activity or inhibition% was calculated against the 

control using the following Equation 3. 

 

Scavenging activity (%) =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 – 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
× 100 ............... (Eq. 3) 

 

where, the absorbance of the control is at t= 0 minutes and the absorbance of the sample is at 

t= 30 minutes. All measurements were carried out at room temperature. 

 

 
3.3.7. Total phenolic content (TPC) estimation 

 
To evaluate the TPC values in FP1, FP2, and RH, the method adapted from Gangwar et al. 

(2014) was applied using FC’s reagent (procured from Merck Co., Inc. New Jersey, USA). An 

aliquot of 0.1 mL was taken from the sample stock and 2.5 mL of FC reagent was added and 

incubated for 10 minutes. After the incubation, 2 mL of sodium carbonate (75 g/L) was added, 

and samples were vortexed and incubated in dark at room temperature for 2 hours. The 

absorbance was measured by spectrophotometer at 765 nm (Multiskan™ GO Microplate 
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spectrophotometer, ThermoFisher Scientific™, Waltham, MA, USA). The absorbance values 

were compared with the gallic acid standard (50-300 µg/mL) curve to express the results as µg 

of the gallic acid equivalent of the sample. 

 

 
3.4. Preparation of banana-flavored milk beverage fortified with rutin- 

casein composites and characterisation of its physicochemical and 

antioxidant properties 

This part of the study aimed at preparing a banana-flavoured milk beverage fortified with FP1, 

FP2, and RH. The milk beverage was developed with a concentration of 7.32 g/L for 500 mg 

rutin per serving of 250 mL of banana-flavoured milk. This banana-flavoured milk was 

digested using an in vitro static digestion model. The in vitro digestion was performed to 

understand the changes in the structural and functional properties of bioaccessible rutin in the 

banana-flavoured milk beverage. High-performance liquid chromatography (HPLC) was used 

for the quantification of rutin in the samples at 0, 30, 60, and 120 minutes after digestion; i.e., 

to study the release of rutin, which determines the bioaccessible amount of rutin available after 

digestion. Subsequently, a bioaccessible amount of the samples was added to a differentiated 

Caco-2 cell monolayer to assess the impact on cytotoxicity, barrier integrity, and intracellular 

antioxidant activity. 

 

3.4.1. Materials, chemicals, and reagents 

Commercial banana-flavoured milk used in the experiments was purchased from a local 

supermarket (Pak n Save, Palmerston North, New Zealand), the composition and nutritional 

information of which are presented in Table 3.1. 

 

Table 3.1 Composition/nutritional information of the banana-flavoured milk used for the experiment 
 
 

Composition Average quantity per 

250mL serving 

Average value per 100 

mL 

% Daily intake per 

serving 

Energy 650 kJ 260 kJ 7 % 

Protein 11 g 3.3 g 4.4 % 

Fat, total 3.8 g 1.5 g 5 % 

- saturated 2.3 g 0.9 g 10 % 
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Carbohydrate 18.8 g 7.5 g 6 % 

- sugars 18.8 g 7.5 g 21 % 

Sodium 90 mg 35 mg 4 % 

Calcium 365 mg 145 mg 46 % RDI 

Vitamin D 1.3 mg 0.5 mg 13 % RDI 

 

The enzymes used in the in vitro digestion were of porcine origin; pepsin (Catalogue #P7012- 

5G, Sigma-Aldrich®, St. Louis, MO, USA) was stored at 0°C, pancreatin (Catalogue #P7545- 

100G, Sigma-Aldrich®, St. Louis, MO, USA) was stored at 0°C, and bile salts (Catalogue 

#B8631-100G) was stored at room temperature. Milli-Q water (Millipore Corp., SAS – 67120, 

Bedford, MA, USA) was used for the preparations of all the solutions. High purity (HPLC 

grade) rutin and quercetin standards were purchased from Sigma-Aldrich®, St. Louis, MO, 

USA. All chemicals and reagents used for this study were of analytical grade. 

 

 

 

3.5. Methods 

 
3.5.1. Preparation of banana-flavoured milk fortified with rutin composites and rutin 

hydrate 

To prepare banana-flavoured milk fortified with FP1, FP2, and RH, a dosage of 500 mg rutin 

per serve of 250 mL of milk was chosen, and 400 mL of the fortified milk was prepared. The 

concentration of the powders in the milk product was 7.32 g/L. The powders were stirred at 

1200 revolutions per minute (RPM) into the milk for 15 minutes and the mixture was heated at 

70°C for 30 minutes and cooled before storage. Fortified milk was then bottled and stored at 

4°C until further use. 

 

3.5.2. In vitro digestion of rutin-fortified milk 

The in-vitro digestion of the banana-flavoured milk fortified with FP1, FP2, and RH was 

performed according to a method published by Minekus et al. (2014) with some modifications. 

Freshly made fortified banana-flavoured milk beverage was used for the in vitro digestion 

studies (in triplicates). The milk samples fortified with FP1 and FP2 were compared to the milk 

fortified with RH. The milk without fortification was used as the control, along with Milli-Q 

water being regarded as the blank. Three aliquots were taken for each time point to generate 
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enough samples for further experiments, while two tubes were used for performing in vitro 

digestion for each replicate. A shaking water bath was maintained at 37±1°C, in order to 

maintain the human body temperature. 

 

A 10 mL volume of each sample was mixed with simulated gastric fluid (SGF) to a final ratio 

of 1:1 containing 5 µL CaCl2, 8 mL SGF, and 0.5 mL pepsin (at a final pepsin activity of 2000 

U/mL), and the pH of the tubes was adjusted to 3 ± 0.1. The first time point (at 0 minutes) 

marked the initiation of the gastric phase in this experiment. During the gastric phase, samples 

were collected at 0, 30, 60, and 120 minutes. In the case of the intestinal phase, the samples 

were obtained from the remaining tubes in the water bath, which had a final volume of 20 mL 

from the gastric phase. The digesta was mixed with simulated intestinal fluid (SIF) to a final 

ratio of 1:1 containing 40 µL CaCl2, 2.5 mL bile salts (at 10 mM), and 5 mL pancreatin (at a 

final 100 U/mL trypsin activity), and the pH of the tubes was adjusted to 7±0.1 with regular 

stirring at 27 RPM. During the intestinal phase, samples were collected at 0, 30, 60, and 120 

minutes. 

To stop the enzymatic reactions, enzyme inhibitors were immediately added to the samples. 10 

µL of Pepstatin A (Catalogue #ab141416, Abcam, UK) in methanol (0.5 mg/mL) was added 

to every 1 mL of gastric digesta sample taken and 0.45 mL of the protease inhibitor cocktail (1 

tablet in 50 mL Milli-Q water; Sigmafast®, Catalogue #S8820, Sigma-Aldrich®, St. Louis, 

MO, USA) solution was added to every 1 mL of the intestinal digesta sample. All digesta 

samples were stored at -20°C for further experimental analysis. 

 

3.5.3. High-performance liquid chromatography (HPLC) 

Rutin and quercetin standards were analysed at concentrations of 105-421 ppm and 10-40 ppm, 

respectively, based on the methods reported by Naveen et al. (2017) and Acevedo-Fani et al. 

(2021) with slight modifications. An Agilent 1200 series, HPLC machine equipped with 

UV/visible diode array detector (Agilent Technologies, 1200 Series, Santa Clara, CA, USA) 

and Kinetex XB-C18 column (100 A°, 100 mm × 4.6 mm, 2.6 µm pore size) was used to 

measure the amount of rutin bioaccessible in the banana fortified milk product after extraction. 

The mobile phases were composed of two different solutions: acetic acid 0.5% acting as A and 

acetonitrile acting as B. The flow rate was 1 mL/min with a sample injection volume of 5 µL. 

The column temperature was maintained at 26°C and the UV detector was set at 356 nm. Rutin 

was detected at 356 nm and peak height and peak area were obtained by integration using EZ 
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Chrome software (Agilent OpenLab Technologies, USA). The identification of rutin was 

dependent on the retention time of the peaks and their spectra compared with the calibration 

curve made from standards (105-421 ppm). 

 

3.5.4. Particle size 

The particle size of the samples was obtained after the in vitro digestion using a Mastersizer 

(Malvern MasterSizer Hydro 2000MU, Malvern Instruments Ltd., Malvern, UK) with two 

laser sources. The refractive index used was 1.460 for milk and 1.33 for water at an obscuration 

level maintained at 9.5%. A small amount (2-3 mL) of digested milk sample was added to the 

measurement cell containing 800 mL of water to reach the obscuration level. 

 

3.5.5. Zeta potential 

The zeta potential of the samples was determined by Zetasizer Nano ZS (Malvern Panalytical 

Ltd, UK) at 25°C. The milk samples were diluted with deionised water before analysis to 

prevent multiple scattering events during the experiment. The samples were equilibrated for 2 

minutes before measurement. 

 
3.5.6. MTT assay 

 
The procedure of MTT assay was previously described in Section 3.2.3.4. The cells were 

treated with a bioaccessible amount of FP1, FP2, and RH after the in vitro digestion, and their 

cell viability was calculated by measuring absorbance at 570 nm using a microplate reader 

(FlexStation 3™ Multi-Mode Microplate Reader, Bio-Strategy, NZ). The cell viability was 

calculated using Equation 1. 

 
3.5.7. Intracellular antioxidant assay (DCFH-DA assay) 

 
After quantification of cell viability, the cells were seeded on Transwell inserts (6.5 mm, 

polyester, 0.33 μm pore size; Corning® Inc., Catalogue #CLS3470, ThermoFisher Scientific™, 

Waltham, MA, USA) to become a differentiated cell monolayer after 15-17 days. The 

procedure of DCFH-DA assay was previously described in Section 3.2.3.5. DCFH-DA assay 

quantifies the intracellular antioxidant capacity of the bioaccessible samples after 24 hours of 

absorption on the Caco-2 monolayer with a change in its fluorescence values. 
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3.5.8. Transepithelial electrical resistance assay (TEER) 

 
Caco-2 cells were seeded at a density of 8 × 104 cells/Transwell (6.5 mm, polyester, 0.33 μm 

pore size; Corning® Inc., Catalogue #CLS3470, ThermoFisher Scientific™, Waltham, MA, 

USA) in GibcoTM MEM medium in an apical compartment with 200 µL and a basolateral 

compartment with 810 µL. The plates were incubated in humified incubators at 37°C at 5% 

CO2 (Heracell™ VIOS 160i CO2 Incubator, ThermoFisher Scientific™, Waltham, MA, USA) 

and the medium in the transwell was changed after every second day. Differentiation of Caco- 

2 cells occurred after 15-17 days of incubation. After reaching confluency, the transepithelial 

electrical resistance across the Caco-2 cell monolayer was measured using an EndOhm TEER 

cup (World Precision Instruments, Sarasota, FL, USA) connected to the EVOM2 Epithelial 

Voltohmmeter (World Precision Instruments, Sarasota, FL, USA) to determine the barrier 

integrity of the cells. With preliminary tests, the cells were considered confluent when TEER 

was higher than 500 Ω/cm2. The TEER values were regularly noted every 2 hours for the next 

12 hours, and the final reading was taken at 24 hours. Resistance values are calculated using 

Equation 4. 

 

TEER (Ω/cm2) = 𝑅𝑎𝑤 𝑇𝐸𝐸𝑅 𝑣𝑎𝑙𝑢𝑒 (𝛺) × 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑐𝑚2)……. (Eq. 4) 

 

 
3.6. Statistical analysis 

 
All the experiments were replicated at least three times. The results were expressed as 

mean±standard error of the mean. One-way ANOVA (Analysis of variance) was used to 

determine the effect of FP1, FP2, and RH on the various biochemical and physicochemical 

properties of the banana-flavoured milk at α≤0.05. For multiple comparisons, Tukey’s post 

hoc test was employed to determine the significant differences among the means of these three 

sample groups (i.e., FP1, FP2, and RH) (P≤0.05) using the IBM SPSS statistical software 

(Version 26, Armonk, NY., USA). Graphs were analysed and created using ORIGIN software 

(OriginPro, Version 9.7.0.185, 64-bit, 2020, Northampton, MA, USA) and Microsoft Excel 

(Version 2111, 64-bit, 2021, Redmond, Washington, USA). 
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Results and discussion 

4.1. Behaviour of rutin-protein composites on 

the antioxidant properties 

In this chapter, the antioxidant potential of natural rutin hydrate (RH) was compared with rutin- 

protein composites (i.e., FP1 (FlavoPlus 1) and FP2 (FlavoPlus 2)), and its correlation with the 

total phenolic content was also determined. Furthermore, the effect of the novel composites on 

human intestinal epithelial cells (Caco-2) was investigated. The cytotoxicity was observed 

through an MTT assay along with determining the intracellular antioxidant activity using a 

fluorescent-based assay on undifferentiated Caco-2 cells. 

 

4.1.1. DPPH radical scavenging activity 

 
The antioxidant activity of FP1 1 and FP2 was evaluated and compared with RH using the 

DPPH free radical scavenging assay. This assay is used to evaluate the antioxidant potential of 

foods by testing their ability to act as free radical scavengers and hydrogen atoms (Pyrzynska 

& Pękal, 2013). The composition of FP1 and FP2 powders supplemented with sodium caseinate 

had a varying amount of rutin, as mentioned in Section 3.2.2.5. In the case of both FP1 and 

FP2 powders, they presented a significantly (p<0.05) higher DPPH scavenging ability than RH. 

However, when the two rutin composites (FP1 and FP2) were compared together, there was no 

significant difference seen, due to their similar composition. These results suggest that the 

addition of caseinate has improved the antioxidant properties of rutin. This is in line with the 

findings from a previous study carried out by Jain et al. (2012), where rutin-phospholipid 

complexes were formed to enhance the in vitro antioxidant activity of rutin. The significant 

impact of rutin equivalent on the DPPH and TPC values is evident from the results obtained 

in this study. The DPPH free radical scavenging assay revealed that both FP1 and FP2 pow-

ders, enriched with varying levels of rutin and supplemented with sodium caseinate, exhibited 

markedly higher DPPH scavenging abilities compared to the reference substance, RH. This 

enhanced scavenging ability suggests that the incorporation of rutin, particularly in the pres-

ence of caseinate, has led to improved antioxidant properties in FP1 and FP2. 
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Figure 4.1 The DPPH (2,2-diphenyl-1-picryl-hydrazyl) antioxidant activity (an equivalent amount of 

rutin, ug/mL) of FlavoPlus1 (FP1) and FlavoPlus2 (FP2) vs rutin hydrate (RH). Note: Data represents 

the mean of six replicates with error bars corresponding to the standard error of the mean. Columns that 

do not share the same letters are significantly different (p≤0.05). 
 

Based on these results, RH showed lower antioxidant activity compared to both rutin-protein 

composites, which can be due to its structural characteristics of having fewer hydrogen donor 

atoms reflecting electrostatic interactions with free DPPH radicals, as the result of less 

solubility in the aqueous medium. The modified rutin-protein complexes illustrate a significant 

increase in their scavenging ability in a concentration-dependent manner. The resulting 

scavenging effect of RH and rutin in the rutin-protein composites is largely due to the 

hydrophobic and electrostatic interactions of bioactive compounds, which modulate the 

reduction of free DPPH radicals. Many researchers (Celik et al., 2015; Nguyen et al., 2013; 

Sharma et al., 2013) have investigated rutin-cyclodextrin complexes to improve the 

hydrophobicity of rutin and eventually enhance its antioxidant property. The results of the 

current study suggest that the rutin-protein complex might have improved the stability of rutin 
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within an aqueous system, resulting in increased interaction with a protein source and improved 

antioxidant potential. This is in line with the previous reports about rutin complexed with other 

protein sources and its stability in an aqueous system (Nguyen et al., 2013; Ye et al., 2021) 

Ye et al. (2021) investigated a similar rutin-protein complex in which they acknowledged the 

impact of rutin-soy protein isolate to improve the stability of a rutin-protein complex within an 

aqueous system, which significantly increased the interaction between rutin and protein source. 

Nguyen et al. (2013) worked on creating a rutin-cyclodextrin complex that protected rutin from 

heat and UV degradation. Similar to the results of the current experiment, their rutin- 

cyclodextrin complex also enhanced the antioxidant capacity of rutin when compared to free 

rutin in a similar system. This strongly indicates the importance of developing complexes with 

bioactive compounds such as rutin to enhance their stability and significantly improve their 

interactions within a continuous aqueous system. 

 

 

 

4.1.2. Total phenolic content (TPC) 

 
The TPC values of FP1 and FP2 were compared with RH, which attributes to the presence of 

rutin as the phenolic compound in these samples (Figure 4.2). This superiority is due to the 

higher solubility of these two composites when compared to the untreated form of rutin (i.e., 

RH). The dose-dependent effect of FP1 and FP2 seen in Figure 4.2 further confirms the 

antioxidant potency of these samples. Based on the formulations of the samples discussed in 

Section 3.2.2.5, the amount of rutin equivalent present in the three samples was 46%, 27.3%, 

and 94% for FP1, FP2, and RH, respectively. These values correspond with their phenolic 

activity for the concentrations shown in Figure 4.2. After the determination of TPC values for 

FP1 and FP2, there was a positive correlation (R2 = 98%) found between the TPC values and 

the antioxidant scavenging activity (DPPH values) of the rutin-protein composites. With an 

increase of 50 µg/mL after each concentration, RH corresponded with the amount of rutin 

present in the sample. Although RH contained a higher rutin equivalent at 200 µg/mL 

concentration, its TPC value was lower than FP1 (Figure 4.2), which could be due to its lower 

aqueous solubility and stability at room temperature for over 2 hours during incubation. The 

significant increase in TPC values for FP1 at a concentration of 200 µg/mL and the insignifi-

cant difference between FP1 at 200 µg/mL and FP1 at 300 µg/mL can be attributed to several 

factors related to the solubility, stability, and concentration of rutin, and the primary phenolic 

compound present in the samples.
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Figure 4.2 The total phenolic content of FlavoPlus1 (FP1) and FlavoPlus2 (FP2) vs rutin hydrate (RH), 

expressed as rutin equivalent (µg/ml). Note: Data represents the mean of three replicates with error bars 

corresponding to the standard error of the mean. Samples (FP1, FP2, RH) that do not share the same 

letters are significantly different (p≤0.05). 
 

The conjugation between rutin and caseinate protein in a flavonoid-complex system results in 

higher functional properties, along with noncovalent complexes due to the hydrophobic nature 

of rutin (Horincar et al., 2019). In similar flavonoid complexes, the protein was compared with 

a non-covalent complex of whey protein isolate and rutin, which exhibited higher antioxidant 

and stable food complexes when investigated (Wei et al., 2015). FP1 and FP2 were 

systemically compared at every concentration, which led to a characteristic observation that 

due to modification in the caseinate protein, stronger binding affinities between the complexes 

could lead to higher phenolic content within the samples. 



58  

4.1.3. Cytotoxic effect of DMSO on rutin-protein composites and rutin hydrate in Caco- 

2 cells 

 

Because of rutin's highly hydrophobic nature, it was resuspended in dimethyl sulfoxide 

(DMSO) for the in vitro cellular assays. DMSO is highly toxic to the cells (Hollebeeck et al., 

2011), and therefore, the concentration required to resuspend rutin must be optimised for Caco- 

2 cell viability and structural integrity. It was investigated that the dose-dependent effects of 

dimethyl sulfoxide (DMSO) should range from 0% (control) to 5% on the Caco-2 cell line, to 

find the safe/non-toxic dose for rutin resuspension. This study examined the cytotoxic 

behaviour of DMSO as a vehicle carrier, which could further confirm whether DMSO has any 

background effects on Caco-2 cells while measuring the cytotoxic behaviour of FP1, FP2, and 

RH on Caco-2 cells. The cell viability of Caco-2 cells was dependent on the concentration of 

DMSO over an exposure period of 4 hours. Thus, it was important to identify optimum 

concentration where Caco-2 cells were healthy with good viability percentage following 

stimulation with DMSO. 

 

Based on the results observed in Figure 4.3, the cell viability of Caco-2 cells in response to 

DMSO was quantified from Equation 1 (Section 3.2.3.4). The stimulation of Caco-2 cells with 

different concentrations (0-5%) of DMSO for 4 hours resulted in a dose-dependent decrease in 

the cell viability (Figure 4.3). The control was the concentration of 0% (without DMSO) which 

was significantly different from post-treatment of the cells with DMSO at a concentration of 

0.1%. This resulted in better viability which indicates healthy cells and their resistance toward 

DMSO as a vehicle solvent. Moreover, an increase in the doses of DMSO concentration after 

0.1% resulted in more stress leading to >50% cell death, thereby, reducing cell viability. 

Similar results were observed by Hollebeeck et al. (2011) where a dose-dependent response at 

0.05-1% DMSO stimulated inflammatory response in confluent Caco-2 cells. 

 

As seen in Figure 4.3, with an increase in the concentration of DMSO, a decrement in cell 

viability was observed. This decrease in cell viability could be a result of cell death by the 

cytotoxic effect of DMSO via degrading the metabolic health of cells and damaging the cell 

membrane. Therefore, it was important to account for the activity of DMSO as it was used as 

a vehicle solvent for dissolving the hydrophobic RH while assessing the antioxidant properties 

of Caco-2 cells. 
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Figure 4.3 The effect of dimethyl sulfoxide (DMSO) concentration on Caco-2 cell viability. Note: Data 

represents the mean of three biological replicates with four replicates in each assay with error bars 

corresponding to the standard error of the mean. Columns that do not share the same letters are 

significantly different at p < 0.05 based on one-way analysis of variance (ANOVA) followed by 

Tukey's post hoc test. 

 

4.1.4. The effect of rutin-protein composites on the viability of Caco-2 cells 

As described in Section 3.5.6, the effect of FP1, FP2, and RH on the cell viability of Caco-2 

cells through an MTT assay was assessed. The cells were incubated with 4 different 

concentrations (0.1, 0.5, 15, and 25 µg/mL) that showed changes in cell viability post- 

incubation for 4 hours. As shown in Figure 4.4A, the concentration of 0.1 µg/mL showed at 

least 75% cell viability for RH, whereas in the case of FP1 and FP2, the cell viability was 

observed to be >80%. This decrease in cell viability for RH could be due to a mechanism 

related to active or passive penetration of a higher amount of rutin in cells that could pertain 

to cytotoxic effects being generated in healthy Caco-2 cells after being exposed for 4 hours. 

As discussed in Section 3.2.2.5, the amount of rutin present in RH was higher than that in 

FP1 and FP2; thereby, the results suggest a degree of cytotoxicity based on the formulations 
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of the samples, although the amount of water-soluble rutin in both rutin-protein composites 

was higher than RH. 

 

As shown in Figure 4.4B, the effect of RH at 0.5 µg/mL on the cells showed at least 80% cell 

viability, but FP1 and FP2 had higher cell viability, which could be due to the increase in 

concentration from 0.1 µg/mL to 0.5 µg/mL. However, in Figure 4.4C, the cell viability was 

reduced drastically for RH and FP2, which could be due to cellular damage in the system with 

a high dose of 15 µg/mL. A similar effect was not shown by FP1 after 4 hours of exposure to 

the cells, as it maintained cell viability of above 80%. The cytotoxic effect of rutin at a higher 

dose could be explained by the exposure duration as well, i.e., a higher exposure time could 

result in the degradation of cellular membranes leading to more ROS generation. Despite FP1 

and FP2 having strong antioxidant potential as discussed in Section 4.1.1, they could have a 

cytotoxic effect on cells, which restricted cell proliferation. 

 

A research study by Sak (2014) has shown that dietary flavonoids such as rutin, quercetin, 

and naringin could display a dual activity by inhibiting the cytotoxicity in Caco-2 and HepG2 

cells, as well as causing some genotoxic damage to the healthy cells. This may connect with 

the results observed in Figure 4.4D, where cell viability was recorded at 80% with a stable 

proliferation of Caco-2 cells but with a concentration of 25 µg/mL. There could be some 

genomic variations that lead to the activation of some transcriptional regulators, which initiate 

antioxidant enzymes to prevent the cells from oxidative stress. 
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Figure 4.4 The effect of FlavoPlus1 and FlavoPlus2 vs rutin hydrate on cell viability. Note: A,B,C,D represent different concentrations in the assay. Data 

represents the mean of four biological replicates with three replicates in each assay. Error bars correspond to the standard error of the mean. Columns that do 

not share the same letters are significantly different (p≤0.05). 
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As shown in Figure 4.4, the cell viability in the system is maintained with a range of 

concentrations of FP1, FP2, and RH along with 0.1% DMSO as a vehicle carrier for RH with 

an exposure time of 4 hours. This resulted in preventing cell death and reducing ROS 

generation, which favoured cell proliferation for the cells. Thus, a similar range of 

concentrations was considered for further in vitro analysis. In addition to observing the 

protective effect of FP1 and FP2 on cell viability, the underlying mechanisms for understanding 

how structural moieties of rutin may affect cellular damage in differentiated Caco-2 cells may 

enhance our understanding of how rutin-protein composites highlight antioxidant capacity at a 

cellular level. 

4.1.5. Intracellular antioxidant activity of rutin composites vs rutin hydrate in Caco-2 

cells 

 

The ability of rutin-protein composites studied in this experiment (i.e., FP1 and FP2) to induce 

an antioxidant response was investigated using DPPH radical scavenging assay in Section 

4.2.1, where an increase in the concentration (µg/mL) of such composites was able to scavenge 

more reactive oxygen species. Additionally, to understand the effect of rutin-protein 

composites on a cellular level, an intracellular antioxidant potential was measured through in 

vitro cellular antioxidant assay (DCFH-DA method). For this reason, Caco-2 cells were 

incubated with FP1, FP2, and RH for 1 hour and subsequently treated with DCFH-DA (as a 

fluorescent marker) at a concentration of 25 µM for 30 minutes, which detects the ROS in the 

cell (Kim et al., 2011). The cells were washed with PBS three times to prevent any debris from 

FP1, FP2, and RH, and they were then exposed to 100 µL of AAPH for inducing oxidative 

stress. The results were obtained after fluorescence was measured on the plate reader for 60 

minutes with an interval after every 5 minutes to monitor the optimal incubation time, 

concerning the changes in fluorescence intensity. 

 

Figure 4.5 shows that at 4 different concentrations ranging from 0.5 µg/mL to 200 µg/mL, the 

change in fluorescence corresponds with the cellular antioxidant activity over 60 minutes. The 

concentration and time-dependent increases in fluorescence signal were observed with a peak 

at 60 minutes for FP1 at 0.5 µg/mL, suggesting that FP1 at 0.5 µg/mL was not able to inhibit 

the presence of AAPH (inducer of oxidative stress) in the cells, resulting in a lower cellular 

antioxidant activity. Therefore, the cellular antioxidant activity at 60 minutes was lower when 

compared to 0 and 10 minutes. An increased quenching of ROS was observed at 0 minutes and 

10 minutes whereas, and with an increase in the incubation time from 10 minutes to 30 minutes, 
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the fluorescence was observed at the higher range at the lowest concentration of 0.5 µg/mL. 

This could be due to the strength of the DCFH dye, which has an absorption period of 30 

minutes to detect any ROS in the cell system (Kim et al., 2011). The observed fluorescence 

signal was caused by the samples in response to their free radical quenching effect of ROS, 

which was significantly lower at 60 minutes even at the highest concentration of 200 µg/mL 

for all three treatments (i.e., FP1, FP2, and RH). 

 

According to Figure 4.5, the fluorescence observed at 30 minutes showed maximum quenching 

of ROS at 200 µg/mL for all three samples, meaning that they behaved as potent antioxidant 

compounds. The fluorescence (%) was particularly in the same range for FP1, FP2, and RH at 

50 µg/mL, 100 µg/mL, and 200 µg/mL after 30 minutes of incubation under induced oxidative 

stress. Even after 30 minutes of incubation, both rutin-protein composites showed protective 

activity against AAPH in comparison to RH (Figure 4.5). This proves their efficiency at 

permeating the intestinal barrier in the Caco-2 cells which results in a functional antioxidant at 

the cellular level. 

 

At 0 and 10 minutes, the activity of FP1, FP2, and RH varied concerning their concentrations. 

At 0.5 µg/mL, for example, FP2 showed similar antioxidant activity to that observed at 0 and 

10 minutes; however, FP1 had higher antioxidant activity at 0 minutes with some minor 

decrement after 10 minutes. Both rutin-protein composites attributing to the cellular 

antioxidant activity at such a low concentration, predict an effective absorption of FP1 and FP2 

in the Caco-2 cell model. In comparison with FP1 and FP2, RH showed lower antioxidant 

activity at both incubation periods of 0 and 10 minutes, but it demonstrated even lower 

antioxidant activity at a longer incubation period of 30 and 60 minutes. 
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Figure 4.5 Effect of FlavoPlus1 (FP1) and FlavoPlus2 (FP2) vs rutin hydrate (RH) on intracellular antioxidant activity over 60 minutes. Intracellular antioxidant 

activity was quantified with a 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) assay using relative fluorescence values of the samples. Note: Data represents the 

mean of three biological replicates with three replicates in each assay. Error bars correspond to the standard error of the mean. Columns that do not share the 

same letters are significantly different (p≤0.05). 
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Based on these results, the incubation period was optimised, and 60 minutes was chosen to 

show the maximum fluorescence that was recorded during the experiment. Having a median 

time interval of 30 minutes depicted how stable the rutin-protein composites were to reflect 

their antioxidant activity with a sensitive fluorescent probe like DCFH. In the case of assessing 

the cellular antioxidant activity for biological replicates, this may have a decreasing tendency 

with greater incubation periods - it could leak into the cells and reflect a very low antioxidant 

response from the samples, which in turn, could result in unreliable results and demonstrating 

low reproducibility (Wan et al., 2015). 

 

Both rutin-protein composites (i.e., FP1 and FP2) in the current study showed a similar cellular 

antioxidant activity (p≤0.05) at early incubation time periods by effectively quenching peroxyl 

radicals generated by AAPH. This antioxidant activity of FP1 and FP2 reflected at 0 and 10 

minutes could be due to their action of penetrating within the cell membranes to quench the 

induced peroxyl radicals, and thereby, it was reflected by the fluorescent indicator DCF, which 

is highly sensitive to quenching of peroxyl radicals. Meanwhile, the oxidation of the non-polar 

DCFH-DA dye that was diffused into the cell membranes to form DCFH by cellular esterase 

was inhibited by the rutin-protein composites resulting in less fluorescence. However, in the 

case of RH, the cells showed higher fluorescence, which pertains to the generation of DCF (i.e., 

the polar and oxidised form of DCFH). Similar studies have shown fluorescent DCF as an 

indicator of oxidative stress within an in vitro cell model (Kellett et al., 2018; Wan et al., 2015; 

Wolfe & Liu, 2007). 
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4.1.6. Summary 

 
The findings of antioxidant activity and total phenolic content of the two novel rutin-protein 

composites measured via the in vitro cell and biochemical assays demonstrated a higher 

antioxidant potential for both novel rutin-protein composites (FP1 and FP2) when compared 

with RH. These results suggest that FP1 and FP2 were more efficient in scavenging free 

radicals than RH during the DPPH assay, which attributed to the higher solubility of rutin in 

these samples. Further, the cell viability assay suggested that with an increase in the 

concentration from 0.1 µg/mL to 25 µg/mL, the rutin-protein composites were maintaining 

better cell viability than RH even after an exposure of 4 hours. In addition, intracellular DCFH- 

DA assay results suggest that FP1 and FP2 exhibit higher antioxidant activity in comparison to 

RH after inducing oxidative stress for 60 minutes. Importantly, the novel food-grade rutin- 

protein composites were significantly efficient in scavenging ROS at a low concentration of 

0.5 ug/mL when compared with RH at 0, 10, and 30 minutes of the incubation period. These 

superior properties of the novel composites vs untreated rutin (i.e., RH) demonstrated the 

successful delivery of rutin in form of these composites. This, in turn, suggests the strong 

potential of the incorporation of such composites in functional food and beverages. 
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4.2. In vitro bioaccessibility of rutin from rutin- 

protein composites incorporated into the 

functional milk product 

In this section, the results are presented for a banana-flavoured dairy beverage (milk) that was 

enriched with rutin-protein composites to deliver 500 mg rutin per serve of 250 mL milk. 

During the gastric and intestinal digestion of the enriched dairy beverage, the product was 

characterised for particle size and its zeta potential, as well as the determination of the 

bioaccessibility of rutin. In addition, using in vitro model of polarized intestinal epithelium cell 

line (Caco-2), the cytotoxicity, paracellular absorption, and intracellular antioxidant potential 

of the digested milk containing FP1, FP2, and RH were determined. 

 

4.2.1. Effect of in vitro digestion on the particle size and surface charge of rutin-protein 

composites and rutin hydrate 

The particle size was analysed for different incubation times of the stimulated gastric and 

intestinal digestion. Characterisation of FP1 for particle size was carried out at room 

temperature and they were expressed as volume-weighted mean, which pertains to the size of 

particles that constitute the centre within the particle distribution system of the whole volume. 

As shown in Table 4.1, FP1 had an increasing particle size concerning the incubation times 

while undergoing in vitro digestion. During the gastric phase, there was a gradual increase in 

particle size from 38.95 to 49.42 µm, from the initial time point of 0 to 120 minutes, 

respectively. Whereas, in the case of the intestinal phase, the particle size increased from about 

64.39 to about 264.48 µm, leading to a decrease in the surface area of the particles from 0.42 

to 0.10 m2/gm. This increase in particle size could be due to the aggregation of sodium caseinate 

from the protein complex and casein from the banana-flavoured dairy beverage. 

 

The difference in particle size between the gastric and intestinal phases was mainly based on 

the pH and the effect of enzymes such as protease, which could break the structure of the rutin- 

protein complex within the casein matrix. This resulted in larger particles flocculating within 

the particle distribution, which might block the detection of smaller particles present in the 

system. 
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The zeta potential for FP1 during the gastric phase was between 4.23 and 3.53 mV, and for the 

intestinal phase, it was in the range of -18.35 to -5.95 mV. As the shift in particle size was 

evident in both phases of digestion, the particle charge was therefore also influenced by the 

degradation of casein from the dairy beverage over time; the rutin-protein complex consisting 

of NaCas was broken down by the enzymatic reactions occurring within both digestion phases. 

 

Table 4.1. The particle size, specific surface area, and zeta potential of digested fortified banana- 

flavoured milk containing FlavoPlus 1 (FP1). Note: Data represents the mean of three replicates with 

error bars corresponding to the standard error of the mean. Values in the three columns that do not share 

the same letters are significantly different (p≤0.05). 
 

 

 
Sample – FP1 

 

 
D [4,3] (µm) 

 

 
Zeta potential (mV) 

 
Specific surface area 

(m2/gm) 

 
Gastric 0 minutes 

 
38.95±0.44c 

 
4.23±0.23a 

 
0.31±0c 

 

Gastric 30 minutes 
 

43.38±1.89c 
 

3.6±0.80a 
 

0.32±0.02c 

 

Gastric 60 minutes 
 

51.57±14.75b,c 
 

4.91±0.65a 
 

0.32±0.01c 

 

Gastric 120 minutes 
 

49.42±6.68b,c 
 

3.53±0.27a 
 

0.29±0.01c 

 

Intestinal 0 minutes 
 

64.39±2.35b 
 

-18.35±1.82c 
 

0.42±0.02b 

 

Intestinal 30 minutes 
 

40.67±9.02c 
 

-18.38±1.70c 
 

0.45±0.05a,b 

 

Intestinal 60 minutes 
 

61.87±13.03b 
 

-13.01±1.89c 
 

0.49±0.04a 

 

Intestinal 120 minutes 
 

264.48±10.24a 
 

-5.95±0.14b 
 

0.10±0d 

 

 
As shown in Table 4.2, the particle size for FP2 was higher when compared to FP1 during both 

gastric and intestinal phases, which could be linked to the breakdown of casein from the milk 

beverage matrix and an early release of rutin from the protein in which rutin was entrapped. 

The amount of rutin present in FP2 fortified banana milk was lowest in comparison to FP1 and 

RH but there was 54.5% of NaCas which was dissociated from rutin as caseins present in the 

food matrix could be hydrolysed within the gastric phase due to the highly acidic conditions 

over 120 minutes, this could result in proteolytic cleavage of casein protein from the milk 
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matrix. The surface charge of the particles was positive within the 120 minutes of gastric phase 

digestion from 4.23 to 3.53 mV. A trend was observed in the present study for characteristics 

of FP1 and FP2, exhibiting an increased particle size thereby, also increasing the charge in the 

intestinal phase at 0 minutes where the digested milk containing FP1 and FP2 are subjected to 

highly alkaline conditions. Such alkaline conditions have shown a dissociation of NaCas from 

rutin, which could be the reason for the spike in particle size at 0 minutes during the intestinal 

phase and subsequent decrease in size over a longer incubation time. A similar trend was also 

observed by Dammak and do Amaral Sobral (2017), who confirmed the dissociation of NaCas 

from rutin at high alkaline conditions during in vitro digestion and its re-association after 

neutral pH was achieved in the system. 

 

Table 4.2. The particle size, specific surface area, and zeta potential of digested fortified banana- 

flavoured containing FlavoPlus 2 (FP2). Note: Data represents the mean of three replicates with error 

bars corresponding to the standard error of the mean. Values in the three columns that do not share the 

same letters are significantly different (p≤0.05). 
 

 
 

Sample - FP2 

 
 

D [4,3] (µm) 

 
Zeta potential 

(mV) 

 
Specific surface area 

(m2/gm) 

Gastric 0 minutes 369.36±19.12a 4.30±0.20a 0.19±0.01e 

 

Gastric 30 minutes 
 

181.39±3.97b 
 

3.35±0.13a 
 

0.28±0.01a 

 

Gastric 60 minutes 
 

186.11±9.93b 
 

2.66±0.16a 
 

0.23±0.01c,d 

 

Gastric 120 minutes 
 

169.81±2.74b 
 

2.39±0.19a 
 

0.26±0a,b 

 

Intestinal 0 minutes 
 

371.68±16.16a 
 

-13.55±0.47b,c 
 

0.21±0.01d,e 

 

Intestinal 30 minutes 
 

345.88±32.11a 
 

-11.5±0.29b 
 

0.24±0.25b,c 

 

Intestinal 60 minutes 
 

353.15±10.48a 
 

-17.33±2.14c 
 

0.27±0.01a 

 

Intestinal 120 minutes 
 

369.59±10.70a 
 

-11.32±1.53b 
 

0.27±0.02a 

 

 
As shown in Table 4.3, the particle size of RH was higher during the gastric phase and had a 

subsequent decrement during the intestinal phase over 120 minutes. The amount of rutin 

present in the RH fortified banana milk was higher than FP1 and FP2, which could have
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resulted in larger crystal formation, thereby, having a large particle size even at the initial time 

of gastric digestion. During the fortification of milk with RH, the dispersibility was low due to 

its hydrophobic nature, which resulted in a non-homogenous distribution of particles within 

the system. This is because both FP1 and FP2 had much higher solubility than RH, which 

resulted in their complete dispersibility in the milk system. The larger particle size could be a 

result of flocculation of casein particles from the dairy beverage during activation of protease 

resulting in the breakdown of proline. As the particle size varied from 274.61 to 78.25 µm, the 

particle charge was negative from the gastric to intestinal phase, within a range of -1.64 to - 

16.1 mV. The reduction of particle size during the intestinal phase may also result in a higher 

surface area (between a range of 0.41 to 0.48 m2/gm). This effect in the surface charge of the 

particles could also be due to the change in pH from acidic to alkaline conditions, as rutin has 

been reported to have a higher affinity towards protein at the isoelectric point during low pH 

units (Naczk et al., 2006) (Yildirim-Elikoglu & Erdem, 2018). 

 

Table 4.3. The particle size, specific surface area, and zeta potential of digested fortified banana- 

flavoured containing rutin hydrate (RH). Note: Data represents the mean of three replicates with error 

bars corresponding to the standard error of the mean. Values in the three columns that do not share the 

same letters are significantly different (p≤0.05). 
 

 
 

Sample - RH 

 
 

D [4,3] (µm) 

 
 

Zeta potential (mV) 

 
Specific surface area 

(m2/gm) 

 
Gastric 0 minutes 

 
274.61±8.74a 

 
-1.64±0.15a 

 
0.13±0d 

 

Gastric 30 minutes 
 

279.72±8.322a 
 

-1.52±0.12a 
 

0.16±0d 

 

Gastric 60 minutes 
 

138.62±32.05b 
 

-1.37±0.14a 
 

0.22±0.02c 

 

Gastric 120 minutes 
 

95.09±18.14c,d 
 

-1.88±0.15a 
 

0.21±0.01c 

 

Intestinal 0 minutes 
 

73.04±10.59d,e 
 

-15.88±0.48b 
 

0.41±0.02b 

 

Intestinal 30 minutes 
 

60.06±2.68e 
 

-15.8±0.61b 
 

0.43±0.01b 

 

Intestinal 60 minutes 
 

104.22±23.28c 
 

-15.2±0.77b 
 

0.44±0.03a,b 

 

Intestinal 120 minutes 
 

78.25±15.33c,d,e 
 

-16.1±0.41b 
 

0.48±0.05a 
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Table 4.4. The particle size, specific surface area, and zeta potential of digested unfortified banana- 

flavoured. Note: Data represents the mean of three replicates with error bars corresponding to the 

standard error of the mean. Values in the three columns that do not share the same letters are 

significantly different (p≤0.05). 
 

 
 

Sample- Milk 

 
 

D [4,3] (µm) 

 
 

Zeta potential (mV) 

 
Specific surface area 

(m2/gm) 

 
Gastric 0 minutes 

 
96.97±10.04a 

 
-1.09±0.05a 

 
0.19±0b 

Gastric 30 minutes 80.20±9.45a,b -1.06±0.04a 0.21±0.02b 

Gastric 60 minutes 60.67±8.41b,c -1.13±0.05a 0.26±0.01b 

Gastric 120 minutes 55.66±5.51c,d -1.15±0.06a 0.27±0.01b 

Intestinal 0 minutes 64.23±17.13b,c -15.85±0.49b 0.66±0.06b 

Intestinal 30 minutes 54.17±16.73c,d -15.48±0.42b 6.47±4.23a 

Intestinal 60 minutes 74.6±12.33b,c -15.46±0.30b 7.96±0.62a 

Intestinal 120 minutes 39.35±2.75d -14.8±0.40b 0.44±0b 

 

 
The characterisation of banana-flavoured beverage for the size and surface charge of its 

particles was carried out to understand the effect of food matrix alone before the incorporation 

of the composites or RH. As shown in Table 4.4, the banana-flavoured milk showed a 

decrement in particle size from about 96.97 to about 39.35 µm during the gastric and intestinal 

digestion phases. This affected the charge of the particles present within the system and the 

surface area consequently. This increase in the particle size during the gastric phase could be 

due to the dissociation of casein protein into its monomeric forms resulting in an aggregation 

of proteins. Thereby, the reduction of particle size after the intestinal digestion contributes to 

the increase in surface area from 0.19 to 0.44 m2/gm of the homogenous milk beverage, which 

could slow the rate of hydrolysis. 
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4.2.2. Bioaccessibility of rutin during in vitro digestion 

The bioaccessibility of rutin in the fortified banana-flavoured beverage may indicate the 

amount of rutin that is available for absorption in the body. By understanding the effect of in 

vitro digestion on the size, composition, and structure of rutin-protein composites, the 

bioaccessibility of rutin can be enhanced. After the gastric digestion, FP1 and FP2 were 

subjected to intestinal digestion, which consisted of enzymatic stimulation by pancreatin and 

bile salts, to mimic the kinetics of in vivo digestion process. The recovery of rutin from the 

digested milk at the intestinal phase was quantified using HPLC. To understand the behaviour 

of FP1 and FP2 after intestinal digestive degradation, the concentration of rutin present in the 

initial samples prior to in vitro digestion was compared with the recovered amount of rutin 

from the digested milk. 

The bioaccessible amount of rutin present in FP1 at 0 minute was significantly different from 

other time periods, which could be due to a pH change in the interface of the food matrix from 

acidic to alkaline (Rashidinejad et al., 2022). However, the protection of rutin throughout the 

gastric phase was due to the complex protein structure formation of casein and NaCas, which 

prevents the destabilisation of rutin by delaying proteolysis resulting in a prolonged release of 

rutin during the intestinal phase. A similar trend was observed by Lamothe et al. (2014), where 

green tea polyphenols were added to a milk matrix, which resulted in improved bioaccessibility 

(by 42%) after intestinal digestion. 

 

The recovery of rutin from FP1 was prominent within a range of 43% to 48% throughout the 

intestinal digestion from 30 minutes to 120 minutes, whereas FP2 showed a consistent recovery 

of rutin in the range of 45% to 42% from 0 to 120 minutes. As some proportion of rutin was 

present in the gastric phase, both phases were analysed for bioaccessibility. These digestion 

phases were differentiated into soluble and insoluble fraction after centrifugation, and the 

soluble fraction of the digested milk was used to determine the bioaccessibility of rutin released 

from FP1 and FP2. 
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Figure 4.6. Bioaccessible rutin available in FlavoPlus1 (FP1) and FlavoPlus2 (FP2) obtained during 

the in vitro intestinal digestion phase. Note: Data represents the mean of three replicates with error bars 

corresponding to standard error of mean. Samples that do not share the same letters are significantly 

different (p≤0.05). 

 

 
 

As Figure 4.6 indicates, the soluble fraction from FP1 was significantly higher at 63% at 0 

minutes in comparison with FP2 which showed about 45% bioaccessibility. However, after 

120 minutes of intestinal digestion, the soluble fraction from digested milk containing FP1 and 

FP2 was bioaccessible within a range of 45 to 47%. This indicates a loss of 16% to 18% of 

bioaccessible rutin over the intestinal digestion phase for FP1, but in the case of FP2, this loss 

was only 3% to 4%. Therefore, the total amount of digesta quantified for bioaccessibility was 

0.5 mL, in which FP1 and FP2 had an average concentration of 641.31 ppm and 263.28 ppm, 

respectively, and based on these concentrations, FP1 and FP2 were evaluated for their potential 

epithelial absorption by diffusion across polarised Caco-2 cell monolayer. 
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4.2.3. Effect of digested milk containing rutin-protein composites on the barrier integrity 

of Caco-2 cell monolayer integrity 

 

The bioaccessible fractions of FP1, FP2, and RH were investigated for their permeability by 

measuring the transepithelial electrical resistance across Caco-2 cell monolayers. As shown in 

Figure 4.7, the cells were differentiated and polarised for the diffusion of rutin from the 

bioaccessible fraction across the monolayers, and to determine the effect of digested milk 

containing FP1, FP2, and RH on the intestinal epithelium barrier integrity. 

 

 
Figure 4.7. A schematic representation of in vitro absorption of novel rutin-protein composites across 
Caco-2 cell monolayers in transwell (Created with BioRender) 
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To determine the effect of FP1 digesta on barrier integrity of Caco-2 cells, they were treated 

with four different concentrations (0.1, 10, 50, and 200 µg/mL) for 24 hours. As shown in 

Figure 4.8, there was a reduction in TEER values at a concentration of 200 µg/mL during 10 

hours of the incubation period. This reduction in TEER value may destroy the epithelial barrier 

of the Caco-2 cell monolayers, which could cause cytotoxicity in the cells and damage the 

barrier function of the epithelium. In comparison with the control, 0.1 µg/mL had the highest 

TEER over the 24 hours of incubation, thereby, expressing the tight junction barrier across the 

cell monolayers. The control had a TEER value above 1100 Ω/cm2, which indicated that the 

differentiated Caco-2 cells had tight junctions and an intact monolayer suitable for diffusion. 

 

Figure 4.8. Transepithelial electrical resistance (TEER) of differentiated/polarized Caco-2 cells 

monolayer after every two hours with digested banana-flavoured milk containing FlavoPlus 1 (FP1) 

over a 24-hour incubation period. Note: Data represents the mean of two biological replicates with three 

replicates in each assay. Error bars correspond to the standard error of the mean. 
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At concentrations of 10 µg/mL and 50 µg/mL, the TEER values were similar, although there 

was a reduction in values between 4 and 8 hours of the incubation period. This reduction in 

TEER values could be due to the diffusion of the larger particles such as digestive enzymes, 

bile salts, and milk proteins from the digesta, which were bound to FP1, to penetrate through 

the monolayers causing a barrier disruption. The effectiveness of these two concentrations (i.e., 

10 µg/mL and 50 µg/mL) after 24 hours of incubation suggest that tight junctions of the 

monolayers are intact, which can facilitate diffusion of FP1. 

 
 

 

Figure 4.9. Transepithelial electrical resistance (TEER) of the differentiated Caco-2 cells monolayer 

after every two hours with digested banana-flavoured milk fortified with FlavoPlus 2 (FP2) over a 24- 

hour incubation period. Note: Data represents the mean of two biological replicates with three replicates 

in each assay. Error bars correspond to the standard error of the mean. 
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As FP2 was subjected to the differentiated Caco-2 cells for 24 hours, at the lowest concentration 

of 0.1 µg/mL the TEER value was the highest when compared with control for 4 hours of 

incubation. Nonetheless, as shown in Figure 4.9, there was a gradual increase in TEER value 

at 200 µg/mL concentration after 2 hours of incubation, which maintains the barrier integrity 

of the monolayers even at the highest concentration in comparison to the lower concentrations 

of FP2 (e.g., 10 µg/mL and 50 µg/mL), showed higher TEER values for 24 hours. These 

observations suggest that there might be an uptake of FP2 even at the highest concentration of 

200 µg/mL during the 24 hours of incubation without disrupting the tight junctions that could 

help with facilitating the absorption/diffusion of rutin across the monolayers. 

 

 
Figure 4.10. Transepithelial electrical resistance (TEER) of differentiated Caco-2 cells after every two 

hours with the digested banana-flavoured milk fortified with rutin hydrate (RH) over a 24-hour 

incubation period. Note: Data represents the mean of two biological replicates with three replicates in 

each assay. Error bars correspond to the standard error of the mean. 
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The barrier integrity of Caco-2 cell monolayers was maintained over 24 hours of incubation 

period after digested milk containing FP1 and FP2 was incubated with cells. Even if disruption 

of the tight junction was only observed for highly concentrated FP1 digesta at 200 µg/mL, 

which could indicate its cytotoxic effect on monolayers at high concentrations. The effect of 

digested milk containing RH on barrier integrity of Caco-2 cells monolayers was shown in 

Figure 4.10, the control was above the baseline of TEER value (1100 Ω/cm2) suggesting a 

healthy and differentiated monolayer. As discussed previously in Section 4.2.1, RH was not 

completely dispersible during the incorporation into the dairy beverage, which resulted in a 

loss throughout the in vitro digestion. As observed in Figure 4.10, RH at a concentration of 200 

µg/mL had the lowest TEER value ranging from 570 Ω/cm2 to 900 Ω/cm2 within 24 hours of 

incubation period in comparison to the control. Due to its low TEER values, the barrier integrity 

of the monolayers is obstructed resulting in a leaky epithelium, which makes it less likely for 

uptake of rutin to happen during absorption. 

 

The low doses of RH (0.1 µg/mL and 50 µg/mL) that maintained the TEER value above 1200 

Ω/cm2 suggest that RH at low amounts might be digested rapidly by digestive enzymes in the 

GIT. Accordingly, this can reduce the amount of rutin present in the matrix before it reaches 

the epithelium barrier for absorption. However, in the case of a higher dose of 10 µg/mL, the 

TEER values were drastically reduced from 1200 Ω/cm2 to 800 Ω/cm2 during the incubation 

period of 2 to 8 hours. Taken together, these results suggest that owing to the hydrophilic nature 

of FP1 and FP2, they maintained barrier integrity even at higher concentrations. Whereas, RH 

resulted in reduced barrier integrity at higher concentrations, which could be due to the 

cytotoxic effects of the digestive enzymes and bile salts. 
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Figure 4.11. A schematic representation of the mechanism of absorption of Caco-2 cell monolayer. 

(Created with BioRender) 

 

 

4.2.4. Cytotoxic effects of digested rutin composites vs rutin hydrate on Caco-2 cells 

 
Based on the optimised concentration of FP1, FP2, and RH in Section 4.1.3, the cell viability 

at a concentration of 0.1 µg/mL after 4 hours of incubation was 80%. As shown in Figure 4.12, 

the digested milk containing FP1, FP2, and RH was investigated for cell viability through an 

MTT assay. The cell viability for digested milk containing FP1, FP2, and RH was expressed 

relative to the control, which was at 100%. At 0.1 µg/mL concentration, FP2 had the highest 

proliferation of cells >80% when compared to FP1 and RH. The amount of rutin present in the 

three samples after in vitro digestion would be lower in comparison to the amount present 

before digestion, which could result in increased cell viability. Though, as all three samples 

(i.e., FP1, FP2, and RH) were subjected to digestive enzymes and bile salts, it could induce 

cytotoxicity to the cells even at lower concentrations. 

 

At 0.5 µg/mL concentration, FP1 and FP2 were statistically similar but there was a reduction 

in cell viability (<80%). Meanwhile, RH inhibited the proliferation of Caco-2 cells by having 

lower viability (<70%) at the same concentration, which could be due to its insoluble-bound 

form during digestion. The interactions between the food matrix and digestive enzymes could 
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also be responsible for reducing the cell viability of Caco-2 cells. This anti-proliferative effect 

was observed in Figure 4.12 for higher concentrations such as 15 µg/mL and 25 µg/mL, where 

FP1, FP2, and RH were not significantly different (p>0.05), but RH had the lowest cell viability 

(<70%). Increasing the concentrations of both FP1 and FP2 decreased the cell viability, but in 

comparison to RH values, they had lower cytotoxic potential on Caco-2 cells over 4 hours of 

the incubation period. 

 

Gera et al. (2020) suggested 0.5 µg/mL as the safe concentration of rutin nanosuspension, as it 

maintained the cell viability of human osteosarcoma cells (MG-63). However, at a lower 

concentration of 0.3 µg/mL, there was a reduction in cell viability, which contrasts with the 

results observed in the current study, where 0.1 µg/mL was considered a safer concentration 

for digested milk containing rutin-casein composites. A research study by Olejnik et al. (2016) 

also reported that digested purple carrot extracts reduced cell viability with an increase in 

concentration on normal human colon epithelial cells (NCM460). These results demonstrate 

that both FP1 and FP2 had a similar effect on Caco-2 cells, which could be due to their 

structural modification, as rutin was protected by NaCas in these products, which most likely 

reduced the hydrophobicity, increased the solubility, and enhanced the bioaccessibility of rutin 

within the GIT thereby making it more bioavailable and less toxic than pure RH. 
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Figure 4.12. The effect of digested banana-flavoured milk fortified with FlavoPlus1 (FP1) and FlavoPlus2 (FP2) vs rutin hydrate (RH) on the viability of Caco- 

2 cells. Note: A,B,C,D represent different concentrations in the assay Data represents the mean of four biological replicates with three replicates in each assay. 

Error bars correspond to the standard error of the mean. Samples that do not share the same letters are significantly different (p≤0.05). 
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4.2.5. The in vitro intracellular antioxidant activity of digested rutin composites vs rutin 

hydrate on differentiated Caco-2 cells 

 

The intracellular antioxidant activity of rutin-protein composites before being incorporated into 

milk was evaluated on Caco-2 cells in Section 4.1.5, where FP1 and FP2 showed higher 

antioxidant activity at the 0.5 µg/mL concentration during 0 and 10 minutes of the incubation 

period. However, with increasing the concentration and incubation time, there was a decrement 

in the intracellular antioxidant activity as shown in Figure 4.5. 

 

In this section, the intracellular antioxidant activity of digested milk containing FP1, FP2, and 

RH over the 60 minutes of incubation was assessed on the differentiated Caco-2 cells using the 

same concentration range to investigate whether more bioaccessible rutin in both composites 

(i.e., FP1, FP2) exhibited stronger antioxidant activity as compared to pure RH. 

 

As shown in Figure 4.13, at 0 minute of the incubation period, the fluorescence (%) was highest 

when compared to 10, 30, and 60 minutes. In the case of 0.5 µg/mL concentration, RH had the 

lowest antioxidant activity as the fluorescence (%) was highest which shows its less quenching 

ability against AAPH-induced ROS. The antioxidant effect of digested milk containing FP1 

and FP2 against induced ROS was higher than RH by 30% at 0.5 µg/mL. A similar effect was 

observed at 25 µg/mL, where FP2 was significantly (p<0.05) more effective than both FP1 and 

RH. As Figure 5.5 shows that at the higher dose of 50 µg/mL, the digested RH was significantly 

lower (p>0.05) in reducing oxidative stress. At the maximum concentration of 200 µg/mL, all 

three digested milk samples were high in terms of quenching the ROS and indicating their 

antioxidant potency, but the effect was statistically non-significant (p>0.05). 

 

After 10 minutes of incubation with AAPH, at 0.5 µg/mL, RH had the lowest antioxidant 

activity in comparison to FP1 and FP2 moreover, a similar trend was observed at 25 µg/mL 

concentration. As concentration was increased from 25 µg/mL to 50 µg/mL, RH was 

ineffective in inhibiting ROS production after 10 minutes of incubation. However, at the 200 

µg/mL concentration, all three samples, including RH, FP1, and FP2, were statistically 

insignificant (p>0.05) but their antioxidant potency was higher than the 50 µg/mL 

concentration. As incubation time increased from 10 to 30 minutes, at the 0.5 µg/mL 

concentration, there was no significant difference (p>0.05) between the two time points. Thus, 
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this indicates that lower concentrations for the digested milk containing RH, FP1, and FP2 

were ineffective against inhibiting oxidative stress in the induced differentiated Caco-2 cells. 
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Figure 4.13. The effect of digested banana-flavoured milk fortified with FlavoPlus1 (FP1) and FlavoPlus2 (FP2) vs rutin hydrate (RH) on intracellular 

antioxidant activity over 60 minutes in the differentiated Caco-2 cells. Intracellular antioxidant activity was quantified with DCFH-DA assay using relative 

fluorescence values of the samples. Note: Data represents the mean of three biological replicates with three replicates in each assay. Error bars correspond to 

the standard error of the mean. Samples that do not share the same letters are significantly different (p≤0.05). 
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The scavenging activity exhibited by digested milk containing FP1 and FP2 was higher than 

that the digested milk containing RH at 25, 50, and 200 µg/mL as RH was significantly lower 

at exhibiting antioxidant potency at these three concentrations, respectively. But, with 

increasing the incubation time from 30 to 60 minutes, FP1 exhibited higher intracellular 

antioxidant potency by ameliorating ROS by 40%, when compared to FP2. The higher 

antioxidant potency of FP1 could be due to a higher amount (46%) of rutin being present in the 

digested milk, while FP2 had a lower rutin content (27.3%). On the contrary, digested milk 

containing RH was significantly lower (p>0.05) at scavenging ROS attributed to its lower 

antioxidant potency. This could be due to the low dispersibility of RH during the fortification 

of milk, which resulted in lowering the amount of rutin present in the digested milk containing 

RH, thus, reducing its functional attribute as a radical scavenger. 

 

As demonstrated in Figure 4.13, after incubating Caco-2 cells with digested milk containing 

FP1, FP2, and RH for 60 minutes, the fluorescence intensity was not reduced significantly 

(p>0.05). Instead, there was a spike in fluorescence (%) for all three samples when compared 

with 30 minutes of incubation. As discussed previously in Section 4.1.5, the efficiency of the 

DCFH-DA fluorescent probe after 30 minutes of incubation was reduced, and the cellular 

uptake of the dye occurs within 15-20 minutes of the reaction (Wolfe & Liu, 2007). Therefore, 

at 60 minutes of the incubation period, rutin-protein composites exhibited less antioxidant 

activity when compared with 30 minutes of the incubation period, indicating it as an endpoint 

for incubating Caco-2 cells with bioactives. 
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4.2.6. Summary 

 
The current section focussed on incorporating the novel rutin-protein composites (FP1 and 

FP2) and rutin hydrate (RH) in a dairy beverage, which was digested by an in vitro 

gastrointestinal model and studied for the effect on its physicochemical characteristics and 

bioaccessibility of rutin. In addition, the cellular functionality and bioactivity of digesta were 

assessed through the in vitro TEER assay and intracellular antioxidant measurement. 

Physicochemical analysis showed the milk containing FP2 had a bigger particle size than FP1 

during both gastric and intestinal phases of digestion, thereby reducing the surface area. This 

could be due to the aggregation of sodium caseinate after the breakdown of the protein complex 

and the release of casein from the food matrix under highly alkaline conditions. Whereas RH 

showed a decreasing trend in particle size from the gastric phase to the intestinal phase, which 

could attribute to its low dispersibility in the food matrix, thereby resulting in a higher surface 

area than FP1 and FP2. 

 

At the end of the simulated intestinal digestion, the bioaccessibility of FP1 and FP2 was around 

63% and 45%, respectively. When the intestinal phase was over, the loss from the initial time 

point was compared with the final time point; FP1 showed a loss of 16-18% whereas FP2 

resulted in only a 3-4% loss, suggesting its likely higher bioaccessibility and better absorption 

in the small intestine. This could be due to the different structures as these composites have 

been manufactured using different technologies. 

 

The digested milk containing rutin composites (i.e., FP1 and FP2) maintained higher cell 

viability when compared with RH. Consequently, the TEER assay confirmed that FP2 was 

strongest, closely followed by FP1 in maintaining barrier integrity over 24 hours of incubation 

even at the lowest concentration. Therefore, based on these results, as expected, FP2 exhibited 

higher ROS scavenging activity than FP1 and RH during 0 and 10 minutes of incubation. 

However, with the increase in the incubation time at 30 and 60 minutes, FP1 showed higher 

efficiency in scavenging ROS at a higher concentration of 25 µg/mL due to a higher amount 

of rutin being present in digested milk containing FP1. 
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Conclusion and Future Perspectives 

 
5.1. Conclusion 

 
The current study determined the physicochemical and functional characteristics of the novel 

rutin-protein composites (FP1 and FP2) and rutin hydrate (RH) by utilising in vitro 

gastrointestinal digestion and in-vitro cell models. The antioxidant potency, cytotoxicity, and 

bioaccessibility of the samples were evaluated through a functional dairy matrix. 

 

The DPPH assay of antioxidant potency in FP1 and FP2 demonstrated a significantly (p<0.05) 

higher efficiency in scavenging free radicals compared to RH. It is worth noting that FP1, FP2, 

and RH were maintaining higher cell viability before subjecting them in a digestion model. 

After utilising the in vitro gastrointestinal model on FP1, FP2, and RH through a milk matrix, 

a reduction of 20% in cell viability was observed. The intracellular antioxidant activity of FP1 

and FP2 was reduced by 40% after digestion, but their potency to scavenge ROS was 

significantly (p<0.05) higher than RH. This suggests that the addition of digestive enzymes, 

bile salts, and aggregation of milk proteins from the matrix attribute to cytotoxicity in cells. 

 

The interactions between rutin and the milk matrix during digestion suggest that rutin was 

protected during the gastric phase thereby, resulting in a higher bioaccessibility. The absorption 

of rutin across Caco-2 cells monolayers for FP1 and FP2 was comparable for concentrations 

up to 50 µg/mL. However, increasing the concentration to 200 µg/mL resulted in a sharp 

decrease in absorption for FP1 while it remained unchanged for FP2. It suggests that FP2 

maintains barrier integrity of Caco-2 cell monolayers even at higher concentrations. 

 

Taken together, the results of this study suggested that both FP1 and FP2 were highly digestible 

and bioaccessible compared to RH, with superior intracellular antioxidant activity. These 

features, along with the fact that FP1 and FP2 are highly soluble, make them competitive 

candidates for fortifying food products in order to provide corresponding health-promoting 

properties to consumers. 
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5.2. Future perspectives and recommendations 

 
The following recommendations are suggested for future studies: 

 
 In this study, FP1 and FP2 showed protective effects even at the lowest concentrations in 

Caco-2 cells under oxidative stress. However, it is important to investigate this protective 

effect of FP1 and FP2 by understanding the underlying mechanisms of action through 

different biomarkers for inflammatory responses such as NF-κB, IL-6, IL-8, IL-10, and 

MAP kinases. 

 To validate the bioaccessibility of rutin in the digested milk containing FP1 and FP2 

through an in vivo model, it is recommended that the bioavailability of the novel rutin- 

protein composites be studied in human subjects. This may also be attributed to other 

hydrophobic polyphenols that can be delivered using the FlavoPlus technology. 
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Reproduced as: Figure 5.1 Chemical structure of rutin (quercetin-3-O-rutinoside). Chapter 2, 

Literature Review, Section 2.2.1. 
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Appendix 2: Calibration curve of Gallic acid for Folin-Ciocâlteu method 
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Appendix 3: Calibration curve Trolox standard for DPPH assay 
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Appendix 4: Calibration curve of Rutin standard for HPLC 
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