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CHAPTER 1: INTRODUCTION 
 

Allium tricoccum, known as ramps or wild leek, is a spring vegetable native to the eastern 

Appalachian mountains in the United States (U.S) [1]. Ramp is a member of the allium vegetables 

that include wild garlic, leek, onion, and garlic [2]. This bulb-forming plant has broad green leaves, 

purple stalk, and white bulb [3]. Ramp is the first green to grow as patches in rich, moist shady 

woods from north to Canada, west to Missouri and Minnesota, and south to North Carolina [4,5]. 

The Cherokee Indians in the U.S. consumed ramps as a medicinal plant to treat for colds and 

earache, and as a spring tonic [6]. In addition, folk medicine in Appalachian mountains 

recommends ramps for lowering blood pressure, lipids, and cholesterol [6,7]. 

Although the chemical composition and bioactive components of ramps are unknown, its 

garlic-like odor suggested that it contains sulfur compounds, the volatile components in allium 

vegetables [8]. One study identified sulfur compounds in ramps’ bulb and reported that 

thiosulfinates and allicin were major sulfur components in ramps [8]. Another study reported that 

ramp’s leaves contain high amount of vitamin C [9]. However, there are no studies on the 

characterization or quantification of other bioactive components that might induce the reported 

health benefits of ramps. Previous studies investigating the health benefits of closely related Allium 

vegetables, such as wild garlic and leeks, reported blood pressure and cholesterol-lowering effects 

when fed to rats [10,11]. Flavonoids, large group of plant polyphenols, was reported as one of the 

major bioactive components to provide the medicinal benefits of allium vegetables [12]. 

Flavonoids are plant pigments and secondary metabolites synthesized by the phenylpropanoid 

pathway [13]. The flavonoids in plants are found in complex conjugates, with different sugar 

moieties linked to the aglycone backbone known as glycosides [14]. Flavonoids are categorized 
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under six classes including flavanones, flavanols, isoflavones, flavan-3-ols, flavonols, and 

anthocyanins [15].  

Flavonols including kaempferol, quercetin, and myricetin, is the most ubiquitous class in 

fruits and vegetables, specifically, allium vegetables [3,16,17]. The United States Department of 

Agriculture (USDA) flavonoids database reported that flavonol was the only class detected in leeks 

and spring onions which are allium vegetables closely related to ramps [18]. The quantity of 

flavonols in plants varies by season, light and degree of ripeness [19–22]. Additionally, individual 

flavonols are unequally distributed in plant parts with different pigments [23]. Quercetin but not 

kaempferol was detected in the bulb of red spring onion [23]. However, a lower amount of 

quercetin, and kaempferol were detected in the leaf of red spring onion and high amounts of 

kaempferol were found in spinach [23]. Therefore, kaempferol is rich in the green leafy plant parts 

while quercetin is concentrated in parts close to roots and bulbs [24,25]. 

It has been suggested that the rates of glycoside digestion and absorption differ depending 

on the sugar moiety attached to flavonols in plants, [26]. Although quantifying flavonols in plants 

is important, higher flavonols content doesn’t reflect higher absorption and biological activity in 

humans [26,27]. Thus, to understand the absorption and bioactivity of flavonols in the human 

body, it is essential to characterize the glycoside conjugates. The major flavonol glycosides in red 

onion include quercetin-4’-glucoside and quercetin-3,4’-diglucoside [28]. In wild garlic 

kaempferol glycosides in the form of kaempferol 3-O-beta-glucopyranoside and kaempferol 3-O-

beta-neohesperidoside have been detected [3]. However, the characterization and quantity of 

flavonol glycosides in ramp plants are unknown.   

To better understand the potential mechanism health benefits of ramps, characterization of 

flavonol glycosides in whole ramps and individual parts is needed. Therefore, the primary 
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objective of this study is to characterize flavonol glycosides in whole ramps and the individual 

parts (i.e. leaf, stem and bulb). The secondary objective is to a develop preliminary acid hydrolysis 

protocol that could be used to quantify total flavonol aglycones in ramps. 
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CHAPTER 2: LITERATURE REVIEW 

Ramps (Allium tricoccum) 

Ramps (Allium tricoccum) is native to deciduous temperate forests in the eastern 

Appalachian Mountains in the U.S.  [1]. After a long winter season, the snow melts and soil 

temperature increases providing optimal growing condition for ramps [5]. To fully mature, ramp 

seeds can take 5 to 7 years [5]. There are two varieties of ramps, variety tricoccum and burdickii 

[5]. The triccocum variety is dominant in the southern Appalachian part and has a larger leaf 

with purple stem. Burdickii variety, however, is more common in the north and has narrower 

leaves with no pigmented stem.  

Ramps are known as traditional and local seasonal food in Appalachia [29]. American 

Indians consumed ramps as a tonic and to provide vitamins and minerals after winter season 

because it is the first green to grow [6]. Ramp leaves were considered a folk remedy to cleanse 

the blood by reducing blood cholesterol and lipids [7]. However, the reported health benefits 

have not been proven in clinical trials. Also, reports on the nutrient composition of ramps are 

limited. Studies on similar allium vegetables, i.e. leeks and wild garlic, report potential 

cardioprotective and cholesterol-lowering effects [10,11]. In order to analyze the chemical 

composition of bioactive compounds in ramps, it is important to understand the chemical 

composition of other allium vegetables.  

Chemical Composition of Allium Vegetables 

Calvey et al analyzed organosulfur compounds in ramps harvested from three geographic 

regions Quebec in Canada, Potomac River and West Virginia in the U.S [8]. Results suggested 

that thiosulfonates were the major sulfur compounds followed by allicin in ramps harvested from 
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the Potomac River region and West Virginia (5–7 and 3 μmol/g, respectively) [8]. In another 

study vitamin C (0.8 mg/g dry weight) was detected in ramps harvested from southern Ohio and 

northern Kentucky in the U.S [9]. Analysis of nutrients and bioactive compounds in ramps is still 

needed.  

To determine potential nutrients and bioactive components in ramps, the chemical 

composition of allium plants closely related to ramps (i.e.leeks and wild garlic) [8], were 

reviewed. Analysis of the bioactive substances indicated high levels of flavonoids; 35.14 and 

41.01 mg/g dry weight in leeks and wild garlic, respectively [30,31]. The United States 

Department of Agriculture (USDA) flavonoids database reports flavonols as the only flavonoid 

subclass in leeks and spring onions [18]. Therefore, it is important to understand the major 

characteristics and detection methods of flavonols.  

Plant-Derived Flavonoids 

Flavonoids are plant secondary metabolites. That is,  they are chemicals not required for 

the growth and development of the plant but are synthesized to enhance plant survival in its 

environment [32]. Plant flavonoids also play an important role as active pharmaceuticals [32]. In 

plants, flavonoids are responsible for the different pigments and aroma [33]. Due to the 

complexity and variation in food sources and chemical structure, flavonoids are classified by 

subclasses, including flavonols, flavanones, isoflavones, flavones, flavan-3-ol, and anthocyanins 

[17]. Flavonols are the most ubiquitous flavonoid subclass in fruits and vegetables, specifically 

allium vegetables [3,16,17].  

Flavonol Food Sources and Dietary Intake 

Flavonols are widely distributed in fruits and vegetables [33]. Table 1 shows the average 

amounts of quercetin and kaempferol in major food sources. Quercetin is high in a few plant 
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foods including capers, onion, asparagus, and berries; but, found in small amounts in many fruits 

and vegetables. The richest plant sources of kaempferol are green leafy vegetables, including 

spinach, kale, and herbs like dill, chives, and tarragon.  

The estimated amounts of flavonols intake within a population vary. This variation is 

related, in part, to databases completeness. Currently, there is no complete standard database on 

flavonoids content in foods. The three databases available are United States Department of 

Agriculture (USDA) database for flavonoids [18], eBasis (BioActive Substances in Food 

Information System) database [38], and Phenol-Explorer [35]. Additionally, the amount of 

flavonols in plants vary by season, light, and degree of ripeness [19–21]. Due to these limitations 

in estimating flavonols intakes in a population, dietary recommendations of flavonols intake for 

individuals has not been established [36,37]. Despite being widely available in foods, flavonols 

intake in the U.S. range between 9-36.2 mg/day [38] which is lower than flavonols intake in the 

United Kingdom and European countries (average 51 and 52 mg/day, respectively) [39,40]. In 

the U.S., the highest sources of flavonols were tea, onion, apple, and red wine [41,42]. Average 

intakes of individual quercetin and kaempferol among U.S. adults is 13.5 and 5.4 mg/day, 

respectively [41]. 
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Table 1. Selected Plant Sources of Quercetin and Kaempferol 
Plant  Quercetin  Kaempferol 

 mg/100 g fresh weight 
Vegetables   
Asparagus b 14.0 1.40 
Broccoli a 13.7 7.20 

Capers (raw) b 234 259 
Chili pepper a 32.6 - 

Chinese cabbage b - 22.5 
Ginger b - 33.6 
Kale b 22.6 47.0 

Leeks [30] 2.5 11.8 
Lettuce a 14.7 0.84 
Onions a 45.0 4.50 

Shallot [43] 0.34 11.7 
Spinacha 27.2 55.0 

Tomatoes a 7.40 0.84 
Herbs/Spices   

Chives a 10.4 12.5 
Dill a 79.0 40.0 

Fennel leaves a 46.8 6.50 
Oregano b 42.0 - 
Terragon b 10.0 11.0 

Fruits   
Apples b  4.01  0.14 

Blueberry a 14.6 3.17 
Cherry b 17.4 5.14 

Cranberry a 25.0 0.21 
 mg/100 ml  

Beverages    
Black tea a 2.50 1.70 
Green tea a 2.38 1.50 
Red wine a 3.16 0.25 

a Phenol-Explorer: database for polyphenol content in foods. 
  
b USDA database for the flavonoid content of selected foods. 

 
Flavonol Chemistry 
 

Chemically, flavonoids consist of two phenyl rings (ring A and B) connected to a 

heterocyclic ring (ring C) [14]. The flavonol subclass share the same 3-hydroxy flavone 

backbone but differ in the presence and position of two hydroxyl groups at R1 and R2 [44]. 

Figure 2 shows the general chemical structure of flavonols. The number of hydroxyl groups 

on the structure determines chemical stability and reactivity [44]. It was suggested that the 
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hydroxyl groups on B and C rings provide anti-oxidant and free-radical scavenging function 

[44]. Kaempferol is the most chemically stable flavonol as it has fewer hydroxyl groups.  

Flavonols in their free form, aglycones, have lipophilic (fat-soluble) properties. 

However, most flavonols are synthesized in plants attached to a sugar moiety known as 

glycosides [45]. Some of the sugar moieties include the monosaccharides glucose, 

rhamnose, galactose, arabinose, and xylose [46]. Additionally, the sugar moiety can be a 

disaccharide such as a rutinoside, composed of glucose and rhamnose connected by β-

glycosidic bond [45]. The hydroxyl functional groups on all three rings are potential sites for 

links to sugar moieties know as O-glycosides [14]. The glycoside attachment converts the 

lipophilic flavonol to a lipophobic (water-soluble) form. Consequently, flavonol glycosides 

have different polarity and rates of digestion and absorption in the human body compared to 

the aglycone form [47].  
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Figure 1. General chemical structure of 
quercetin and kaempferol. Two phenyl 
rings (A and B) and heterocyclic ring (C). 
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Flavonol Bioavailability 

In order to exert a beneficial effect on health, ingested flavonols need to be bioavailable to 

body tissues. The definition of bioavailability varies depending on the form of the ingested 

compound. Bioavailability of pharmaceutical drugs refers to the extent and rate of digestion and 

absorption to which the active compound becomes available at the site of action [48]. The 

bioavailability from a nutritional perspective, however, is defined as the extent of digestion, 

absorption, metabolism, and excretion after the ingestion of foods [49]. Figure 2 illustrates the 

general overview of food-derived flavonol bioavailability, including digestion, transport across the 

intestinal barrier into the blood, distribution to body tissues, metabolism, and excretion. One of the 

important factors of bioavailability is the fat solubility of the ingested flavonols [49]. 

When flavonol-rich foods are consumed, the aglycone and glycoside forms undergo 

different routes of digestion and absorption [22]. Lipophilic aglycones passively diffuse 

unmetabolized from the intestinal lumen into the enterocytes where they are either directly 

absorbed into the hepatic portal vein or metabolized before absorption [22,50]. Metabolism of the 

aglycones in the enterocytes involves phase I (oxidation and O-demethylation) and phase II 

metabolism (sulfation, glucuronidation, and methylation) producing lipophobic metabolites which 

are absorbed via ATP-binding cassette (ABC) transporters into the hepatic portal vein [50,51]. 

Lipophobic glycosides, however, must be hydrolyzed to the aglycone form before absorption into 

the blood [52]. The hydrolysis of flavonol glycosides depends on the type of sugar attached to the 

aglycone backbone [53]. In general, flavonol glycosides are hydrolyzed either in the intestinal 

lumen or enterocyte. On the intestinal brush border, lactase-phlorizin hydrolase enzyme (LPH) 

hydrolyzes glycosides producing aglycones in the intestinal lumen [54]. Hydrolyzed aglycones are 

then passively absorbed into enterocytes. Alternatively, the glycosides can be transported by 
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sodium-dependent glucose transporter (SGLT 1) into the enterocyte, where they are hydrolyzed to 

aglycones by cytosolic β-glucosidase [52,55]. Resulting aglycones in the enterocytes either 

passively diffuse into the hepatic portal vein or undergo phase I & II metabolism producing 

metabolites which are absorbed via ABC transporters [50,51].   

After intestinal digestion and absorption, the aglycones bind to serum albumin and the 

flavonol metabolites are transported via the hepatic portal vein to the liver [56]. In the liver, the 

remaining aglycones undergo phase I & II metabolism resulting in methyl, sulfur, and glucuronide 

metabolites which are transported along with intestinal metabolites into the systemic circulation 

for distribution to body tissues [57,58]. Although flavonols’ metabolism in body tissues is not well 

understood, an in vitro study reported that conjugated metabolites in body tissues could be 

converted back to aglycones by β-glucuronidase resulting in the accumulation of flavonol aglycone 

in body tissues [59]. Excretion of flavonol metabolites occurs by urinary and biliary elimination. 

Metabolites in bile are either eliminated in feces or recycled back to the small intestine [15]. 

Excreted metabolites may differ from those in the blood indicating potential metabolism in the 

kidneys and body tissues [60].  

Some ingested glycosides bypass the small intestine and reach the colon where the colonic 

microbiome metabolism occur [58]. Colonic metabolism includes the hydrolysis of glycosides 

resulting in aglycones which undergo ring fission producing phenolic acid metabolites [61]. The 

major metabolites produced are 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxybenzoic acid, and 

3-hydroxyphenylacetic acid [62]. These metabolites are either excreted in feces or absorbed into 

the circulation [80]. The fate and bioactivity of phenolic acid metabolites are not well understood.  

Absorbed flavonols reach body tissues to exert benefits, mainly, cardioprotective, and antioxidant 

effects.
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Figure 2. General overview of food-derived flavonol bioavailability. 

Abbreviations: LPH, lactase-phlorizin hydrolase enzyme; SGLT 1, sodium-dependent glucose transporter; ?, mechanism is 
not well understood. 
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Flavonol Roles In Human Health  

The bioactivity of quercetin was confirmed in vitro studies, which suggested that quercetin 

has cardiovascular and antihypertensive benefits due to its antioxidant properties [64]. 

Furthermore, quercetin has been shown to act as an anti-inflammatory agent on cultured cells and 

ex vivo [65]. Also, clinical trials investigating the bioactivity of quercetin on blood pressure and 

cardiovascular risk reported potential cardioprotective effects.  

Studies on hypertensive patients examined the effectiveness of quercetin in lowering blood 

pressure. A dose of 150 mg quercetin supplement was effective in reducing blood pressure in 

hypertensive patients after 42 days of treatment [66]. Also, a dose of 730 mg quercetin supplement 

was also effective in reducing blood pressure in patients diagnosed with stage 1 hypertension but 

not in pre-hypertensive individuals [67].  

The potential cardioprotective effects of kaempferol are related to its anti-oxidant and 

anti-inflammatory activity reported in vitro and animal studies [68–70]. It has been suggested 

that kaempferol reduces reactive oxygen species (ROS) due to its free-radical scavenging role, 

which prevents tissue damage and inflammation [71,72]. Clinical studies on the cardioprotective 

benefits of kaempferol are limited. Epidemiological studies, however, investigated the 

association between high intake of dietary flavonoids, specifically kaempferol, and 

cardiovascular health. Assessment of the association between the intake of individual flavonols 

and myocardial infarction (MI) and fatal coronary heart disease (CHD) in Nurse’ Health cohort 

(66,360 women), reported that kaempferol intake, mainly from broccoli and tea, was inversely 

associated with CHD with a relative risk of 0.66 (95% CI: 0.48-0.93, p = 0.04) but no significant 

association was observed for MI [73]. However, two epidemiological studies reported a 
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significant negative association between acute and fatal MI with higher flavonol and kaempferol 

intake [74,75]. 

Flavonol Roles In Plants 

Flavonols are ubiquitously found in plants mainly as glycoside conjugates in the vacuoles 

of plant cells [76]. In addition to other major pigments, carotenoids, and chlorophyll, flavonols 

provide color pigments in fruits, vegetables, and flowers which attract pollinating insects [77].  

Flavonoids, including flavonols, function as signaling molecules to protect plant tissues from 

ultraviolet (UV) radiation [78]. Due to their antioxidant capacity, flavonols function as 

detoxifying agents in plants [77]. Flavonols neutralize byproducts of free radicals and oxygen 

species produced as a result of photosynthesis and other biological reactions in plants [77].  

Abiotic stress in plant refers to stress induced by non-living factors including 

temperature, water availability, heat, and composition of the soil. Although flavonols function 

under abiotic stress is still unclear, a study found that plants exposed to abiotic stress conditions 

that caused an increase in oxidative damage will have a higher synthesis rate of flavonols [79]. 

Also, under cold temperature, flavonols content specifically quercetin, increases to provide 

antioxidant protection of plant tissues [80].  

To investigate the benefits of the particular flavonol-rich plant, it is essential to develop 

an analysis protocol for the detection of flavonols in plants. Analytical methods for the 

characterization of plant-derived flavonols varies depending on individual plant species as they 

synthesize different flavonol conjugates [13]. Thus, understanding the steps of flavonols 

detection from different plants are required for the analytical method development.  
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Extraction of Plant Flavonols  

The first step in the identification of a bioactive compound in plant is extraction. The 

process of extraction is performed by separating the desired compounds from plant tissues, 

which eliminate the interference of other plant components [81]. To extract bioactive 

compounds, plant material is mixed in a solution with specific polarity based on the chemical 

characteristics of the desired compounds [81]. Water soluble compounds, lipophobic, are 

extracted in a polar solution while fat soluble, lipophilic, compounds are extracted in a non-polar 

solution.   

Polyphenols extraction involves the optimization of several factors, including the 

selection of extraction solution, and the particle size of the extracted plant material [82]. The 

solvents are selected based on the solubility of the desired bioactive components, which lead to 

the extraction of substances soluble in the selected solvent leaving the insoluble material. 

Although flavonol’s chemical structure indicated lipophilic properties, in plants, the attachment 

of sugar moieties decreases lipophilicity (increases polarity) of flavonols, and thus, it impacts the 

solubility of plant-derived flavonols. Diem Do et al. [83] examined the effects of different 

extraction solvents on the maximum content of flavonoids extracted from the medicinal plant 

Defatted L. aromatica. Extraction solvents were 100% water, methanol (100%, 75%, and 50% in 

water), ethanol (100%, 75%, 50% in water), and acetone (100%, 75%, and 50% in water). 

Results showed that the highest total flavonoids content was detected after extraction with 100% 

ethanol solution. This finding suggested that flavonoids are soluble in organic solvents. 

However, flavonols content in plants may have different polarity depending on the attachment of 

sugar moiety. Therefore, a mixture of organic and polar solvents might enhance the extraction of 

plant-derived flavonols.  
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In another study, flavonol glycosides in plums were extracted in 80% methanol aqueous 

solution [84]. Extracted flavonols were acid hydrolyzed to quantify total flavonols content in 

different vegetables. All desired flavonols were extracted and detected, suggesting that 80% 

aqueous methanol solution is enhanced the extraction of plant flavonols. This method was also 

used in another study to optimally extract flavonols from black and brown soybeans with the 

addition of 5% formic acid [85]. 

The form of plant material is another important factor to consider for the extraction step. 

Increasing the surface area and reducing the particle size of the plant sample can be achieved by 

pulverization to expose plant tissues and content to the extraction solvents [86]. For this step, 

plant samples are usually freeze dried. It has been reported that non-thermally dried plants 

(lyophilization) result in higher flavonoids detection compared to thermal drying or fresh 

samples [87].   

Extraction technique allows a non-selective separation of all plant compounds that 

dissolve in the extraction solutions. However, to selectively identify and detect molecules in 

plant extract, isolation technique is the second step in the identification of plant-derived 

flavonols.   

Isolation and Detection of Flavonol Glycosides 

Isolation is an important step, after extraction, to selectively detect desired compounds 

from other interfering plant materials in the plant extract [82]. Isolation techniques are usually 

applied to separate specific molecules depending on the nature of the desired compounds.  

Chromatography is one of the most effective and selective isolation procedures that 

developed overtime [88]. Old chromatography technique includes simple thin layer 

chromatography (TLC), preparative thin layer chromatography (PTLC), and open column 
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chromatography (CC). The mechanism of separation using chromatography is based on the 

polarity of the desired molecule [88]. For these techniques, clear plant extract and separation 

column are required. The separation column is a column or plate coated with a specific material 

that varies depending upon the polarity of the desired compounds [89]. Polar molecules are 

separated using polar columns such as columns coated with silica, which will be separated by 

running non-polar solvents through the column. This technique allows the desired polar 

compounds to bind to the column eliminating less polar molecules. The recent isolation methods 

include high-performance liquid chromatography (HPLC) and ultra-high-performance liquid 

chromatography (UHPLC).  

The advanced methods are more accurate and require protocol development to determine 

specific conditions (column selection, flow rate, and mobile phase solvents) to accurately isolate 

the desired compounds from a particular plant [89]. The protocol varies depending on the type of 

column and plant used for analysis [90]. To optimally detect and quantify flavonols glycoside in 

ramps, a new UHPLC method needs to be developed for optimal separation and detection of 

flavonol glycosides. Table 3 shows different conditions for flavonols isolation.  

Although the previously mentioned detection methods aid in the analysis of flavonol 

glycosides in plants, these methods are inaccurate for the characterization of unknown 

conjugates because it requires the availability of commercial standards to confirm the presence 

of particular conjugates. Due to the wide variations of flavonol glycosides synthesized in plants, 

some complex conjugates do not have commercial standards and need further characterization 

techniques to identify structures.  
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Table 3. Characteristics of different chromatography conditions for the detection of flavonol 
glycosides.  

Plant Flavonols detected Mobile Phase Column Method  Ref 

Onion, spinach, 
orange and tomato  

Quercetin  
4’-O-glucoside &  

3,4’di-O-glucoside  

Solvent A: methanol  
Solvent B: ethyl 

acetate  

A Luna C18 
reverse phase 

column (5 µm, 
250 mm) 

HPLC [91] 

Soybeans 
Kaempferol-3-

rhamnoglucoside 

Solvent A: 0.1% 
formic acid in water  

Solvent B: 0.1% 
formic acid in 

acetonitrile  

Symmetry C18 
column (4.6 mm 

× 75 mm, 3.5 
μm) 

HPLC [92] 

Plums  
Quercetin 3-

galactoside; quercetin 
3-glucoside 

Solvent A: 50 mM 
ammonium 
phosphate  
Solvent B: 

acetonitrile:50 mM 
of ammonium 

phosphate  
Solvent C: 200 mM 

phosphoric acid  

C18 reversed-
phase Symmetry 

Analytical 
column (5 μm × 
250 mm × 4.6 

mm) 

HPLC [84] 

Onion  

Quercetin 3,4’-
diglucoside; 
quercetin 4’-

monoglucoside  

Solvent A: 0.1% 
formic acid in water  

Solvent B: 0.1% 
formic acid in 

methanol  

Prevail C18 
column (2.1 × 
150 mm 3 μm) 

 
 

HPLC 
 
 

[93] 

Cranberry  

Quercetin: 
-glucoside, 

-galactoside, 
-xylopyranoside  

Kaempferol;  
-methoxy  

Solvent A: 2% 
formic acid  

Solvent B: 2% 
formic acid in 

methanol  

Zorbax SB-C18 
reversed phase 

column (250 mm 
x 4.6 mm) 

HPLC 
 

[94] 

Blueberries  

Quercetin: 3-
rutinoside, 
galactoside, 
glucoside  

Solvent A: 2% 
acetic acid in water  

Solvent B: 0.5% 
acetic acid in 

acetonitrile/water 
(50:50) 

Aqua 3u, C18 
(150 × 2 mm) 

HPLC [95] 
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Structural Characterization of Flavonol Glycosides 

Advancements in the detection methods of different metabolites enhanced the 

understanding of different plants bioactive compounds. Flavonoids gained more attention in both 

plant science and pharmaceutical fields after the development of specific characterization 

methods [96]. Characterization of flavonol glycosides can be achieved using the molecular mass 

of the desired compounds and the physical characteristics under magnetic fields.  

Mass spectrometry uses the mass-to-charge ratio (m/z) to isolate and detect the 

compounds [97].  This technique requires the ionization of species by adding or subtracting an 

atom which is most commonly H, Cl, or Na.  The ionized molecules then undergo conversion to 

the gas phase for the detection [97]. After the detection of the desired flavonol glycosides under 

the specific wavelength of 350 nm, resulting mass-to-charge ratio (m/z) will be used to 

characterize flavonol glycosides based on the molecular weight [98]. The molecular weight of 

quercetin and kaempferol backbones are 302 and 286 g/mol, respectively [99]. The attachment of 

different sugar moieties causes variation in the molecular weight of quercetin and kaempferol 

conjugates. However, mass spectrometry fails to provide information on the specific sugar 

moiety isomers attached to the flavonol backbone and the position of attachment. Therefore, a 

more advanced structure characterization method is required. 

Nuclear magnetic resonance (NMR) spectroscopy is used for structural elucidation of 

complex conjugates by the detection of electromagnetic signals produced from particular atoms 

[100]. The magnetic resonance of carbon (13C) and hydrogen (1H) are used for NMR analysis 

[101]. This method is used to identify unknown complex flavonol glycosides that were not 

identified by mass spectrometry. Shahat et al., identified different unknown quercetin structures 

from methanolic extract of Carrichtera annual L. seeds [102]. Also, Kaempferol conjugate 
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(kaempferol-3-O-hydroxyferuloylsophoroside-7-O-glucoside) from Chinese cabbage was 

characterized using NMR [103].  

To analyze flavonol glycosides from ramps (Allium tricoccum), a separation protocol of 

the flavonol glycosides need to be developed. Additionally, analysis using UHPLC and mass 

spectrometry is required. If the detected flavonol glycosides are not available in commercial 

standards, NMR analysis is also needed to confirm the sugar moieties detected by mass 

spectrometry. 
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CHAPTER 3: METHODS 

A. Separation and Characterization of Major Flavonol Glycosides 

Chemicals 

Extraction solvents, including methanol and acetic acid were purchased from Fisher 

Scientific (USA). Hydrochloric acid, kaempferol (>90% purity) and quercetin aglycone 

standards were purchased from Sigma Aldrich (USA). All solvents for ultra-high-performance 

liquid chromatography (UHPLC) and mass spectrometry (LC-MS/MS) were purchased from 

Fisher Scientific (USA). 

Plant Material 

Ramps were harvested from West Virginia. Ramps were cleaned and stored in a -20oC 

freezer until used for analysis. Ramps samples were lyophilized and pulverized for analysis 

because it was reported that this technique maximizes flavonols extraction [87]. Whole ramps 

were lyophilized (BenchTop Pro, SP Scientific, PA, USA) for six days at -46oC. A portion of the 

lyophilized ramps were separated to bulb, stem, and leaves by cutting the middle purple stem 

from both ends. The second portion of lyophilized ramps was kept whole. The lyophilized 

individual parts and whole ramp samples were pulverized separately. The powder of each ramp 

part and whole ramps were packaged in a small transparent ziplock bags and stored at –80 oC.  

Extraction of Flavonol Glycosides 

For extraction of flavonol glycosides, each sample was prepared by homogenizaing 5 mg 

of the pulverized whole ramps or individual parts in a 100 µL of a solution containing 50% 

methanol and 3% acetic acid in distilled water (v/v). The prepared sample was wrapped with 

aluminum foil to prevent exposure to light and mixed overnight (~18 hours) at room 

temperature. Extracted samples were centrifuged for 3 minutes (13.3 g, ThermoScientific, CA, 
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USA). The supernatant was transferred to micro-filters and centrifuged for other 3 minutes (13.3 

g, ThermoScientific, CA, USA). The filtered solvent was diluted with 200µL of a solution 

containing 3% acetic acid in distilled water (v/v) and the resulting solution was transferred to a 

UHPLC test vial and stored in -80oC until it was used for analysis. 

Flavonol Glycoside Separation 

To identify flavonol glycosides in ramps, a separation protocol first had to be developed. 

UHPLC- photodiode array (PDA) was conducted using an Accela system (Thermo Scientific, 

San Jose, CA, USA) consisting of Accela 1250 pump, open autosampler, and PDA detector. 

Flavonol chromatographic separation was performed on a Luna Omega 1.6 µm Polar C18 100Å, 

LC column 150 X 2.5 mm (phenomenex, CA, USA) at 35oC. The flow rates 300 and 500 

µL/minute were tested. Gradient elution rates of a mobile phase for solvent A [5% formic acid in 

distilled water (v/v)], and solvent B [5% formic acid in acetonitrile (v/v)] were adjusted as shown 

in table 1. Mobile phase solvents were selected based on a previously reported method [85]. An 

injection volume of 5 µL was held consistent throughout different methods. Flavonols were 

detected under a wavelength of 350 nm. 
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Table 1. Mobile phase gradient elution of different flow rates and gradient elution 
times. 

Method Solvent A Solvent B 
Flow rate (µL/minute) 

300 
 
500 

0 min, 90%; 2 min, 75%; 7 
min, 65%; 9 min, 0%; 11 min, 

0%; 12 min, 90%; 15 min, 
90% 

0 min, 10%; 2 min, 25%; 7 min, 
35%; 9 min, 100%; 11 min, 

100%; 12 min, 10%; 15 min, 10% 

Gradient elution time (minutes) 

15 

0 min, 90%; 2 min, 75%; 7 
min, 65%; 9 min, 0%; 11 min, 

0%; 12 min, 90%; 15 min, 
90% 

0 min, 10%; 2 min, 25%; 7 min, 
35%; 9 min, 100%; 11 min, 

100%; 12 min, 10%; 15 min, 10% 

21 

0 min, 90%; 6 min, 90%; 8 
min, 75%; 13 min, 65%; 15 

min, 0%; 17 min, 0%; 18 min, 
90%; 21 min, 90% 

0 min, 10%; 6 min, 10%; 8 min, 
25%; 13 min, 35%; 15 min, 

100%; 17 min, 100%; 18 min, 
10%; 21 min, 10% 

24 

0 min, 98%; 2 min, 98%; 3 
min, 90%; 9 min, 90%; 11 
min, 75%; 16 min, 65%; 18 

min, 0%; 20 min, 0%; 21 min, 
98%; 24 min, 98% 

0 min, 2%; 2 min, 2%; 3 min, 
10%; 9 min, 10%; 11 min, 25%; 
16 min, 35%; 18 min, 100%; 20 
min, 100%; 21 min, 2%; 24 min, 

2% 
 
Characterization of Flavonol Glycosides by UHPLC-PDA-MS 2  

To characterize flavonol glycosides, UHPLC-PDA-MS2 was conducted using an Accela 

system (Thermo Scientific, San Jose, CA, USA) consisting of Accela 1250 pump, open auto 

sampler, and PDA detector connected to a Q-Exactive–Oribitrap MS containing a heated 

electrospray ionization (HESI). Flavonols chromatographic separation was performed on a Luna 

Omega 1.6 µm Polar C18 100Å, LC column 150 X 2.5 mm (phenomenex, CA, USA) at 35oC. 

The optimal chromatographic conditions based on the UHPLC protocol development results 

were gradient elution with a mobile phase, solvent A; 5% formic acid in LC-MS grade water 

(v/v), solvent B; 5% formic acid in acetonitrile (v/v). The gradient was programmed as follows: 

0 min, 2% B; 3 min, 10% B; 11 min, 25% B; 16 min, 35% B; 18 min, 100% B; 21 min, 2% B; 

24 min, 0% B. For column wash, solvent C; 60% acetonitrile was used for 10 minutes. The flow 

rate was 300 µL/min throughout the gradient, with an injection volume of 5 µL.  
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MS analysis was performed in Full MS in both positive and negative polarity modes. 

More efficient detection was observed under the negative mode. Thus, all analysis was 

conducted under negative polarity mode. Full MS properties were: resolution 70,000, AGC 

target 3e6, maximum IT 100 ms, and scan range 200-2000 m/z. Compounds were identified by 

analyzing parent to fragments, and data dependent fragmentation was conducted to detect the 

fragments of the major parent peaks. Tentative conjugates were identified by comparing the 

detected m/z values within 10 ppm to similar values using Metabolite and Chemical Entity 

Database (METLIN) and published data. The properties of data dependent fragmentation were; 

resolution 35,000, AGC target 2e5, maximum IT 50 ms, loop count 5, (N)CE 33, charge 

exclusion unassigned 3-8, >8.  

Flavonols were detected at 350 nm wavelength. All chromatogram data were collected 

and analyzed using Xcalibur software (Thermo Scientific, San Jose, CA, USA). HESI source 

properties were; nitrogen gas with sheath gas flow rate 18, Aux gas flow rate 11, spray voltage 

(kV) 2.5, capillary temperature 320oC. Potential chemical structures detected by UHPLC-PDA-

MS2 based on m/z values reported in the literature, were constructed in ChemDraw Prime 16.0.   

Preliminary NMR Analysis  

To confirm the tentatively characterized structures, a preliminary nuclear magnetic 

resonance (NMR) experiment was conducted using the flavonol glycosides extract. The prepared 

extract was dried under gas nitrogen, the last drying step was achieved by lyophilizing the 

concentrated sample. For NMR measurements, 20–30mg of the dried extraxt was dissolved in 

0.7 mL DMSO-d6. The 1H and 13C NMR spectra were acquired at 25oC on a Varian 

INOVAUnity 600 MHz  equipped with a 5 mm inverse broadband PFG Probe. The FIDs of the 

1H and 13C  NMR spectra were processed using the commercially available NMR software 
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package ACD/Spectrus Processor (version: S80S41, Build 108238, 08 Apr 2019,  

www.acdlabs.com ). 1H NMR chemical shifts were reported relative to the internal residual 

solvent peaks at 2.5 ppm (DMSO-d6). 13C NMR chemical shifts were reported relative to the 

central peak of the septet was set to 39.51 ppm. 

After the characterization of the major flavonol glycosides in whole ramps and individual 

parts, analysis of the total flavonol content is required. To quantify total flavonol in ramps, sugar 

moieties attached to the flavonol backbone need to be hydrolyzed. Due to the absence of 

previous reports on the total flavonol content in ramps, a preliminary development of hydrolysis 

protocol was conducted.     

B. Preliminary Development of Acid Hydrolysis Protocol for Quantification of Flavonol 

Aglycones.  

Preparation of Aglycone Standard Solutions 

UHPLC-grade quercetin and kaempferol aglycone standards were used. Kaempferol 

standard stock solution with a concentration of 100 µM was prepared by dissolving the standard 

(0.3 mg) in a 10 ml solution of 50% methanol and water and sonicated for 2 minutes. Quercetin 

stock solution was prepared by diluting 10 mM stock solution to 100 µM in 50% methanol. 

Quercetin and kaempferol standards were used to detect hydrolyzed aglycones.    

Development of Acid Hydrolysis Protocol  

To quantify flavonol aglycones in ramps, the flavonol glycosides were subjected to acid 

hydrolysis. Different hydrolysis factors were examined, including hydrolysis time, starting 

material (plant tissues versus flavonol extract), and acid concentration. To test hydrolysis time, 

the hydrolysis method conducted by Nuutila et al. was modified [23]. To prepare samples, 2 ml 

of 1.2 M HCl in 50% methanol solution was used to hydrolyze 20 mg of pulverized whole 
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ramps. Five samples (250 µl each) were hydrolyzed in a water bath at 80oC for 2, 4, 6, 8, and 12 

hours. After hydrolysis, 250 µl distilled water was added to each sample. Diluted samples were 

sonicated for 2 minutes, centrifuged for 2 minutes at speed 13.3 g (ThermoScientific, CA, USA). 

The resulting supernatant was filtered in a microfilter tube by transferring the supernatant to the 

filter and centrifuged for 3 minutes at speed 13.3 g. The hydrolyzed solution was transferred to 

UHPLC test vials and placed in -80oC until analysis. 

Several hydrolysis studies performed flavonol glycoside hydrolysis using either plant 

tissues or flavonol glycoside extracts [23,84,104]. Therefore, the type of hydrolysis starting 

material was investigated by direct hydrolysis of pulverized whole ramps or hydrolysis of whole 

ramp flavonol extracts. Direct whole ramp hydrolysis sample was prepared following the 

previous method used for the analysis of different time intervals at 80oC for 2 hours. Hydrolysis 

of plant extract was prepared based on the method reported [92,105]. A 200 µl flavonol extract 

was previously prepared was hydrolyzed by adding 50 µl of 1 M HCl and then placed in a water 

bath at 90oC for 2 hours. Samples from both methods were stored at -80oC until analysis. 

Based on results from the type of hydrolyzed sample, the effect of different acid 

concentration was examined by hydrolyzing 1.2 ml flavonols extract. Samples were hydrolyzed 

by adding 300 µl of 1, 2, 3, 4, 5, and 6 M HCl and placed in a water bath at 90oC for 2 hours. 

Hydrolyzed samples were cooled at room temperature, transferred to UHPLC test vials and 

stored at -80oC until analysis. 

Analysis of the hydrolyzed quercetin and kaempferol aglycones was carried out on 

UHPLC system (Thermo Scientific, San Jose, CA, USA) consisting of Accela 1250 pump, open 

auto sampler, and PDA detector. An aliquot of 5 µL was injected to the UHPLC system. The 

chromatographic separation was performed on a Luna Omega 1.6 µm Polar C18 100A, LC 
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column 150 X 2.5 mm (phenomenex, CA, USA) at 35O C. The mobile phase solvents and 

chromatographic conditions were similar to conditions described above for UHPLC-PDA-MS 

except for the gradient elution rate. The gradient was programmed as follows: 0 min, 2% B; 3 

min, 10% B; 11 min, 25% B; 16 min, 35% B; 18 min, 100% B; 21 min, 2% B; 24 min, 0% B. 

Flavonols were detected at wavelength of 350 nm. All chromatogram data were collected and 

analyzed using Xcalibur software (Thermo Scientific, San Jose, CA, USA). 
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CHAPTER 4: RESULTS 

A. Separation and Characterization of Major Flavanol Glycosides 

Separation of Flavonol Glycosides 

Figure 1 shows the chromatogram results of different UHPLC methods at 350 nm, 

including flow rate and gradient elution time. Peaks separation was not improved by increasing 

the flow rate from 300 to 500 µL/minute for 15 minutes gradient elution time because it resulted 

in a faster elution of all peaks within a smaller range of time. Also, the peak at Rt 2.34 min in 

figure 1A which eluted at Rt 1.57 in figure 1B overlapped with other shoulder peak under both 

flow rates. Therefore to achieve a complete separation of peaks, a flow rate of 300 µL/minute 

will be used to examine the elution gradient time factor.  

An increased gradient elution time was achieved by increasing the elution gradient of 

90% polar solvent A. This improved the separation of peaks. The elution time of 21 minutes 

resulted in the more complete separation and slower elution of the major peaks compared to the 

elution time of 15 minutes. However, the two peaks at Rt 2.59 min were not completely 

separated. An increase in the elution gradient of polar solvent A to 98% with longer elution time 

to a total of 24 minutes resulted in complete separation of all major peaks and increased the 

retention time (Rt ) of the detected compounds. To identify flavonol glycosides in ramps, the 

optimal separation method to be used for UHPLC and LC-MS is flow rate of 300 µL/minute and 

elution gradient time of 24 minutes (0 min, 98%; 2 min, 98%; 3 min, 90%; 9 min, 90%; 11 min, 

75%; 16 min, 65%; 18 min, 0%; 20 min, 0%; 21 min, 98%; 24 min, 98%).  
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Figure 1. Chromatogram results of different UHPLC-PDA methods A) flow rate 300 µL/ minute for 15 
minutes, B) flow rate 500 µL/minute for 15 minutes, C) 21 minutes gradient elution time with flow rate 
300 µL/ minute, D) 24 minutes gradient elution time with flow rate 300 µL/ minute. 
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Characterization of Flavonol Glycosides 

Table 2 shows flavonol glycosides that were putatively identified in whole ramps by 

UHPLC-PDA-MS2 method along with with retention time (Rt), putative chemical formula, [M-

H]- (m/z) values and the molecular weight. The major flavonol conjugates detected in whole 

ramps were quercetin and kaempferol glycosides. The first major peak corresponding to 

quercetin was detected at Rt 6.63 min, parent [M-H]- was 801.1719 m/z. Figure 2 shows the MS 

chromatogram of the parent masses and fragments of the major flavonol glycosides detected. 

Although chemical structures are shown, conjugates attachment positions can not be determined 

by LC-MS. Fragment of 301.0352 m/z indicated the presence of quercetin backbone after the 

loss of linked sugar moieties. Also, fragment of 463.0879 m/z indicates quercetin backbone with 

one hexoside attached, and fragment 625.1405 m/z represents dihexoside. Based on METLIN 

database and data reported in litereature, the parent and fragments showed that the tentative 

structure of quercetin conjugate was quercetin sophoroside glucuronide [106]. A fragment 

corresponding to quercetin glucuronide connected to one hexoside was not detected indicating 

that the dihexoside attached was sohphoroside.     

The second major peak eluted was detected at Rt 6.77 min, parent [M-H]- was 785.1769 

m/z and fragments were 285.0246 m/z which reflects kaempferol backbone after the 

fragmentation of the glycoside conjugates. Fragment of 446.0851 m/z corresponding to 

kaempferol with one hexoside attached after the cleavage of other sugar moieties, and 609.1459 

m/z. A fragment corresponding to kaempferol glucuronide connected to one hexoside was not 

detected indicating that the dihexoside attached was sohphoroside. Based on similar parent m/z 

values, and some fragments reported in the literature, the tentative kaempferol structure is 

kaempferol sophoroside glucuronide [106]. A parent value of [M-H]-  625.1398 m/z at Rt 12.65 









33 
 

 

 

 

C. 

Figure 2. Representation of chromatogram data of negative mode MS (top) and data dependent fragmentation (bottom) of 
A) Quercetin sophoroside glucuronide, B) Kaempferol sophoroside glucuronide, C) Quercetin-dihexoside. Chemical 
structures do not represent conjugates attachment positions.                    
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Analysis of the major flavonol glycosides by UHPLC-PDA-MSn in individual parts 

showed that kaempferol sophoroside glucuronide, quercetin sophoroside glucuronide, and 

quercetin-dihexoside were present in the leaves and whole ramp. In the stem, only quercetin 

sophoroside glucuronide was detected. No peaks corresponding to either quercetin or kaempferol 

conjugates were detected in the bulb. Figure 3 represents the identification and relative 

intensities of major flavonol glycosides in whole ramps and individual parts. The intensity of the 

detected peaks by UHPLC-PDA was used to assess the relative concentration of the flavonol 

glycosides in individual parts. The majority of the flavonol glycosides were concentrated in the 

ramps’ leaves. Kaempferol sophoroside glucuronide was higher than both quercetin sophoroside 

glucuronide and quercetin-dihexoside in both whole ramps and the leaves. The concentration of 

the detected flavonol glycosides in leaves was higher than individual parts and whole ramps. In 

the stem, trace concentration of quercetin sophoroside glucuronide was detected. 
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Figure 3. Characterization of the major flavonol glycosides detected in individual parts 
showing the intensity of the glycosides using area under the peak.  
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1H and 13C NMR Preliminary Structural Confirmation 

Figure 4 shows the 1H NMR spectrum of the sugar moietis in the extract. The chemical 

shift between 3-5.8 ppm represent signals corresponding to the dihexoside, sophorosides, and 

monohexosides in the ramp extract. Based on signals detected in the aromatic region of 6.5-8.0 

ppm, the presence of the aromatic rings that make up quercetin and kaempferol backbones 

confirmed at low intensity. Due to the low intensity of the the aromatic rings’ proton signals, the 

spectrum was expanded to view the multiplicity pattern of the protons for further confirmation. 

Figure 5 shows the expanded 1H NMR spectrum and expected multiplicity of the protons of 

quercetin and kaempferol backbone. Signals detected δ 6.82-6.87 and δ 6.42-6.44 represent the 

protons on the aromatic rings of quercetin and kaempferol.  

   

 

Figure 4. 1H NMR spectrum of flavonol glycosides in DMSO-d6; the assignment of the 
individual proton resonances are not provided. 
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13C NMR was conducted to detect signals corresponding to quercetin and kaempferol 

backbones. Figure 6 shows the chemical shifts of the carbon atoms corresponding to quercetin 

and kaempferol structure. Chemical shift between 60 and 65 ppm indicated the anomeric carbons 

(-CH3
 OH) on the flavonol backbone. The 13C NMR spectrum confirmed the existence of 

quercetin and kaempferol backbones. 

 

Figure 5.  Expanded 1H NMR spectral region for the aromatic rings; expected multiplicity 
patterns (doublets and doublets of doublets) are clearly distinguishable in this region. 
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Figure 6. 13C NMR spectrum of flavonol backbones in DMSO-d6; assignment of the 
individual carbon resonances are not given. X; acetic acid from the extract. 
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B. Preliminary Development of Acid Hydrolysis Protocol for Quantification of Flavonol 

Aglycones 

Figure 7 shows the retention time of 100 µM quercetin and kaempferol aglycone 

standards. The Rt of the standards will be used to detect hydrolyzed quercetin and kaempferol 

from whole ramps. Figure 8 represents the chromatogram results of the hydrolysis of whole 

ramps by 1.2 M HCl under different hydrolysis time intervals. The chromatogram results of 

different time intervals was compared with the retention time of quercetin and kaempferol 

standards (shown in figure 2). No hydrolysis of quercetin or kaempferol conjugates were 

detected. None of the hydrolyzed samples under different time intervals 2, 4, 6, 8, and 12 hours 

resulted in the detection of quercetin or kaempferol aglycones at or close to the Rt of  7.11 min 

and 9.24 min, respectively.  

 

 

 

Figure 7. Representative UHPLC chromatogram of 100µM A) quercetin aglycone 
standard and B) kaempferol aglycone standard.  
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Figure 8. Representative UHPLC chromatogram of the hydrolysis of ramps tissues under 
different time intervals. A) hydrolysis for 2 hours, B) hydrolysis for 4 hours, C) hydrolysis 
for 6 hours, D) hydrolysis for 8 hours, E) hydrolysis for 12 hours. Q; detection region of 
quercetin aglycone, K; detection region of kaempferol aglycone. 
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Hydrolysis of different types of starting material was also examined. Direct hydrolysis of 

plant tissues and glycosides extract shown in figure 9 resulted in the detection of quercetin and 

kaempferol aglycones after using the extract but not the plant tissues. Based on the Rt of 

quercetin and kaempferol aglycone standards, hydrolysis of plant tissues resulted in no detection 

of hydrolyzed quercetin or kaempferol. However, hydrolysis of the extract showed a peak at Rt 

7.27 min indicating the hydrolysis of quercetin aglycone. Also, a second peak detected at Rt 9.24 

min was  indicated a peak corresponding to hydrolyzed kaempferol. The Rt of both hydrolyzed 

quercetin and kaempferol from the hydrolysis of flavonol glycosides extract were slightly shifted 

downstream on the chromatogram. Although hydrolyzed quercetin and kaempferol were detected 

in the sample, the chromatogram indicated incomplete hydrolysis by 2M HCl at 90oC for 2 

hours. Thus, analysis of the effect of different HCl concentrations was conducted using flavonol 

glycosides extract. 

 

 

 

 

 

 

 

 

 

 
Figure 9. UHPLC chromatogram of the acid hydrolysis from different starting material of 
A) pulverized whole ramps tissues, and B) flavonol glycosides extract. Q; detection region 
of quercetin aglycone, K; detection region of kaempferol aglycone. 

  

Q K 

Q K 
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Figure 10 shows a curve of hydrolyzed quercetin and kaempferol aglycone from 

flavonol glycosides extract under 1, 2, 3, 4, 5, and 6 M HCl at 90o C for 2 hours. The curve 

was calculated based on the area under the peak with Rt corresponding to each quercetin and 

kaempferol aglycone. The quercetin curve indicated that the optimal acid concentration that 

produced the highest intensity of hydrolyzed quercetin is at 3 M HCl with Rt 7.19. Quercetin 

hydrolysis gradually declined with higher acid concentration. Kaempferol curve shows that 

the optimal acid concentration that produced the most intense peak at Rt 9.16 was 4 M HCl. 

After 4M HCl, hydrolyzed kaempferol rapidly decreased with higher acid concentrations.  

 

 Figure 10. Results of the acid hydrolysis of flavonol glycosides under different HCl 
concentrations showing A) hydrolyzed quercetin aglycone, and B) hydrolyzed kaempferol 
aglycone.  
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CHAPTER 5: DISCUSSION 

To our knowledge, this is the first study to characterize major flavonol glycosides in 

whole ramps (Allium tricoccum) and individual parts. In this study, we found that the two major 

flavonol glycosides present in ramps were quercetin and kaempferol conjugates. Kaempferol 

glycoside was detected at a higher intensity than quercetin conjugate in whole ramps. All major 

quercetin and kaempferol conjugates were concentrated in leaves.  

A. Separation and Characterization of Major Flavanol Glycosides 

Separation of Flavonol Glycosides  

UHPLC protocol used to detect flavonol glycosides is specific to the analysis plant, 

properties of the desired compounds, and the chromatogram column. Therefore, UHPLC 

protocol was developed for the detection of flavonol glycosides in ramps. After examining the 

effect of changing the flow rate, a rate of 300 µL/ minute improved peaks separation. This 

finding is in agreement with other studies that detected flavonol glycosides using UHPLC under 

the same flow rate [99,107]. Increasing flow rate to 500 µL/ minute caused faster elution and 

shorter separation distance between the major peaks. The chromatogram of flavonol glycosides 

indicated that the two major peaks are highly polar, based on their early elution, thus, increasing 

the flow rate did not allow sufficient separation.  

On the basis of flow rate analysis, 300 µL/ minute was used to examine the effect of 

gradient elution time for complete separation. An increase in the gradient elution time (90% 

solvent A) to reach a total of 21 minutes, improved the separation of the major peaks because it 

allowed more time for the detection of polar compounds. Complete separation of all peaks was 

achieved by increasing the initial amount of solvent A to 98% and the elution time to a total of 

24 minutes. The percentage and elution time of the polar solvent A is highly dependent on the 
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polarity of the desired compounds [88]. In the unknown ramps extract, the detected flavonol 

glycosides are highly polar and thus optimal elution was achieved at higher concentration and 

elution time of the polar solvent A. This finding is consistent with the method used to detect 

flavonol glycosides in wild garlic [109]. Oszmianśki et al. analyzed flavonol glycosides with 

elution starting at 99% of the polar solvent A (aqueous solution 4.5% formic acid) which allowed 

the detection of kaempferol glycosides.  

Characterization of Major Glycosides In Ramps 

The separation method developed for the detection of flavonol glycosides was used to 

characterize the major glycosides in ramps. In this study, we found that the major flavonols in 

ramps were quercetin and kaempferol conjugates which is consistent with the flavonol content 

reported in the USDA flavonoid database in similar allium vegetables, spring onion and leeks 

[18]. The forms of quercetin and kaempferol conjugates detected by UHPLC-PDA-MS2 in ramps 

were putatively kaempferol sophoroside glucuronide, quercetin sophoroside glucuronide, and 

quercetin dihexoside. Although analysis of the closely related wild garlic showed the presence of 

kaempferol conjugates, the sugar moieties linked to kaempferol backbone were different than in 

ramps. Kaempferol in wild garlic was found to be linked to the disaccharides glucose pyranoside 

and neohesperidoside [3]. However, the characterization of major quercetin and kaempferol 

glycosides in ramps was consistant with conjugates detected in onion [106].   

Although quercetin dihexoside was identified in ramps, the particular type and 

connection of the hexosides in can’t be determined using UHPLC-PDA-MS2 detection method. 

Major quercetin and kaempferol conjugates contained sophoroside as the dihexoside. The 

existance of sophorose in quercetin sophoroside glucuronide may indicate that the second 
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quercetin dihexoside conjugate is a sophoroside which might be an intermediate in the synthesis 

reaction.  

Analysis of the major flavonol glycosides in individual parts indicated that flavonol 

glycosides were concentrated in leaves. The concentration of kaempferol sophoroside 

glucuronide was higher than the quercetin conjugates in leaves. This result is consistent with 

Nuutila et al. findings that showed higher kaempferol concentration in the green leafy part of 

spring onion (Allium cepa) and spinach (Spinacia oleracea) [23]. However, the absence of 

flavonol glycosides, specifically quercetin, from the bulb was unexpected because several reports 

showed that quercetin was high in onion bulb [17,23,93]. Conversely, quercetin content in leeks, 

closely similar to ramps, reported in the USDA flavonoids database was low (0.09 mg/100g).   

1H and 13C NMR Preliminary Analysis    

Analysis of flavonol glycoside extract by NMR confirmed the existence of the glycosides 

conjugates and flavonol backbones. Although the spectra showed a typical spectral regions for 

the different skeletal units of proposed structures: kaemperol sophoroside glucuronide (MW, 

786), quercetin sophoroside glucuronide (MW, 802), and quercetin dihexoside (MW, 626), the 

specific attachment positions and complete structural elucidation was not achieved. This 

limitation was  due to the use of a crude flavonol glycoside mixture containing different 

interfering compounds extracted from plant tissues. In order to conduct a complete structural 

elucidation of the major flavonol glycosides in ramps, an isolation of individual compounds is 

required. 
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B. Preliminary Development of Acid Hydrolysis Protocol for Quantification of Flavonol 

Aglycones 

Results from the preliminary quantification protocol showed that maximum hydrolysis 

was achieved by hydrolyzing flavonol glycosides extract in 3M HCl at 90oC for two hours. No 

detection of the aglycones was observed when pulverized ramps was hydrolyzed by 1.2M HCl 

under different time intervals at 80oC. This might be due to the type of starting material used. In 

this experiment, direct hydrolysis of ramps tissues was used. Ramps tissues contain many 

different components with varying polarities that may have neutralized the acid and interfered 

with the hydrolysis of glycosides. Thus, hydrolysis of different starting material was also 

examined.  

Quercetin and kaempferol aglycones were detected after the hydrolysis of flavonol 

glycosides extract. This finding was consistent with other studies that used glycosides extract as 

a starting material [104,110]. The elimination of other interfering plant tissues and components 

by extraction of flavonol glycosides allowed a direct exposure of the glycosides to the acid. 

Nuutila et al, however, optimized method for flavonol quantification using direct hydrolysis of 

flavonol glycosides in onions [23]. This might be explained by the differences in composition of 

onions and ramps. Flavonol glycosides in ramps are more complex and polar than onions thus, 

need stronger hydrolysis conditions. 

On the basis of results from different starting material, the effect of different acid 

concentrations was examined. The hydrolysis of glycosides’ extract under acid concentrations 

(1-6M HCl) showed that highest intensity of quercetin aglycone was achieved at 3M HCl. 

Maximum hydrolysis of kaempferol, however, was obtained under 4M HCl. Optimization of 

flavonol glycosides hydrolysis from broccoli extract indicated that 2M HCl resulted in the 
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detection of the highest amount of quercetin and kaempferol aglycone [105]. The decline in 

quercetin and kaempferol aglycones observed under higher acid concentration can be related to 

the degradation of hydrolyzed aglycone by the acid. Hertog et al reported a degradation of 

hydrolyzed flavonols under higher acid conditions [111]. Also, optimum conditions for the 

consistent hydrolysis of flavonol glycosides in leeks, onion, and cranberry was challenging 

because it is dependent on the type of different sugar moieties connected. The presence of extra 

hydroxyl group on quercetin aglycone relative to kaempferol increases the reactivity of quercetin 

with the added acid; thus, optimum quercetin hydrolysis was obtained under lower acid 

concentration compared to kaempferol.    
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CHAPTER 6: CONCLUSION 

To our knowledge, this work marks the first qualitative analysis conducted for the 

detection of major flavonol glycosides content in ramps. The main findings revealed that 

quercetin and kaempferol conjugates are the major flavonols in ramps and that the flavonols are 

located specifically in the leaves of the plant. The identification of flavonol conjugates provides 

a potential rationale for the reported health benefits of ramps in Appalachian folk medicine. 

Future studies are needed to completely isolate the identified flavonol glycosides for a detailed 

structural elucidation. Also, it is essential to quantify total flavonols in ramps to determine the 

effective dosage needed to be consumed in the diet for optimal health benefits. 
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