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ABSTRACT OF THE THESIS 

Chemical characterization of Sorghum bicolor leaf with antisickling activity 

by KELSEY GUSTAFSON 

 

Thesis Director: 

James E. Simon 

 

 

Sorghum bicolor is an important cereal and a staple crop in Africa, where it has been 

used traditionally by healers for the treatment of anemia and other health conditions. 

Interest in the plant typically focuses on the grain, but the leaves have recently been used 

in combination with three additional plants in the phytomedicine Nicosan, approved in 

Nigeria for the treatment of sickle cell disease. The ingredients of Nicosan were later 

found to be reducible to S. bicolor leaf and this new formula is currently under 

investigation for potential use in the treatment of sickle cell disease in the United States. 

In this research, both the raw botanical and the active botanical extract of S. bicolor leaf 

were chemically characterized as a first step in the standardization of a phytomedicine 

using a combination of various chromatographic and spectrometric techniques, including 

normal pressure chromatography, LC/UV/MS, and NMR methods. For standardization of 

the botanical materials, the characterized major compounds were quantitated using 

LC/UV/MS methods developed. In order to evaluate the safety of the phytomedicine, an 

analytical method for determination of the toxic cyanogenic glycoside dhurrin was also 

developed and validated. The results showed that the raw botanical contains high levels 
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of dhurrin, but complete degradation of dhurrin occurred during the extraction process of 

the phytomedicine. To ensure the absence of cyanide, the breakdown product of dhurrin, 

cyanide content was analyzed using inorganic anion derivatization and GC/MS. The 

purpose of this investigation was to characterize a promising phytomedicine, which may 

provide relief to the debilitating pain suffered by patients with sickle cell disease. 
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1.1. Sorghum bicolor leaf: ecology, ethnobotany, and ethnopharmacology 

Sorghum is a monocotyledonous cereal grass of the Poaceae family (formerly the 

Gramineae) that is closely related to maize and sugarcane. It is a versatile crop that is 

able to withstand a wide range of ecological conditions and soils. Sorghum can grow in 

both temperate and tropical zones, and thrives in hot climates with little rainfall where 

other cereals such as maize cannot grow (1). It does not need as much water as other 

cereals, partially due to its extensive network of roots, which also allow it to survive in 

drought conditions (2). It is estimated that 56 million tons of sorghum were produced 

worldwide in 2010, following maize (840 million), rice (696 million), wheat (654 

million) and barley (124 million) (3). The top producer of sorghum in 2010 was the 

United States with 8.8 million tons, followed by Mexico, India, Nigeria, and Argentina 

(3). 

 

The genus Sorghum includes three species: S. halapense, S. propinquum, and S. bicolor 

(4), with S. bicolor further subdivided into the subspecies S. bicolor subsp. bicolor, S. 

bicolor subsp. drummondii, and S. bicolor subsp. verticilliflorum (5). All cultivated 

sorghum is S. bicolor subsp. bicolor, which contains five races: bicolor, guinea, kafir, 

caudatum, and durra (1). Race is a subdivision of variety used here to separate the groups 

by their common characteristics, including grain shape, glumes, and inflorescence (6). 

The five races are interfertile and can produce ten intermediate races with characteristics 

in between any two types (1). 
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Indigenous to Africa, sorghum was carried to India over 2000 years ago. It later reached 

China, most likely by the silk route (2). Grain sorghum was originally brought to the 

United States from West Africa with the slave trade (6). Much research has focused on 

temperate sorghum due to its importance as a feed grain in the United States, with Texas, 

Missouri, Kansas, and Nebraska as the leading producers (2). 

 

Sorghum is a staple crop in Africa, where it is mostly grown by subsistence farmers (2). 

The stover is used as animal feed after the grain has been harvested (1). It is most 

prevalent in the area extending from West Africa to Sudan and Ethiopia (3). In the United 

States and in other developed nations, grain sorghum is primarily used as animal feed (1). 

Part of its recent popularity in the Americas is due to its rapid growth and high yields (2). 

Sorghum also has the potential to be used as a natural herbicide (2). After crops were 

rotated, sorghum was found to suppress the growth of broad-leafed weeds without 

affecting grasses (2). This is likely due to the inhibition of seed germination and seedling 

development by the cyanogenic glycosides and phenolic acids present in sorghum (7), as 

well as a group of benzoquinones known as sorgoleones that are exuded by its roots (8). 

Cyanogenic compounds can be a concern for animals and human health. Current 

breeding programs have recognized that these compounds need to be in very low or trace 

levels for commercial varieties. 

 

The sorghum plant is used as forage (for hay, pasture, or silage); for syrup and sugar; as 

fiber in the construction of village huts, baskets, and fish traps; as a source of fuel for 

cooking; for the extraction of dye from some colored varieties; and certain varieties have 
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been used as brooms (6). Grain sorghum can be eaten like rice; made into porridges; 

fermented into native beer called pombe; milled into flour and used in breads, such as 

injera in Ethiopia; and as animal feed (6). It is also used in commercial beers as a gluten-

free alternative to barley and wheat. Sorghum has a lower quality of protein than rice and 

wheat, and some varieties are indigestible due to high tannin levels (6). Tannins are a 

type of polyphenol that bind to protein, thought to be a chemical defense mechanism that 

produces an astringent feeling in the mouth of herbivores and reduces nutritional effects 

(9). Polyphenols and condensed tannins in the seed coat of some varieties impart natural 

resistance to many insects and birds by functioning as antifeedants (10).  

 

Sorghum has an extensive history of ethnopharmacological use in Africa, with the largest 

number of reports coming from Nigeria. In Nigeria, various parts of the plant have been 

used to treat malaria and fever (11). Taken as a supplement to anti-malarials, the shoot is 

used as a blood tonic (12). A brew of the leaf and Capsicum annum fruits is given to 

women who have lost too much blood while giving birth (13). To cure asthmatic 

bronchitis, the leaf sheaths are infused with Senna tora and garlic (14). A decoction of S. 

bicolor leaf and Theobroma cacao bark is used to treat anemia, as is a mixture of the leaf 

with beans (15). When combined with Xylopia aethiopica fruit and Aframomum 

melegueta seeds, S. bicolor leaf is used as a contraceptive (16). The leaf is also used as an 

abortifacient when either soaked in gin with Baphia nitida root and Pterocarpus osun 

wood, or when soaked in potash with Randia lucida root (16). The leaves and seeds are 

used in a variety of herbal recipes to treat diabetes (17) and the leaves are also used to 

treat chicken pox (18). In Ghana, the red stalks of sorghum are used to treat anemia and 
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strengthen pregnant women (19). Powdered seeds are used as an antidiarrheal in Kenya 

(20) and in Ethiopia (21), and they are used in multi-component herbal blends to treat 

liver disease in South Rwanda (22). In Cameroon, the roots are used as an anti-malarial 

(23) and a powder made of the whole plant is used to treat cysts (24). Various parts of the 

S. bicolor plant are used in Burkina Faso for treatment of malaria, musculoskeletal 

disorders, cough, hemorrhoids, bleeding, cramps, anemia, child obesity, diarrhea, 

toothache, vertigo, hernia, and hip disorders; although it is suggested here that the aerial 

parts of S. bicolor are used as excipients, explaining the wide variety of reported uses 

(25). Outside of Africa, it is reported that African-Americans use a decoction of the seed 

for kidney and bladder problems; Brazilians drink a seed extract for bronchitis, cough, 

and pulmonary complaints; Curacao natives brew the leaves into a tea for measles; the 

Lebanese make a sorghum gruel for tuberculosis; and Venezuelans use a decoction of the 

seeds for diarrhea (26). The leaf is also reportedly mixed with sulfur and ingested as a 

blood tonic in South Appalachia of the United States (27).  

 

A common thread in the ethnopharmacology of S. bicolor is its use in treating anemia and 

blood disorders. While the vast majority of the traditional indications described above 

have not yet been investigated for their validity, S. bicolor leaf has been tested with other 

plants in vitro and in vivo for use in the treatment of sickle cell disease. Nicosan, 

previously known as Niprisan, is an herbal drug that was developed for the treatment of 

sickle cell disease. It originated from a traditional Nigerian recipe that called for an 

infusion of a local gin with trona (trisodium hydrogendicarbonate dihydrate), Piper 

guineense seeds, Eugenia caryophyllata fruit, P. osun stem, and S. bicolor leaf (28). The 
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Nicosan formula removed the gin and substituted potash (water-soluble potassium 

mineral salts) for trona (29). Nicosan was later found to be reducible to only one active 

ingredient: S. bicolor leaves (30). 
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Table 1-1. Ethnopharmacological use of Sorghum bicolor 

Ingredients Indication Country Reference 

S. bicolor leaf, whole plant, grain fever, malaria Nigeria 11 

S. bicolor shoot blood tonic Nigeria 12 

S. bicolor leaf, C. annum fruit blood loss Nigeria 13 

S. bicolor leaf sheath, S. tora, 

garlic 
asthmatic bronchitis Nigeria 14 

S. bicolor leaf with T. cacao bark 

or beans 
anemia Nigeria 15 

S. bicolor leaf, X. aethiopica fruit, 

A. melegueta seed 
contraceptive Nigeria 16 

S. bicolor leaf soaked in gin with 

B. nitida root or P. osun wood or 

in potash with R. lucida root 

abortifacient Nigeria 16 

S. bicolor leaf or seed with other 

plants 
diabetes Nigeria 17 

S. bicolor leaf chicken pox Nigeria 18 

S. bicolor red stalk anemia Ghana 19 

S. bicolor powdered seed diarrhea 
Kenya, Ethiopia, 

Venezuela 
20, 21, 26 

S. bicolor seed with other plants liver disease South Rwanda 22 

S. bicolor root malaria Cameroon 23 

S. bicolor powdered whole plant cysts Cameroon 24 

S. bicolor seed 
bladder and kidney 

problems 
United States 26 

S. bicolor seed bronchitis, cough Brazil 26 

S. bicolor leaf measles Curacao 26 

S. bicolor seed tuberculosis Lebanon 26 

S. bicolor leaf, sulfur blood tonic United States 27 
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1.2. Sickle cell disease 

Sickle cell disease was first described over one hundred years ago and was the first 

disease to have its molecular basis elucidated (31). Sickle cell trait is estimated to occur 

in 5% of people worldwide, and is especially common in sub-Saharan Africa, where its 

presence can reach up to 40% of the population (32). The geographical distribution of 

sickle cell trait correlates with the frequency of malaria, believed to be due to a selection 

advantage that gives heterozygous carriers resistance to Plasmodium falciparum (33). 

The number of people with sickle cell disease in the United States is estimated at nearly 

100,000 (34) and it affects millions worldwide (35). 

 

Hemoglobin (Hb) is a tetrameric protein consisting of two α-globin subunits and two β-

globin subunits in adult humans, with an iron-containing heme group attached to each 

subunit and a central binding pocket. It can exist in a deoxygenated conformation, also 

known as the tense or “T” state, and in an oxygenated conformation, also known as the 

relaxed or “R” state. The T state is stabilized by salt-bridge interactions between amino 

acids at low pH levels. This pH-dependent oxygen affinity is called the Bohr effect. Each 

red blood cell contains approximately 270 million hemoglobin molecules. The human β-

globin locus, separate from the α-globin locus on chromosome 16, consists of five 

functional genes on chromosome 11 that are arranged in order of their expression during 

development: ε (embryonic Hb), Gγ, Aγ (fetal Hb), δ, β (adult Hb). Adult hemoglobin 

(HbA) begins to gradually replace fetal hemoglobin (HbF) after the developmental switch 

from fetal to adult globin gene expression at birth (36). Sickle cell anemia is a hereditary 

blood disease resulting from homozygosity for a point mutation in the β-globin gene that 
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changes a nucleotide from thymine to adenine, causing glutamic acid (β6Glu) to be 

replaced by valine (β6Val) (37). The exchange of a hydrophilic amino acid for a 

hydrophobic residue in the variant sickle hemoglobin (HbS) gives rise to the interaction 

of β6Val with the complementary hydrophobic residues of another hemoglobin molecule 

under hypoxic conditions when HbS is in the T state, inducing polymer formation (37). 

Sickle cell patients begin to show symptoms once fetal hemoglobin (HbF) has been 

replaced by adult hemoglobin (HbA) (38).  Homozygosity for HbS (HbSS) is responsible 

for sickle cell anemia, the most common form of sickle cell disease. There are more than 

15 other sickle genotypes that involve the combination of HbS with another variant β-

globin allele, such as HbSβ thalassemia (39). 

 

Polymerization of HbS results in sickle-shaped cells and is traditionally cited as the 

primary event in the pathophysiology of sickle cell disease (39). The repeated 

polymerization and depolymerization of hemoglobin in response to the high partial 

pressure of oxygen in the lungs and the low partial pressure of oxygen in the capillaries is 

postulated to cause erythrocyte dehydration due to the efflux of ions and water in 

response to shape change; the reduced flexibility of sickled cells; and an increased 

expression of adhesion factors, which collectively lead to vaso-occlusion and a series of 

events known as sickle cell crisis (39). It also causes hemolysis of red blood cells, 

resulting in the release of free hemoglobin. Free hemoglobin can react with nitric oxide 

(NO), diverting NO from homeostatic vascular function (40). Hemolysis leads to anemia 

and jaundice, and possibly pulmonary hypertension (37). Sickle cell crisis can lead to 

infection, organ damage, or stroke. The most common causes of death in adult sickle cell 
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patients are pulmonary hypertension, sudden unexpected death, renal failure, and 

infection (41). The central role of polymerization in sickle cell pathophysiology was 

criticized after clinical studies showed that patients with the same amount of HbS showed 

drastically different clinical symptoms and there was no identified reason for HbS 

solubility variations (31). An alternative hypothesis is that other events, such as 

membrane adhesion of red blood cells to the vascular endothelial walls due to the 

increased expression of adhesion factors, are equally or more important contributors to 

the pathology of the disease (31). However, there is support for polymerization as the 

primary pathophysiological event from researchers who removed the hydrophobic 

interaction residues by modification of HbS in transgenic mice while leaving βVal6 

intact: they found that this modification not only resulted in the inhibition of its 

polymerization, but also in the reduction of red blood cell dehydration and of the severity 

of sickle cell crises (31).  

  

Although hemoglobin was one of the first drug design targets (42) and there is now 

extensive knowledge of sickle cell pathophysiology, there are surprisingly few options 

available for disease treatment. Bone marrow transplantation is the only available cure, 

but is primarily used for children who have severe complications; it is not a viable option 

for most patients due to the lack of donors and potential toxicity (37). Blood transfusion 

reduces HbS levels, suppresses HbS synthesis and reduces hemolysis, but it is not a 

practical long-term solution and the associated iron overload can lead to liver damage 

without the administration of iron chelators (37). The only drug currently approved by the 

FDA for the treatment of sickle cell disease in the United States is hydroxyurea, which is 
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also used to treat some forms of cancer and AIDS (43). Although hydroxyurea is only 

indicated for adults, some doctors recommend off-label use in children (44). 

 

Hydroxyurea is a fetal hemoglobin (HbF) inducer that prevents polymerization due to the 

absence of β-globin in HbF (38). Increased levels of HbF have been shown to reduce the 

clinical symptoms associated with sickle cell disease (45). Hydroxyurea is a 

ribonucleotide reductase inhibitor with cytotoxic effects that cause a reduction of sickle 

hemoglobin in favor of HbF (46). The exact mechanism by which hydroxyurea increases 

HbF levels is unknown, but it is believed to be related to the destruction of late erythroid 

precursor cells and the regeneration of primitive erythroid progenitors that produce HbF 

(47). Hydroxyurea may also act through the generation of NO and subsequent activation 

of soluble guanylyl cyclase in erythroid cells (48). Hydroxyurea has been shown to 

reduce the frequency of vaso-occlusion and may also have the ability to prevent organ 

damage (49). A side effect of hydroxyurea is bone marrow suppression (myelotoxicity) 

and there are concerns of genotoxicity and carcinogenic effects (49). Another type of 

HbF inducer increases γ-globin synthesis by altering globin gene expression. 

Hypomethylation of the β-globin gene promoter and hypermethylation of the γ-globin 

gene promoter are associated with the switch to β-globin gene expression (47). The first 

drug tested to increase HbF was the DNA hypomethylating agent decitabine (5-aza-2'-

deoxycytidine), which is a methylation-resistant cytosine analog that is incorporated into 

DNA (47). Decitabine promotes hypomethylation of the γ-globin gene promoter, leading 

to the re-expression of γ-globin genes and γ-globin synthesis, but is also cytotoxic and 

results in myelosuppression (50). It has also been hypothesized that the mechanism by 
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which decitabine increases HbF production could be closely linked to its cytotoxicity 

(47). Other γ-globin inducers include butyric acid derivatives such as butyrate, which 

inhibits histone deacetylase (HDAC) and results in increased γ-globin gene transcription 

and γ-globin synthesis, but has poor bioavailability (49). Acetylation of histone proteins 

causes a change in DNA configuration, making it more accessible to transcription factors 

and resulting in the increased expression of certain genes (47). Pomalidomide, a 

derivative of the immunomodulator thalidomide, stimulates the production of HbF by 

transcriptional regulation of hemoglobin resulting in increased γ-globin synthesis without 

the cytoxicity and myelosuppression exhibited by hydroxyurea (51). 

 

Another class of drugs under investigation for the treatment of sickle cell disease is a 

group of channel blockers that inhibit red blood cell dehydration. Reducing intracellular 

HbS concentration should reduce polymerization, which is concentration-dependent. This 

can be accomplished by inducing cell swelling or inhibiting erythrocyte dehydration. 

Dehydration is linked to increased ion flux by multiple pathways, including the Ca
2+

-

activated K
+
 efflux (Gardos) channel (50).  Inhibition of these channels would therefore 

be expected to reduce polymerization and disease symptoms. Senicapoc is a Gardos 

channel inhibitor that was shown to prevent red blood cell dehydration in vitro and 

reduced hemolysis in clinical trials by selectively blocking K
+
 efflux, but this did not 

correlate with a reduction in pain (52).  

 

Vasodilators have potential for therapeutic use in sickle cell disease due to their ability to 

regulate levels of NO, which are decreased in sickle cell patients as a result of hemolysis. 
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Cyclic GMP is the mediator of NO signal transduction. Hemolysis causes depletion of 

NO by the generation of ROS, which results in inhibition of vasodilation due to reduced 

conversion of GTP to cyclic GMP by guanylate cyclase (50). Hemolysis also releases 

arginase, which degrades L-arginine, the endogenous substrate of NO synthase (37). 

Treatments examined include inhaled NO, which was found to have no effect on vaso-

occlusive pain crisis (53); L-arginine, which is present in low levels in HbSS adults and 

has been shown to inhibit Gardos channel activity in vitro but failed Phase II (50); 

sildenafil (Viagra), an oral phosphodiesterase-5 inhibitor (PDE5) that inhibits the 

breakdown of cyclic GMP, was also terminated in Phase II; and statins that can 

potentially reduce endothelial adhesion of red blood cells by the upregulation of 

endothelial production of NO (50). 

 

A number of hemoglobin modifiers have been investigated for the prevention of HbS 

polymerization. One approach is to increase the solubility of deoxygenated HbS by 

destabilizing the interactions that cause polymerization, while another approach involves 

binding to induce a change in the allosteric conformation of hemoglobin and increase 

oxygen affinity (54). Increased oxygen affinity is determined in vitro by leftward shifts in 

the oxygen equilibrium curve. The earliest hemoglobin modifiers were noncovalent 

agents such as hydrophobic amino acids and urea, which was originally investigated due 

to its ability to disrupt hydrophobic bonds, but weakly inhibits sickling in vitro (55). 

Phenylalanine had a stronger antisickling effect than urea and a series of derivatives was 

synthesized with enhanced activity (54). However, the concentration of hemoglobin 

within red blood cells is 5 mM, which equates to approximately 322.5 g or 5 mmoles of 
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HbS in a sickle cell patient with a blood volume of 4 L and a 25% volume percentage of 

red blood cells (56), and there is about two pounds of HbS produced over a patient’s 

lifetime (42). Due to the high concentration of the target Hb protein, covalent modifiers 

are favored over noncovalent modifiers, which would require too high of a dose for 

activity (57). For example, phenylalanine has the potential for toxicity around 2 mM and 

about 30 mM of drug would be required to sufficiently increase deoxygenated HbS 

solubility (58). With repeated administration, a covalent drug could gradually modify the 

target protein in lower doses due to the increased half-life of the covalent complex, which 

is around 120 days for Hb (57). Covalent modifiers typically act by binding to HbS 

amino groups, resulting in the destabilization of the T state or enhanced stability of the R 

state. Covalent agents include cyanate, which increases oxygen affinity by carbamylation 

of the N-terminal αVal1 and βVal1 of HbS, and also causes a slight increase in 

deoxygenated HbS solubility due to the location of the binding site on the β-globin chain 

(54); aspirin, which inhibits polymerization by acetylation of a lysine side chain (59); and 

aromatic aldehydes, including 5-hydroxymethyl-2-furfural  (5-HMF), glyceraldehyde and 

vanillin, that form a Schiff base with αVal1 and concomitantly disrupt a tense state-

stabilizing salt bridge (60). 5-HMF is a decomposition product of sugar and is formed in 

the Maillard reaction. An investigation of the structure-activity relationships of 

benzaldehydes and their antisickling potency found that compounds with an aromatic 

aldehyde ortho to the pyridyl group had the most activity, which progressively decreased 

for analogs with the aldehyde at the meta and para positions (61). This is attributable to 

increased stability achieved through hydrogen bonding of the substituent with the 

nitrogen of the Schiff base. A group of benzaldehyde derivatives with a carboxylic acid 
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group, including 5-formylsalicylic acid, were found to have the opposite effect of that 

demonstrated by the aldehydes due to the formation of a salt bridge between the acid and 

the subunit opposite to the binding site, resulting in increased stability of the tense state 

(62). Many of these compounds cannot be administered clinically due to their toxicity at 

the levels necessary for efficacy (63); while others, such as vanillin, are ineffective due to 

low bioavailability (56). However, 5-HMF has high bioavailability and specificity for Hb 

and is in clinical trials (63). 

 

Two plant-based medicines originating from Nigeria have also been studied as potential 

treatments for sickle cell disease. Ciklavit is a phytomedicine that contains the extract of 

Cajanus cajan, an edible bean commonly known as the pigeon pea (64). Cajanus cajan 

has been eaten in Nigeria for its antisickling effects and was reported to decrease pain 

crises in a clinical trial of 100 HbSS patients at a twice-daily dose of 10 mL in children 

and 20 mL in adults (64). The antisickling activity of Cajanus cajan has been attributed 

to hydroxybenzoic acid derivatives (65) and phenylalanine (66). The Nigerian 

phytomedicine Nicosan demonstrated apparent safety and ability to reduce the occurrence 

of severe pain crises in a clinical trial conducted with HbSS patients at a dose of 12 

mg/kg/day (67). Nicosan was later shown to inhibit sickling both in vitro (68) and in vivo 

(69). It produced a leftward shift of the HbS oxygen dissociation curve, but the active 

compound(s) and mechanism is unknown (68). Its ability to increase HbS oxygen affinity 

with no observed change in hemoglobin concentration or red blood cell dehydration led 

researchers to hypothesize that it is in the class of hemoglobin modifiers (69). The 

antisickling activity of Nicosan has been partially attributed to aromatic aldehydes 
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including 5-HMF (70). Nicosan has been available in Nigeria for the treatment of sickle 

cell disease, and one of the active ingredients, S. bicolor leaf is currently under 

investigation for potential use as a treatment in the United States (30).  

 

A large deficit clearly exists in the availability of effective sickle cell treatments. This 

disease is considered by some to receive insufficient attention from pharmaceutical 

companies due to the limited population base that is impacted in the United States and the 

limited economic incentives. Due to the complex pathophysiology of sickle cell disease 

and the wide variation of symptoms expressed by patients showing similar levels of HbS 

polymerization, a pleiotropic approach may be necessary for an effective treatment. 

 

1.3. Thesis objective 

The goal of this study was to characterize the chemical constituents of the leaves in a 

variety of S. bicolor for standardization of the sorghum leaf itself as a phytomedicine for 

the treatment of sickle cell disease. Both the raw botanical and the botanical extract with 

antisickling activity (referred to in this work as the botanical drug) were chemically 

characterized for authentication and quality control purposes. 

 

1.4. Selection of the specific sorghum germplasm 

The sorghum chosen for the study is S. bicolor subsp. bicolor of the Guinea racial type. It 

is believed to have originated in Uganda, with the International Crops Research Institute 

for the Semi-Arid Tropics (ICRISAT) ID number IS2724 and later as USDA Plant 

Introduction number PI267408. This line later was introduced into India where it was 
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grown and recorded and listed as a sorghum of Indian origin when provided and included 

into the national germplasm bank within the USDA national Plant Introduction Center, 

Ames, Iowa. Preliminary studies at Rutgers under controlled growing conditions where 

over ten sorghum USDA accessions from different countries of origin were evaluated for 

their growth, development, and anti-sickling activity led to the selection of this one 

accession. Five sorghum varieties compared to the commercial Nicosan are presented 

(Table 1-2). This line was selected due to its relatively high in vitro bioactivity (Table 1-

2), rapid growth rate, and short time to foliar maturity and seed production. All 

bioactivity data was provided by Dr. Toshio Asakura and his team at the Children's 

Hospital of Philadelphia. Antisickling activity was measured by incubating the blood 

from a sickle cell patient with extract dissolved in buffer at 37 ˚C under 4% oxygen/96% 

nitrogen (63). A computer-based imaging system was used to count the number of sickled 

cells, which is reported as a percentage of total red blood cells (68). Preliminary data 

examining the antisickling activity of the leaf, seed, and stalk of S. bicolor found that the 

opened leaf whorl was the best plant tissue to use at the five month sampling period 

(Table 1-2). This confirmed the traditional Nigerian use of sorghum leaf. Antisickling 

activity was determined in the leaf at various ages of the plant and was found to have 

strong activity between the age of one and five months (Table 1-2). While antisickling 

activity was very high after just one month of growth, the biomass was still substantially 

less than at three and five months of age. We also chose to harvest the plant when it was 

at physiological maturity in order to more accurately replicate harvests at the same age 

over time, thus a growth period of approximately three months was selected. Finally, the 
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potash used in the original Nicosan formula, from which the phytomedicine was based, 

was exchanged for sodium bicarbonate in order to simplify standardization.  

 

Table 1-2. Preliminary data from the in vitro sickle cell bioassay 

Sample and 

plant tissue
a,b Age Origin Accession ID

c
 Extraction mineral 

% sickle 

cells
d
 

Nicosan unknown Nigeria unknown potash 88% 

S. bicolor leaf 1 month India  PI267322 sodium bicarbonate 23% 

S. bicolor leaf 1 month India  PI267539 sodium bicarbonate 36% 

S. bicolor leaf 1 month Nigeria  PI285194 sodium bicarbonate 24% 

S. bicolor leaf 1 month S. Africa PI48770 sodium bicarbonate 52% 

S. bicolor leaf 1 month Uganda  PI267408 sodium bicarbonate 23% 

S. bicolor leaf 4 month Uganda  PI267408 sodium bicarbonate 38% 

S. bicolor leaf 5 month Uganda  PI267408 sodium bicarbonate 32% 

S. bicolor seed 5 month Uganda  PI267408 sodium bicarbonate 62% 

S. bicolor stalk 5 month Uganda  PI267408 sodium bicarbonate 63% 

a
All samples except the Nicosan control were grown in the Rutgers NJAES greenhouse 

as part of the NUANPP program under the same environmental conditions. Extracts 

were prepared by Dr. Swami Nathan for Cosmid. 

b
The concentration of sample used was 1.5 mg/mL 

c
PI – refers to the USDA Plant Introduction accession number

 

d
The activity is expressed as the % of cells still sickled after exposure to 4% oxygen
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Chapter 2. Phytochemistry of Sorghum bicolor leaf 
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2.1. Raw botanical 

2.1.1. Introduction 

The phytochemistry of Sorghum bicolor leaf is much less studied than that of the grain. 

This is likely due to the importance of grain sorghum in human nutrition, whereas interest 

in the leaf tends to focus on its role as forage. The main classes of secondary plant 

metabolites that have been reported in S. bicolor leaf are triterpenoids and phenolic 

compounds. Triterpenoids are structural components of plant membranes (0). In S. 

bicolor leaf, these compounds include the pentacyclic triterpenoids α-amyrin, β-amyrin, 

and δ-amyrin; the pentacyclic triterpenoids with a five-membered E-ring (also known as 

migrated hopanoids) fernenol, isoarborinol, sorghumol, trematol, and simiarenol; and the 

tetracyclic triterpenoids (sterols) cholesterol, campesterol, stigmasterol, and sitosterol 

(Fig. 2-1) (2).  
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Fig. 2-1. Triterpenoids in Sorghum bicolor leaf. 
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Table 2-1. Triterpenoids in Sorghum bicolor leaf 

Compound Location Mass Reference 

1: α-amyrin leaf tissue, surface wax 426.4 2 

2: β-amyrin leaf tissue, surface wax 426.4 2 

3: δ-amyrin leaf tissue, surface wax 426.4 2 

4: fernenol leaf tissue, surface wax 426.4 2 

5: isoarborinol leaf tissue, surface wax 426.4 2 

6: sorghumol leaf tissue, surface wax 426.4 2 

7: trematol leaf tissue, surface wax 426.4 2 

8: simiarenol leaf tissue, surface wax 426.4 2 

9: cholesterol leaf tissue, surface wax 386.4 2 

10: campesterol leaf tissue, surface wax 400.4 2 

11: sitosterol leaf tissue, surface wax 414.4 2 

12: stigmasterol leaf tissue, surface wax 412.4 2 

 

 

Phenolic compounds are the most widespread secondary plant metabolites, with sorghum 

having the highest phenolic content of the cereals (3). An important part of the plant 

defense response, phenolics also provide cell structure in the bound form and affect plant 

qualities such as color and flavor. Phenolic compounds are synthesized from 

phenylalanine in the shikimic acid pathway, also referred to as the phenylpropanoid 

pathway (Fig. 2-2), which is highly regulated and known to be inducible and upregulated 

in response to stress. Beyond the chemical defense mechanism that phenolic compounds 
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provide the plant, they are of medicinal interest for a wide range of activities from anti-

inflammatory to anti-cancer. These compounds are free radical scavengers and may 

inhibit the oxidative stress implicated with disease. The phenolic compounds reported in 

S. bicolor leaf include phenolic acids, aldehydes, flavonoids, and a cyanogenic glycoside. 

 

 

 

Fig. 2-2. Biosynthetic pathway of phenolic compounds from phenylpropanoids (4). 
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Phytoalexins, which are synthesized in response to a fungal infection, are relatively rare 

in monocotyledonous plants such as sorghum (5). The phytoalexins found in sorghum 

leaves are a type of flavonoid called 3-deoxyanthocyanidins, which are pigments and 

include apigeninidin, luteolinidin, 5-methoxyluteolinidin, and the caffeic acid ester of 

arabinosyl-5-O-apigeninidin (Fig. 2-3) (6). Additionally, pyranoapigeninidin 4-

vinylphenol (7), 7-O-methylapigeninidin, apigeninidin-flavene dimer, and apigeninidin-

7-O-methylflavene dimer have been found in the leaf sheath of red S. bicolor (8). Other 

flavonoids found in S. bicolor leaf are apigenin, luteolin, apigenin 7-O-glucoside, luteolin 

7-O-glucoside, and butin (9).  
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Fig. 2-3. Flavonoids in Sorghum bicolor leaf. 
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Table 2-2. Flavonoids in Sorghum bicolor leaf 

Compound Location Mass Reference 

apigeninidin leaf, leaf sheath 255 6, 8 

luteolinidin leaf 271 6 

5-methoxyluteolinidin leaf 285 6 

caffeic acid ester of 

arabinosyl-5-O-

apigeninidin 

leaf 549 6 

7-O-methylapigeninidin leaf sheath 269 8 

apigeninidin-flavene 

dimer 
leaf sheath 509 8 

apigeninidin-7-O-

methylflavene dimer 
leaf sheath 523 8 

8-hydroxy-2-(4′-

hydroxyphenyl)-5-(4″-

hydroxyphenyl)-

pyrano[4,3,2-de]1-

benzopyrylium 

leaf sheath 371 7 

apigenin leaf 270 9 

butin leaf 272 9 

luteolin leaf 286 9 

apigenin 7-O-glucoside leaf 432 9 

luteolin 7-O-glucoside leaf 448 9 
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Unlike the rare 3-deoxyanthocyanidins, apigenin and luteolin glycosides are nearly 

universal in the leaves of Poaceae (10) and are commonly found in the aerial parts of 

plants from other families, such as Medicago sativa or alfalfa (11), Origanum vulgare or 

oregano (12), and Dianthus versicolor (13). In S. bicolor leaf, reported phenolic acids 

include p-hydroxybenzoic, gentisic, vanillic, syringic, o-coumaric, p-coumaric, caffeic, 

ferulic, sinapic, and chlorogenic acids (Fig. 2-4) (14, 15). The most commonly occuring 

phenolic acids in the Poaceae are ferulic acid and p-coumaric acid, which are linked to 

lignin and polysaccharides by ester and ether bonds (16). Glucose esters of p-

hydroxybenzoic, vanillic, o-coumaric, p-coumaric, and caffeic acids are also found in S. 

bicolor leaf, as is the 5-O-β-glucoside form of gentisic acid and the 3-O-β-glucoside form 

of p-hydroxybenzoic acid (14). The aldehydes vanillin and p-hydroxybenzaldehyde have 

also been reported (15). Finally, the most prominent phytochemical found in S. bicolor 

leaf is the cyanogenic glycoside dhurrin. Dhurrin was discovered in sorghum over one 

hundred years ago and the correct structure was published in 1964 (17). 
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Fig. 2-4. Phenolic compounds in Sorghum bicolor leaf. 
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Table 2-3. Phenolic compounds in Sorghum bicolor leaf 

Compound Location Mass Reference 

1: p-hydroxybenzoic acid leaf 138 14 

2: gentisic acid leaf 154 14 

3: vanillic acid leaf 168 14 

4: syringic acid leaf, leaf sheath 198 15 

5: o-coumaric acid leaf 164 14 

6: p-coumaric acid leaf 164 14 

7: caffeic acid leaf 180 14 

8: ferulic acid leaf 194 14 

9: sinapic acid leaf, leaf sheath 224 15 

10: chlorogenic acid leaf 354 14 

11: p-hydroxybenzaldehyde leaf, leaf sheath 122 15 

12: vanillin leaf, leaf sheath 152 15 

13: dhurrin leaf 311 18 
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The objective of this research was to chemically profile the leaf of a variety of S. bicolor 

for the purpose of raw botanical authentication of the materials used in a phytomedicine 

with potential use as a treatment for sickle cell disease. In this research, a simple large-

scale extraction method for S. bicolor leaf using 100% EtOH was employed to 

chemically profile the constituents of the raw materials for botanical authentication and 

quality control. The ethanolic extract was separated into five fractions in order to 

facilitate isolation and analysis of the chemical constituents by liquid/liquid fractionation 

using hexane, dichloromethane, ethyl acetate and n-butanol. The ethyl acetate fraction 

was chosen for further purification due to the presence of the major peaks observed in the 

crude extract. Using thin layer chromatography and LC/MS for monitoring, three pure 

compounds were isolated by column chromatography and further purified by 

recrystallization and Sephadex LH-20. The structures of these three compounds were 

elucidated using UV, MS, and NMR analysis. Five additional compounds were identified 

by UV analysis and comparison with reference standards. These compounds were used to 

create an HPLC fingerprint of the raw materials, which was tracked in the leaves over a 

period of time. 

 

2.1.2. Materials and methods 

2.1.2.1. Extraction 

The accession of a S. bicolor Plant Introduction number 267408 was sown by hand at 

Clifford E. & Melda C. Snyder Research & Extension Farm, Pittstown, NJ and grown 

during the 2011 growing season without any chemical inputs, including herbicide, 

insecticide or fungicide. Fields were irrigated as needed using drip irrigation. Fields were 
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monitored for pests, none were observed. Plants were manually harvested when the plants 

reached physiological maturity, approximately three months after planting, and dried in a 

forced air walk-in drier with a temperature set at 40 ˚C. After the materials were dry, the 

leaves were brought to Rutgers and into the New Use Agriculture and Natural Plant 

Products lab and ground using a Wiley grinder mill. A size 20 mesh sieve (0.841 mm 

particle size) was used to classify the ground plant material by size for extraction. 

Approximately 500 g of plant material was weighed out and placed in a large Erlenmeyer 

flask with 5 L of 100% EtOH. The flask was briefly agitated and left to extract by 

maceration under ambient conditions for 18 hours. The extraction mixture was filtered 

through several layers of Miracloth, with the plant material pressed and then rinsed with 

0.5 L of 100% EtOH to maximize recovery of the extract. The filtered extract was 

centrifuged, resulting in the collection of a small amount of sediment which was 

discarded. The solvent was removed by rotary evaporation with a maximum temperature 

of 50 ˚C.  

 

2.1.2.2. Fractionation 

25.7 g of 100% EtOH S. bicolor leaf extract as prepared in section 2.1.2.1 was suspended 

in 500 mL of dH2O. The suspension was shaken until relative homogeneity of the sample 

was obtained. The aqueous suspension was transferred to a separatory funnel and 

extracted 10x with 250 mL of hexane to give fraction F1, 6x with 250 mL of 

dichloromethane to give fraction F2, 6x with 250 mL of ethyl acetate to give fraction F3, 

and 3x with 250 mL of n-butanol to give fraction F4. All organic fractions were washed 

with brine, dried with MgSO4 and filtered through Whatman 1 filter paper, with 
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subsequent solvent removal by rotary evaporation. The remaining aqueous portion was 

then combined with 100% EtOH and the solvent was removed in vacuo to give fraction 

F5. All fractions were freeze-dried to ensure the complete removal of water. 

 

2.1.2.3. Isolation and structural elucidation 

Approximately 1.05 g of the ethyl acetate fraction as prepared in section 2.1.2.2 was dry-

loaded onto a column packed with normal phase Whatman Purasil 60 Å 70-230 mesh 

silica gel. The material was then eluted under normal pressure using an increasing 

gradient of methanol plus 1% acetic acid in chloroform with monitoring by thin layer 

chromatography and LC/MS. This resulted in 30 fractions which were then further 

purified by recrystallization and/or by size exclusion chromatography using GE Sephadex 

LH-20. Isolated compounds were dissolved in DMSO-d6 (Acros Organics, 99.9% D) and 

NMR spectra were recorded on a Bruker Avance III 400 MHz NMR Spectrometer with a 5 

mm diameter multinuclear probe using 
1
H, 

13
C, COSY, HMQC/HSQC and HMBC 

experiments. iNMR software (Nucleomatica, Version 5.0.7) was used for data 

processing. 

 

2.1.2.4. Chemical profiling 

For qualitative analysis of the large-scale extraction and fractionation, HPLC samples of 

the original extract and fractions F1 through F4 were each prepared by dissolving about 

2.5 mg/mL sample in 100% EtOH and sonicating for 30 minutes. An HPLC sample of 

fraction F5 was prepared by dissolving about 2.5 mg/mL sample in 100% dH2O and 

sonicating for 30 minutes. All solutions for qualitative work were filtered through a 0.45 
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µm nylon syringe filter prior to HPLC analysis. All samples were analyzed using an 

Agilent 1100 Series LC-MSD system with a photodiode array (PDA) detector and ion 

trap mass spectrometer detector (MSD) with an electrospray ion source (ESI) using MS 

detection in negative and postive modes. The mobile phase consisted of 0.1% formic acid 

in water (v/v) (Solvent A) and acetonitrile (Solvent B) in a gradient. Separation was 

performed on a Phenomenex Synergi Max RP 4u column, 150 × 4.6 mm i.d. 

(Phenomenex Inc., Torrance, CA). The solvent flow rate was set at 1.0 mL/min with a 

run time of 60 minutes. The injection volume was 10 µL for all samples and the UV 

detector was set at 254 nm, 280 nm, and 370 nm.  

 

2.1.2.5. Quantitation of identified compounds 

2.1.2.5.1. Standards 

Approximately 5 mg each of the flavonoids luteolin 7-O-glucoside (standard obtained 

from Indofine (CAS Registry No. 5373-11-5) with 98% purity), luteolin (standard 

obtained from Indofine (CAS Registry No. 491-70-3) with 99% purity), and apigenin 

(standard obtained from Sigma Aldrich (CAS Registry No. 520-36-5) with 95% purity); 

and approximately 10 mg each of the other phenolic compounds p-hydroxybenzoic acid 

(standard obtained from Sigma Aldrich (CAS Registry No. 99-96-7) with 99% purity) 

and p-hydroxybenzaldehyde (standard obtained from Alfa Aesar (CAS Registry No. 123-

08-0) with 98% purity); were dissolved in 70% MeOH to a concentration of 0.05 mg mL
-

1
 and 0.1 mg mL

-1
, respectively. This stock solution was then diluted 1:1 with 70% 

MeOH eight times for a total of eight calibration standards ranging in flavonoid 
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concentration from 25 µg mL
-1

 to 0.20 µg mL
-1

 and in phenolic concentration from 50 µg 

mL
-1

 to 0.39 µg mL
-1

.  

 

2.1.2.5.2. Plant samples 

For quantitative analysis of the major compounds in S. bicolor leaf over time, sorghum as 

described in section 2.1.2.1 was collected every two weeks for three months beginning 

2.5 weeks after the planting date. Leaf materials were dried in an oven at a temperature of 

40 ˚C and ground to a fine powder using a coffee grinder. HPLC samples were prepared 

by dissolving about 20 mg/mL leaf material in 100% EtOH, sonicating for 30 minutes, 

and then diluting each sample 1:1 with dH2O. All solutions for quantitation were filtered 

through a 0.2 µm regenerated cellulose syringe filter prior to HPLC analysis.  

 

2.1.2.5.3. LC/MS analysis 

All samples were analyzed using an Agilent 1100 Series LC-MSD system with a 

photodiode array (PDA) detector and ion trap mass spectrometer detector (MSD) with an 

electrospray ion source (ESI) using MS detection in negative mode. The mobile phase 

consisted of 0.1% formic acid in water (v/v) (Solvent A) and acetonitrile (Solvent B) in a 

gradient. Separation was performed on a Phenomenex Kinetix C18 2.6µ column, 100 × 

4.6 mm i.d. (Phenomenex Inc., Torrance, CA). The solvent flow rate was 1.0 mL/min 

with a post-column splitter attached to decrease the solvent flow rate by a factor of 3:1 

prior to entering the MSD. The capillary voltage of the MSD was set at 3.0 kV, the 

nebulizer at 40.0 psi, the drying gas at 9 L/min, and the drying temperature at 350˚ C. 

Skim 1 was set at 25 V, skim 2 at 5 V, capillary exit offset at 50 V, octopole 1 at 2.5, 
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octopole ∆ at 2.4, octopole RF at 150, lens 1 at -60, lens 2 at -5, and the trap drive level at 

35. Separation was achieved with the following gradient: 5% B at 0 min, 5% B at 5 min, 

10% B at 10 min, 20% B at 20 min, 40% B at 30min, with a ten minute flush period at 

100% B for all S. bicolor samples, and a ten minute post-run equilibration period at 5% B 

for both S. bicolor samples and standards. The injection volume was 7 µL for all samples 

and the detector was set at 254 nm, 280 nm, and 350 nm. All standards were injected in 

triplicate with injections at the beginning, midpoint and end of the run. p-

Hydroxybenzoic acid was detected at 254 nm;  p-hydroxybenzaldehyde was detected at 

280 nm; and luteolin 7-O-glucoside, luteolin and apigenin were detected at 350 nm. 

 

2.1.3. Results and Discussion 

Following extraction with 100% EtOH by maceration for 18 hours, a large-scale liquid-

liquid fractionation was partitioned using hexane, dichloromethane (DCM), ethyl acetate 

(EtOAc) and n-butanol (n-BuOH), which led to the separation of the crude extract into 

five fractions. The extraction and fractionation yields are listed in Table 2-4 and the UV 

chromatograms of each fraction together with the crude extract are shown in Fig. 2-5. 

The results show that efficient fractionation of the constituents in the ethanolic extract of 

S. bicolor leaves was achieved on a large scale. 

Table 2-4. Yields of the large-scale 100% EtOH extraction and fractionation 

Sample Extract F1 F2 F3 F4 F5 

Yield 25.8 g 5.5 g 2.0 g 1.5 g 1.9 g 3.0 g 

% Yield 5.2% 21.4% 7.8% 5.8% 7.4% 11.7% 
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Fig. 2-5. UV (280 nm) chromatograms of the (A) crude 100% EtOH extract, (B) hexane 

fraction F1, (C) dichloromethane fraction F2, (D) ethyl acetate fraction F3, (E) n-butanol 

fraction F4, and (F) aqueous fraction F5. 
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The EtOAc fraction was selected for further purification due to the presence of many of 

the major peaks from the crude extract. The isolation scheme used to chemically profile 

S. bicolor leaf is shown in Fig. 2-6. 

 

 

 

Fig. 2-6. Isolation scheme. 

 

The EtOAc fraction was first separated by normal pressure column chromatography on 

normal phase silica gel, resulting in 30 subfractions. These subfractions were subjected to 

further purification by recrystallization as shown in Fig. 2-7 and/or by size exclusion 

chromatography using Sephadex LH-20 as shown in Fig. 2-8 and resulted in the isolation 

of three pure compounds, the initial yields of which are given in Table 2-5.  
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Fig. 2-7. UV (280 nm) chromatograms showing (A) silica subfraction 16 and (B) the 

recrystallization product, identified as apigenin. 
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Fig. 2-8. UV (280 nm) chromatograms showing (A) the purification of a silica 

subfraction by Sephadex LH-20 to obtain (B) luteolin and (C) an apigenin derivative, a 

minor compound in the crude extract. 
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Table 2-5. Initial yield of each isolated compound 

Compound luteolin 7-O-glucoside luteolin apigenin 

Yield 9.9 mg 18.2 mg 9.7 mg 

 

 

The structures of three purified compounds were elucidated as apigenin, luteolin, and 

luteolin 7-O-glucoside using UV, MS, and NMR, with 
1
H, 

13
C, COSY, HMQC/HSQC 

and HMBC experiments, and in comparison with the published data (19, 20). 

 

Apigenin: ESI-MS: m/z 269 [M-H]
-
; 

1
H NMR (400 MHz, DMSO-d6) δ 7.93 (d, J = 8.8, 

2H), 6.93 (d, J = 8.8, 2H), 6.79 (s, 1H), 6.49 (d, J = 2.0, 1H), 6.20 (d, J = 2.0, 1H); 
13

C 

NMR (100 MHz, DMSO-d6) δ 182.2, 164.6, 164.2, 161.9, 161.6, 157.8, 128.9, 128.9, 

121.6, 116.4, 116.4, 104.2, 103.3, 99.3, 94.4. 

 

 

Luteolin: ESI-MS: m/z 285 [M-H]
-
; 

1
H NMR (400 MHz, DMSO-d6) δ 7.41 (dd, J = 8.0, 

2.4, 1H), 7.39 (d, J  = 2.4, 1H), 6.88 (d, J = 8.0, 1H), 6.65 (s, 1H), 6.43 (d, J = 2.0, 1H), 

6.17 (d, J = 2.0, 1H); 
13

C NMR (100 MHz, DMSO-d6) δ 181.5, 164.7, 163.8, 161.4, 

157.3, 150.0, 145.8, 121.3, 118.9, 116.0, 113.2, 103.5, 102.7, 98.9, 93.9. 

 

 

Luteolin 7-O-glucoside: ESI-MS: m/z 447 [M-H]
-
; 

1
H NMR (400 MHz, DMSO-d6) δ 

7.45 (dd, J = 8.4, 2.4, 1H), 7.42 (d, J = 2.4, 1H), 6.90 (d, J = 8.4, 1H), 6.79 (d, J = 2.0, 

1H), 6.75 (s, 1H), 6.45 (d, J = 2.0, 1H), 5.09 (d, J = 7.2, 1H), 3.72 (d, J = 10.4, 1H), 3.51-

3.17 (m, 5H); 
13

C NMR (100 MHz, DMSO-d6) δ 182.3, 164.9, 163.4, 161.6, 157.4, 

150.6, 146.3, 121.7, 119.6, 116.4, 114.0, 105.8, 103.6, 100.4, 100.0, 95.2, 77.6, 76.9, 

73.6, 70.0, 61.1. 

 

 

 

Reference standards were used to provide additional confirmation of identity. The 

identified structures are illustrated in Fig. 2-9.  
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luteolin 7-O-glucoside: R1=glucose, R2=OH 

luteolin: R1=H, R2=OH 

apigenin: R1=H, R2=H 

 

Fig. 2-9. Chemical structures of the compounds isolated from Sorghum bicolor leaf. 

 

 

In addition to these three flavonoids, dhurrin, p-hydroxybenzoic acid and p-

hydroxybenzaldehyde were also found in the 100% EtOH S. bicolor leaf extract by 

comparison with the reference standards (Fig. 2-10). The chemical profile for the raw 

botanical is shown in Fig. 2-11. 

 

 

 

p-hydroxybenzoic acid: R=OH              dhurrin 

p-hydroxybenzaldehyde: R=H  

 

Fig. 2-10. Other compounds identified in the selected accession of Sorghum bicolor leaf. 
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Fig. 2-11. UV (280 nm) chromatogram depicting a representative HPLC profile of the 

100% EtOH extract of Sorghum bicolor leaf, PI267408, field grown in New Jersey in 

2011 and used for quality control of the raw materials. 

 

 

This chemical profile was tracked in the raw botanical at different stages of growth 

ranging from approximately 2.5 to 14.5 weeks after the planting date (Fig. 2-12). The 

data for these compounds is listed in Table 2-6. The results show that the flavonoid 

aglycones are not detectable at the earlier stages of growth, but are significant marker 

compounds at the time of harvest selected for the materials used in the phytomedicine. 

While the flavonoid aglycone content increased with growth stage, it was found that the 

phenolic acid content decreased over time (Fig. 2-13 and Table 2-7). A decrease in 

phenolic acid content with age has been reported to always occur in healthy S. bicolor 

leaves and may be due to a declining need for chemical defense by the plant (21). The 

increase in flavonoid content with age can be attributed to increased UV radiation 

exposure to the plant, as flavonoids absorb in the UV range and can protect the plant 

against damage (22).  
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Fig. 2-12. UV (280 nm) chromatogram depicting the profile of the 100% EtOH extract of 

Sorghum bicolor leaf, PI267408, field grown in New Jersey in 2011 and collected over 

seven time points. 
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Table 2-6. HPLC, UV, and MS data of the major compounds in Sorghum bicolor leaf 

Peak Compound UV max (nm)
a
 [M-H]

-
 (m/z) Amount (mg/g) 

1 p-hydroxybenzoic acid 254 137 0.07 - 0.49 

2 p-hydroxybenzaldehyde 284 121 0.08 – 0.69 

3 luteolin 7-O-glucoside 254, 266sh, 349 447 0.76 – 1.06 

4 luteolin 254, 266sh, 349 285 0 – 1.14 

5 apigenin 269, 338 269 0 – 0.70 

a
The UV max were recorded by the PDA detector in slightly acidic HPLC solvent 

 

 

 

 

Fig. 2-13. Scatter chart showing the concentration of the major compounds in the 100% 

EtOH extract of Sorghum bicolor leaf over seven time points. 
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Table 2-7. Quantity of the major compounds in Sorghum bicolor leaf over time 

Compound
 a
 

Week  

2.5 

Week 

4.5 

Week 

6.5 

Week 

8.5 

Week 

10.5 

Week 

12.5 

Week 

14.5 

p-hydroxybenzoic acid 0.48 0.33 0.31 0.49 0.29 0.10 0.07 

p-hydroxybenzaldehyde 0.45 0.50 0.69 0.61 0.48 0.10 0.08 

luteolin 7-O-glucoside 0.71 0.55 0.76 0.58 0.39 1.06 1.06 

luteolin 0 0 0 0 0 0.40 1.14 

apigenin 0 0 0 0 0 0.29 0.70 

a
The concentration of each compound is listed in mg g

-1
 dry weight 

 

 

These compounds have all been previously reported in S. bicolor leaf (9, 14, 15), 

reinforcing the choice to use them as marker compounds in the chemical fingerprint. As 

none of these compounds are unique to S. bicolor leaf and found in many plants, 

additional inclusion of the relatively rare cyanogenic glycoside dhurrin is included to 

further strengthen the fingerprint for use in botanical authentication (refer to Chapter 3 

for the analysis of dhurrin). Additional bioactive compounds may be present in S. bicolor 

leaves and such compounds could in the future be added to the chemical fingerprint for 

botanical authentication. 
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2.2. Botanical drug 

2.2.1. Introduction 

The objective of this work was to optimize the extraction approach used in the 

preparation of the Sorghum bicolor botanical drug product and to conduct a bioassay-

guided fractionation with the purpose of defining a chemical fingerprint for 

standardization of the phytomedicine. To determine the extraction solvent that would 

provide the optimum level of antisickling activity, a series of extractions with varying 

percentages of ethanol was conducted and compared to the original 3% NaHCO3 

extraction method. Ethanol was investigated due to both its general efficiency as an 

extraction solvent and because the original medicine from which Nicosan was developed 

utilized a local gin for extraction. In vitro testing showed that the alkaline conditions used 

in the original extraction method appear to be necessary for activity. Subsequently, a 

large-scale extraction of S. bicolor leaf using 3% NaHCO3 was conducted and separated 

into three fractions using liquid/liquid solvent extraction for use in the bioassay-guided 

fractionation. The active material was chemically profiled and an HPLC fingerprint of the 

phytomedicine was established. 

 

2.2.2. Materials and methods 

2.2.2.1. Extraction 

The accession of a S. bicolor Plant Introduction number 267408 was sown by hand at 

Clifford E. & Melda C. Snyder Research & Extension Farm, Pittstown, NJ and grown 

during the 2011 growing season without any chemical inputs, including herbicide, 

insecticide or fungicide. Fields were irrigated as needed using drip irrigation. Fields were 
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monitored for pests, none were observed. Plants were manually harvested when the plants 

reached physiological maturity, approximately three months after planting, and dried in a 

forced air walk-in drier with a temperature set at 40 ˚C. After the materials were dry, the 

leaves were brought to Rutgers and into the New Use Agriculture and Natural Plant 

Products lab and ground using a Wiley grinder mill. A size 20 mesh sieve (0.841 mm 

particle size) was used to classify the ground plant material by size for extraction. For the 

optimization of extraction solvent, approximately 20 g of plant material was weighed into 

five separate Erlenmeyer flasks and 200 mL each of 100% dH2O, 30% EtOH (in water, 

v/v), 50% EtOH (in water, v/v), 70% EtOH (in water, v/v) and 100% EtOH were added 

and stirred at ambient temperature for 18 hours. For the scale-up extraction, 

approximately 400 g of plant material was weighed out and placed in a large Erlenmeyer 

flask with 4 L of 3% NaHCO3. The flask was briefly agitated and left to macerate under 

ambient conditions for 18 hours. The extraction mixtures were centrifuged and then 

decanted with subsequent vacuum filtration using Miracloth and then Whatman 1 filter 

paper to remove the sediment. The filtrate of the 3% NaHCO3 extract was neutralized to 

pH 7 with acetic acid. The solvent from all extracts was removed by rotary evaporation 

with a maximum temperature of 50˚ C. The 100% dH2O and 3% NaHCO3 extracts were 

combined with 100% EtOH prior to solvent removal. All samples were freeze-dried and 

submitted to the Dr. Toshio Asakura lab at the Children’s Hospital of Philadelphia for in 

vitro biological testing. 
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2.2.2.2. Fractionation 

57.6 g of the neutralized 3% NaHCO3 S. bicolor leaf extract was suspended in 500 mL of 

dH2O. The suspension was shaken until relative homogeneity of the sample was obtained. 

This suspension was transferred to a separatory funnel and extracted 5x with 500 mL of 

ethyl acetate to give fraction F1 and 5x with 500 mL of n-butanol to give fraction F2. The 

fractions were washed with brine, dried with anhydrous MgSO4, filtered through 

Whatman 1 filter paper, and the solvent was removed by rotary evaporation. The 

remaining aqueous portion was combined with 100% EtOH and the solvent was removed 

by rotary evaporation. This extract was resuspended in 100% methanol and filtered 

through Whatman 1 filter paper to reduce the amount of salt, with the resulting filtrate 

dried in vacuo to give fraction F3. All fractions were freeze-dried to ensure the complete 

removal of water prior to submission to the Dr. Toshio Asakura lab at the Children’s 

Hospital of Philadelphia (CHOP) for in vitro biological testing. 

 

2.2.2.3. Chemical profiling 

HPLC samples of the ethanolic extracts and fractions F1 through F2 were each prepared 

by dissolving approximately 2.5 mg/mL solid in 100% EtOH. HPLC samples of the 

aqueous extracts and fraction F3 were each prepared by dissolving approximately 2.5 

mg/mL solid in 100% dH2O. All solutions were filtered through a 0.45 µm nylon syringe 

filter prior to HPLC analysis. The samples were analyzed using an Agilent 1100 Series 

LC-MSD system with a photodiode array (PDA) detector. The mobile phase consisted of 

0.1% formic acid in water (v/v) (Solvent A) and acetonitrile (Solvent B) in a gradient. 

Two methods were used for analysis. The first method was used to monitor the 
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fractionation, with separation performed on a Phenomenex Synergi Max RP 4u column, 

150 × 4.6 mm i.d. (Phenomenex Inc., Torrance, CA). The flow rate was set at 1.0 mL/min 

with a run time of 60 minutes. The injection volume was 10 µL for all samples. The 

detector was set at 254 nm, 280 nm, and 370 nm. A second method of analysis was used 

to chemically profile the 3% NaHCO3 extract. This separation was performed on a 

Phenomenex Kinetix C18 2.6µ column, 100 × 4.6 mm i.d. (Phenomenex Inc., Torrance, 

CA). The flow rate was set at 1.0 mL/min with a run time of 35 minutes. The injection 

volume was 7 µL for all samples. 

 

2.2.3. Results and discussion 

The initial study was designed to select the optimal solvent for use in the extraction of S. 

bicolor leaf. The original choice of 3% NaHCO3 as an extraction solvent was questioned 

due to the instability of many phenolic compounds under alkaline conditions and the 

challenges this could present in standardization. However, results from CHOP indicated 

that these alkaline conditions are necessary for activity. Extracts using 100% water, 30% 

EtOH (in water, v/v), 50% EtOH (in water, v/v), 70% EtOH (in water, v/v) and 100% 

EtOH were all found to be inactive (Table 2-8). In contrast, extracts prepared with 3% 

NaHCO3 showed excellent activity, and neutralization of the active extract with dilute 

acid was found to correlate with a decrease in activity in vitro, although the HPLC 

chemical fingerprint remained consistent (Fig. 2-14). As such, 3% NaHCO3 was selected 

as the most effective extraction solvent. The yields are listed in Table 2-9. 
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Table 2-8. In vitro activity of Sorghum bicolor leaf extracts 

Sample
a
 

% sickle 

cells
b
 

100% dH2O extract of S. bicolor leaf 99% 

30% EtOH extract of S. bicolor leaf 98% 

50% EtOH extract of S. bicolor leaf 97% 

70% EtOH extract of S. bicolor leaf 98% 

100% EtOH extract of S. bicolor leaf 99% 

3% NaHCO3 extract of S. bicolor leaf 12% 

a
The concentration of sample used was 1.5 mg/mL 

b
The activity is expressed as the % of cells still sickled 

after exposure to 4% oxygen 
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Fig. 2-14. UV (280 nm) chromatograms of a 3% NaHCO3 extract of Sorghum bicolor 

leaf (A) before and (B) after neutralization to pH 7. 

 

Table 2-9. Extraction yields of Sorghum bicolor leaf solvent optimization 

Solvent 
100% 

H2O 

30% 

EtOH 

50% 

EtOH 

70% 

EtOH 

100% 

EtOH 

3% 

NaHCO3 

Yield 2.7 g 2.4 g 2.9 g 1.8 g 1.9 g 63.8 g 

% 

Yield 
13.5% 12.0% 14.5% 9.0% 9.5% 16.0% 

 

 

The neutralized 3% NaHCO3 extract, which shows antisickling activity, was fractionated 

into three parts using liquid/liquid solvent extraction (Fig. 2-15). The yields are listed in 

Table 2-10. 
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Fig. 2-15. UV (280 nm) chromatograms of (A) the crude 3% NaHCO3 extract, 

neutralized to pH 7, (B) ethyl acetate fraction (F1), (C) n-butanol fraction (F2), and (D) 

methanol fraction (F3). 
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Table 2-10. Yields of each fraction of the 3% NaHCO3 extract 

Fraction F1 F2 F3 

Yield 2.1 g 3.4 g 5.3 g 

% Yield 3.6% 5.9% 9.2% 

 

 

A bioassay-guided fractionation was then conducted (Fig. 2-16) with the EtOAc fraction, 

n-butanol fraction and MeOH fraction, which were subjected to antisickling screens 

(Table 2-11). The fractions were all found to be inactive in vitro. This data resulted in 

selection of the 3% NaHCO3 extract as the base material from which further optimization 

and stability could be conducted. 

  

Table 2-11. In vitro activity of Sorghum bicolor leaf fractions 

Sample
a
 

% sickle 

cells
b
 

3% NaHCO3 extract of S. bicolor leaf 1% 

3% NaHCO3 extract of S. bicolor leaf, neutralized to pH 7 8% 

EtOAc fraction of neutralized 3% NaHCO3 extract (F1) 99% 

n-BuOH fraction of neutralized 3% NaHCO3 extract (F2) 98% 

MeOH fraction of neutralized 3% NaHCO3 extract (F3) 98% 

a
The concentration of sample used was 1.5 mg/mL

 

b
The activity is expressed as the % of cells still sickled after exposure 

to 4% oxygen
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Fig. 2-16. Bioassay-guided fractionation scheme. 
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The 3% NaHCO3 extract was chemically profiled using LC/MS. The major class of 

compounds was determined to be phenolic acids by comparison with the chemical profile 

of the raw botanical described in section 2.1.3 and analysis of the spectral data. In 

addition to p-hydroxybenzoic acid and p-hydroxybenzaldehyde as identified in the raw 

botanical, caffeic acid, p-coumaric acid and ferulic acid were identified by comparison of 

the retention time and LC/UV/MS data of each compound with reference standards. 

These compounds are illustrated in Fig. 2-17. Dhurrin, luteolin, and apigenin, all present 

in the raw botanical, are absent from the botanical drug. The chemical fingerprint of the 

phytomedicine is shown in Fig. 2-18. 

 

 

 

p-hydroxybenzoic acid: R=OH p-coumaric acid: R=H 

p-hydroxybenzaldehyde: R=H caffeic acid: R=OH 

 ferulic acid: R=OCH3 

 

Fig. 2-17. Compounds identified in the Sorghum bicolor leaf phytomedicine. 
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Fig. 2-18. UV (280 nm) chromatogram depicting a representative HPLC profile of the 

3% NaHCO3 extract that can be used for quality control of the phytomedicine. 

 

 

 

Although there is some overlap between the chemical fingerprints of the phytomedicine 

and raw botanical (Fig. 2-19), it is evident that the 3% NaHCO3 extraction method is 

selective for phenolic acids and p-hydroxybenzaldehyde, while 100% EtOH has a broad 

extraction efficiency that includes flavonoids and other compounds of medium polarity. 

The major peak in 3% NaHCO3 extract of S. bicolor leaf was identified as p-

hydroxybenzaldehyde. This compound is present at comparatively lower levels in the 

100% EtOH extract, indicating that its presence may be primarily due to the hydrolysis of 

dhurrin in alkaline solution (Chapter 3). Although it was shown that an equimolar amount 

of the dhurrin breakdown products HCN and p-hydroxybenzaldehyde exist in sorghum 

seedlings after dhurrin hydrolysis (23), the presence of p-hydroxybenzaldehyde in S. 

bicolor leaf independent of dhurrin breakdown has been debated (24, 25, 26, 27). 
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Fig. 2-19. UV (280 nm) chromatograms showing a comparison of (A) the raw botanical 

material and (B) the phytomedicine produced from the same material. 
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Chapter 3. Screening Sorghum bicolor leaf for dhurrin and cyanide 
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3.1. Dhurrin screening 

3.1.1. Introduction 

Cyanogenic glycosides are plant secondary metabolites, generally consisting of an α-

hydroxynitrile type aglycone and a sugar group (1). Hydrogen cyanide (HCN) is 

generated from the enzymatic cleavage of cyanogenic glycosides by β-glucosidase and α-

hydroxynitrilase following tissue damage. These hydrolytic enzymes are 

compartmentalized within the plant to prevent release in intact plant tissue (1). Dhurrin 

(Fig. 3-1) is the major cyanogenic glycoside in Sorghum bicolor and has been extensively 

studied due to the toxic effects on the animals that use sorghum as forage when the 

compound is found in a sufficiently high concentration. Dhurrin is located in the 

epidermal layers of the leaf blade, separate from the hydrolytic enzymes, which are 

primarily found in the mesophyll tissue (2).  

 

 

 

Fig. 3-1. The structure of dhurrin. 

 

While the cyanogenic glycosides linamarin, prunasin, and amygdalin are widely 

distributed throughout the plant kingdom, dhurrin is characteristic of the Poaceae family 

(1) and is reported to be present in the Boraginaceae, Proteaceae, and Rosaceae families 

(3). In addition to sorghum, dhurrin is also found in wheat and rye in the Poaceae (4). It is 
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produced as a chemical defense against herbivores and insects (4). This was 

demonstrated by genetically transferring the dhurrin biosynthetic pathway to Arabidopsis 

thaliana, which subsequently acquired resistance to the flea beetle (5). Different sorghum 

species and different plants within the same species show a large amount of variability in 

HCN production due to physiological and environmental factors that result in differential 

production of both dhurrin and its hydrolytic enzymes (1).  

 

Dhurrin levels are highest in young sorghum seedlings and decline with age, although 

nitrogen fertilization of older plants is known to increase dhurrin synthesis by 

transcriptional regulation (6). Comparison of the different parts of sorghum has generally 

showed that the leaf contains the highest amount of dhurrin with smaller amounts in the 

stalk and trace or nonexistent levels in the seed, however some cultivars have higher 

amounts of dhurrin in the root than the leaf (7, 8). The younger upper leaves of sorghum 

were found to evolve more HCN than the older lower leaves, as did the younger proximal 

half of the leaf as compared with the older distal half (7). 

 

While the majority of cyanogenic glycosides are acid-labile and some epimerize when 

heated, dhurrin undergoes rapid degradation under alkaline conditions (9, 10, 11). The 

half-life of dhurrin at 25 C was determined to be 530 days at pH 4.02 and 1.2 hours at pH 

8.6 (11). The breakdown products are cyanide, p-hydroxybenzaldehyde and glucose (10).  

 

Quantitative analysis of cyanogenic glycoside content is classically conducted by 

colorimetric methods after hydrolysis and reported in terms of potential cyanide yields, 
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while modern techniques employ GC/MS with derivatization, HPLC, and LC/MS to 

quantify the intact molecule (1). Processing methods often involve boiling or freezing of 

fresh plant material to inactivate the degradation enzymes (12).  

 

In this research, a rapid method for dhurrin analysis by LC/UV/MS was developed that 

takes into account the importance of solvent extraction choice and incorporates a cost-

saving internal standard that does not have interference from other compounds within the 

sample matrix.  

 

3.1.2. Materials and methods 

3.1.2.1. Standards 

Dhurrin (standard obtained from Sigma-Aldrich (CAS Registry No. 499-20-7) with 95% 

purity) was dissolved in 0.1M H3PO4 to a concentration of 1 mg mL
-1

 for use as a stock 

solution. This solution was then diluted 1:1 with 0.1M H3PO4 12 times for a total of 12 

calibration standards ranging in concentration from 500 µg mL
-1

 to 100 ng mL
-1

.  

 

4-cyanophenol (standard obtained from Sigma-Aldrich (CAS Registry No. 767-00-0) 

with 95% purity) was dissolved in 0.1M H3PO4 to a concentration of 1.5 mg mL
-1

 for use 

as a stock solution. 10 μL of this solution was then added to 1 mL of all working 

solutions and plant samples as an internal standard.  
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3.1.2.2. Plant samples 

The accession of a S. bicolor Plant Introduction number 267408 was harvested from 

Clifford E. & Melda C. Snyder Research & Extension Farm, Pittstown, NJ at 

physiological maturity with an average height of 55 inches. In order to test the variation 

in dhurrin distribution among different sorghum plants grown in the field, leaves from 

nine plants were pooled into three groups (n=3) for a total of three samples. 

Approximately 100 mm was dissected from each leaf tip to reduce variation among 

groups due to environmental stress, as this tended to be an area that exhibited cellular 

damage.  

 

Drying protocols have been shown to affect cyanogenic glycoside content, with freeze-

drying found to result in a loss of dhurrin as compared to drying at room temperature or 

in an oven (13). Based on this observation, the samples were oven-dried at 60 ˚C for 48 

hours. After the samples were completely dry, the midrib was removed to reduce 

variation among samples (7). The dry leaf material was ground to a fine powder using a 

coffee grinder. Samples weighing approximately 25 mg were extracted in 10 mL of 0.1M 

H3PO4 by sonication for 30 minutes. 

 

For comparison with the selected accession, 20 samples of different S. bicolor leaf 

varieties grown in California were analyzed for dhurrin content. Samples weighing 

approximately 25 mg were extracted in triplicate in 10 mL of 0.1M H3PO4 by sonication 

for 30 minutes. 
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To quantify the amount of dhurrin in the phytomedicine, three different extracts prepared 

from three different S. bicolor samples according to the method in section 2.1.2.1 and 

shown to have in vitro activity were analyzed. Three samples weighing approximately 25 

mg were extracted in 10 mL of 0.1M H3PO4 by sonication for 30 minutes. 

 

All extracts were filtered through a 0.2 µM regenerated cellulose syringe filter prior to 

analysis, as preliminary data showed evidence of sample loss with nylon syringe filters. 

10 μL of internal standard was added to 1 mL of each sample. 

 

As a recovery test, four ~25 mg samples of dry sorghum extract prepared according to the 

method in section 2.1.2.1 with diminished dhurrin content were spiked with two 

replicates each of 1.2 mL and 400 µL of 1 mg mL
-1

 dhurrin stock solution and diluted 

with 0.1M H3PO4 to a final volume of 10 mL. These samples were extracted by 

sonication for 30 minutes and filtered through an 0.2 µM regenerated cellulose syringe 

filter prior to analysis. 

 

3.1.2.3. LC/UV/MS analysis 

Samples were analyzed using an Agilent 1100 Series LC-MSD system with a photodiode 

array (PDA) detector and ion trap mass spectrometer detector (MSD) with an 

electrospray ion source (ESI) using MS detection in positive mode. The capillary voltage 

was set to 4.5 kV, the nebulizer was set to 40.0 psi, the drying gas set to 9 L/min, and the 

drying temperature set to 350˚ C. Skim 1 was optimized to 25 V, skim 2 was set at 5 V, 

capillary exit offset at 50 V, octopole 1 at 2.5, octopole ∆ at 2.4, octopole RF at 150, lens 
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1 at -60, lens 2 at -5, and the trap drive level at 35. Multiple reaction monitoring (MRM) 

mode was set to scan for the sodiated molecular ion [M+Na]
+
 at 334. The separation was 

performed on a Phenomenex Kinetix C18 2.6u 100Å column, 100 × 4.6 mm i.d. 

(Phenomenex Inc., Torrance, CA) with the column oven set at 25˚ C. The mobile phase 

consisted of 0.1% formic acid in water (v/v) (Solvent A) and 0.1% formic acid 

acetonitrile (Solvent B). The solvent flow rate was 1.0 mL/min with a post-column 

splitter attached to decrease the solvent flow rate by a factor of 3:1 prior to entering the 

MSD. Separation was achieved with the following gradient: 5% B at 0 min, 5% B at 5 

min, 10% B at 10 min, 15% B at 20 min, 100% B at 25min, 100% B at 30 min, 5% B at 

35 min, with a ten minute flush period at 100% B for all S. bicolor samples, and a ten 

minute post-run equilibration period at 5% B for both S. bicolor samples and standards. 

The injection volume was 7 µL for all samples. All standards were injected in triplicate at 

the beginning, midpoint and end of the run. Dhurrin was detected at 230 nm and 4-

cyanophenol was detected at 245 nm. 

 

3.1.2.4. Data analysis 

ChemStation software (Agilent Technologies, Rev. A.09.01 [1206]) was used for data 

acquisition and processing. Nine standards in triplicate were used in the calibration 

curves, which were generated using Excel (Microsoft, Version 14.0.6123.5001). The 

peak areas of dhurrin were plotted versus the known dhurrin concentrations for the 

external calibration curve, while the ratios of dhurrin to internal standard 4-cyanophenol 

were plotted versus the known dhurrin concentrations for the internal calibration curve. 
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Dhurrin concentration was calculated using linear regression for the external calibration 

method and using a relative response factor (RRF) for the internal calibration method. 

 

RRF = responsestd x Ci.s. / responsei.s. x Cstd 

Cx = responsex x Ci.s.(sample) / RRFmean x responsei.s.(sample) 

 

3.1.3. Results and discussion 

Aqueous methanol (typically 50-90%) is the most common solvent used for dhurrin 

extraction (6, 11) and analysis (8, 13). Degradation of dhurrin to the hydrolysis product, 

p-hydroxybenzaldehyde was observed during an initial study examining dhurrin content 

of sorghum leaves in aqueous MeOH with an approximate pH of 7. Therefore, a 

preliminary study was carried out to investigate the effect of various solvents on dhurrin 

extraction efficiency while minimizing dhurrin hydrolysis (data not shown). Acetone, 

DMSO, and ethanol were eliminated due to a high extinction coefficient, hygroscopicity, 

and low yield, respectively. 0.1M H3PO4 and 100% MeOH were found to give the highest 

yield, however the peak shape of the 100% MeOH extract was very poor and would have 

required dilution with a more polar solvent prior to analysis. As such, 0.1M H3PO4 was 

selected as an extraction solvent to save time and to decrease the possibility of error from 

introducing an additional dilution step. Dhurrin standard was found to be stable in 0.1M 

H3PO4 at 4˚ C for a period of at least two months (data not shown). 

 

Due to the prohibitive cost of dhurrin, an internal standard was utilized to eliminate the 

need for an external standard. 4-cyanophenol was chosen as an internal standard because 
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of its similarity in structure to the dhurrin chromophore; the fact that it does not occur 

naturally in sorghum; the lack of a co-eluting compound in the sample matrix; and its 

relatively inexpensive cost. The data showed excellent correlation between the two 

calibration techniques, using each method to calculate the known concentration of each 

standard using the recorded response (Fig. 3-2). 

  



77 

 

 

 

  

 

Fig. 3-2. Calibration curves for dhurrin using (A) external and (B) internal methods; and 

(C) correlation between external and internal methods. 
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The dhurrin content in the three different field samples was determined to be 27.84±0.83 

mg g
-1

 with the RSD at 2.98% (n=3) (Fig. 3-3). This number is much higher than 

reported in the literature (8), and in comparison with other varieties of S. bicolor analyzed 

with this method (Table 3-1). This is likely due to the accession of S. bicolor used. The 

varieties of S. bicolor used in agriculture would typically be selected for low dhurrin 

content in order to minimize any potential harm caused to animals, while the accession 

used in this study was selected for its antisickling activity. An additional contributing 

factor to the high dhurrin levels determined in this accession could be the growing 

conditions of these particular samples. Dhurrin was not detected by either UV or MS 

analysis in the S. bicolor leaf botanical drug extract, as expected due to the alkaline pH of 

the extraction conditions (Fig. 3-4).  
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Fig. 3-3. Chromatograms of dhurrin in the 0.1 M H3PO4 extract. (A) UV (245 nm) 

chromatogram of dhurrin and the internal standard 4-cyanophenol; (B) extracted ion 

chromatogram of the sodiated molecular ion [M+Na]
+
 at 334 m/z; and (C) compound 

mass spectrum showing the sodiated molecular ion [M+Na]
+
 at 334 m/z with the sodiated 

fragment ions [M+Na-HCN]
+
 at 307 m/z and [Glu+Na-H2O]

+
 at 185 m/z. 
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Table 3-1. Dhurrin content in 20 samples of Sorghum bicolor leaf.  

Sample Dhurrin (mg/g dry weight) RSD (n=3) 

UC-KEA-124 1.84±0.11 5.99% 

UC-KEA-107 2.06±0.05 2.54% 

UC-KEA-127 2.05±0.06 3.10% 

UC-KEA-111 2.09±0.08 3.90% 

UC-KEA-137 2.11±0.05 2.14% 

UC-KEA-128 2.42±0.02 0.94% 

UC-KEA-116 2.52±0.06 2.53% 

UC-KEA-105 4.34±0.17 4.02% 

UC-KEA-132 4.73±0.08 1.73% 

UC-KEA-121 4.96±0.16 3.32% 

UC-KEA-138 5.04±0.10 1.97% 

UC-KEA-136 5.77±0.21 3.56% 

UC-KEA-117 6.28±0.13 2.10% 

UC-KEA-110 8.06±0.40 4.96% 

UC-KEA-112 8.50±0.15 1.72% 

UC-KEA-113 8.77±0.36 4.10% 

UC-KEA-114 9.45±0.40 4.21% 

UC-KEA-119 9.47±0.47 4.98% 

UC-KEA-120 10.44±0.11 1.09% 

UC-KEA-115 10.46±0.36 3.47% 
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Fig. 3-4. Chromatograms screening for dhurrin in the phytomedicine. (A) Extracted ion 

chromatogram of [M+Na]=334, showing no detectable dhurrin in the phytomedicine; (B) 

UV (230 nm) chromatogram showing no detectable dhurrin; and (C) UV (230 nm) 

chromatogram showing dhurrin (0.12 mg mL
-1

)  present in a matrix spike sample. 
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Recovery was tested with two replicates of a matrix spike sample in two final 

concentrations equal to approximately 50% and 150% of the nominal concentration of 

dhurrin in the oven-dried field samples (Table 3-2). Only two replicates of each 

concentration were used due to the cost of dhurrin standard. 

 

 

Table 3-2. Recovery of dhurrin in the matrix spike extract 

 

spiked dhurrin % recovery
a
 

0.4 mg 92.5±5.4 

1.2 mg 96.0±0.1 

a 
n=2 

 

 

The limit of detection or LOD (the concentration that gave a signal-to-noise ratio greater 

than 3:1) was determined visually for MS analysis and was determined for UV analysis 

by the equation 3σ/S where σ is the standard deviation of the peak area and S is the slope 

of the calibration curve. The LOD is 0.50 µg mL
-1

 using MS analysis and 1.32 µg mL
-1

 

using UV analysis.  

 

The limit of quantitation or LOQ (the concentration that gave a signal-to-noise ratio 

greater than 10:1) was determined for UV analysis by the equation 10σ/S where σ is the 
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standard deviation of the peak area and S is the slope of the calibration curve. The LOQ 

is 4.39 µg mL
-1

 using UV analysis. 

 

3.2. Cyanide screening 

3.2.1. Introduction 

The breakdown products of dhurrin are cyanide, glucose and p-hydroxybenzaldehyde 

(Fig. 3-5).  

 

 

Fig. 3-5. Hydrolysis of dhurrin (11). 

 

Because the preparation of the Sorghum bicolor phytopharmaceutical extract is under 

alkaline conditions that result in rapid degradation, an analytical method for sodium 

cyanide analysis using inorganic anion derivatization and gas chromatography with 

detection by mass spectrometry was employed. Using a method modified from the 

literature (14), derivatization was conducted between a solid and liquid phase using 

pentafluorobenzyl p-toluenesulphonate (PFB-Tos) as the derivatizing reagent and crown 

ethers as the phase transfer catalysts. 
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3.2.2. Materials and methods 

3.2.2.1. Standards 

0.1 mmol sodium cyanide (NaCN) (standard obtained from Sigma-Aldrich (CAS 

Registry No. 143-33-9) with 98% purity); 10 mL of 10 mM pentafluorobenzyl p-

toluenesulphonate (PFB-Tos) (standard obtained from TCI America (CAS Registry No. 

32974-36-0) with 98% purity); and 2 mL of a 50 mM crown ether solution [15-crown-5-

ether (CAS Registry No. 33100-27-5) with 98% purity and 18-crown-6-ether (CAS 

Registry No. 17455-13-9) with 99% purity phase transfer catalysts were purchased from 

Sigma Aldrich] were sonicated in an amber glass vial for 90 minutes. This standard was 

centrifuged and then diluted 1:10, 1:50, 1:100, 1:500, 1:1000, 1:2500 and 1:3000 prior to 

analysis. 

 

3.2.2.2. Plant samples 

S. bicolor phytopharmaceutical extract prepared according to the method in section 

2.1.2.1 with in vitro activity was analyzed. 500 mg of the phytopharmaceutical, 10 mL of 

10 mM PFB-Tos, and 2 mL of 50 mM crown ether solution were sonicated in an amber 

glass vial for 90 minutes. This standard was centrifuged and then diluted 1:10 prior to 

analysis. 

 

As a matrix spike, 0.1 mmol NaCN, 500 mg of S. bicolor phytopharmaceutical extract, 

10 mL of 10 mM PFB-Tos, and 2 mL of 50 mM crown ether solution were sonicated in 

an amber glass vial for 90 minutes. This standard was centrifuged and then diluted 1:10, 

1:50, 1:100, 1:500, 1:1000 and 1:1500 prior to analysis. 
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3.2.2.3. GC/MS Analysis 

Samples were analyzed using an Agilent 6890 Series GC-MSD system. The separation 

was performed on an Alltech AT-5ms column, 30 m × 0.25 mm i.d. with a film thickness 

of 0.25 µ (Nicholasville, KY). The initial temperature was set at 45 ˚C with a 1.5 min 

hold, which was increased to 280 ˚C at a rate of 10 ˚C/min. The injection port 

temperature was set at 250 ˚C and was operated in splitless mode. The transfer line 

temperature was set at 300 ˚C and the ionization energy of electron-impact ionization 

(EI) was 70 eV. The injection volume was 7 µL for all samples. All standards were 

injected in triplicate. 

 

3.2.2.4. Data analysis 

ChemStation software (Agilent Technologies, G1701CA version C.00.00) was used for 

data acquisition and data processing.  

  

3.2.3. Results and discussion 

The matrix spike sample showed a slightly higher limit of detection or LOD (the 

concentration that gave a signal-to-noise ratio greater than 3:1) than the standard 

calibration curve.  The LOD of the matrix spike samples was determined to be 0.28 µg 

mL
-1

 using MS analysis and was determined visually by examining the ratio of the 

molecular ion to background ions in full scan mode. The LOD of the standard samples 

was determined to be 0.14 µg mL
-1

 using MS analysis. Since both the matrix spike and 

the phytomedicine samples showed a large peak corresponding to unreacted PFB-Tos, the 
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discrepancy in LODs is likely due to the presence of excess salts from the botanical 

extract binding to the crown ether phase transfer catalysts in the matrix spike samples. 

 

If cyanide was present in the phytopharmaceutical in an equimolar amount to the dhurrin 

calculated in the raw botanical in section 2.3, it would be expected to have a 

concentration of about 100 µg mL
-1

 in the sample analyzed. No cyanide was detected in 

the S. bicolor phytopharmaceutical extract by derivatization and inorganic anion analysis 

with an LOD of 0.28 µg mL
-1

 (Fig. 3-6). This may be due to the slow oxidation of 

cyanide in aqueous solution to form cyanates and then carbonates (15). 
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Fig. 3-6. MS chromatograms screening for cyanide derivatized with PFB-Tos in the 

phytomedicine. (A) total ion chromatogram showing no derivatized cyanide in the 

phytomedicine; (B) total ion chromatogram showing derivatized cyanide present in a 

matrix spike sample (4.2 µg mL
-1

); and (C) compound mass spectrum showing the 

molecular ion M
+
 at 207 m/z with the fragment ion [M-CN]

+
 at 181 m/z. 

 

A 

B 

C 



88 

 

 

3.3. References 

 
1. Vetter, J. Plant cyanogenic glycosides. Toxicon 2000, 38, 11-36.  

 

2. Kojima, M.; Poulton, J. E.; Thayer, S. S.; Conn, E. E. Tissue distributions of 

dhurrin and of enzymes involved in its metabolism in leaves of Sorghum bicolor. 

Plant Physiology 1979, 63, 1022–1028.  

 
3. Nahrstedt, A.; Limmer, S. Dhurrin, the cyanogenic glucoside of Cercocarpus 

ledifolius. Phytochemistry 1982, 21, 2738–2740. 

 

4. Jones, D. A. Why are so many food plants cyanogenic? Phytochemistry 1998, 47, 

155-162.  

 
5. Tattersall, D. B.; Bak, S.; Jones, P. R.; Olsen, C. E.; Nielsen, J. K.; Hansen, M. L.; 

Høj, P. B.; Møller, B. L. Resistance to an herbivore through engineered 

cyanogenic glucoside synthesis. Science 2001, 293, 1826–1828.  

 
6. Busk, P. K.; Møller, B. L. Dhurrin synthesis in sorghum is regulated at the 

transcriptional level and induced by nitrogen fertilization in older plants. Plant 

Physiology 2002, 129, 1222-1231.  

 
7. Martin, J. H.; Couch, J. F.; Briese, R. R. Hydrocyanic acid content of different 

parts of the sorghum plant. Journal of the American Society of Agronomy 1938, 

30, 725-734.  

 
8. De Nicola, G. R.; Leoni, O.; Malaguti, L.; Bernardi, R.; Lazzeri, L. A simple 

analytical method for dhurrin content evaluation in cyanogenic plants for their 

utilization in fodder and biofumigation. Journal of Agricultural and Food 

Chemistry 2011, 59, 8065–8069.  

 
9. Akazawa, T.; Miljanich, P.; Conn, E. E. Studies on cyanogenic glycosides of 

Sorghum vulgare. Plant Physiology 1960, 35, 535-538. 

 
10. Mao, C. H.; Anderson, L. Cyanogenesis in Sorghum vulgare—III. Partial 

purification and characterization of two β-glucosidases from sorghum tissues. 

Phytochemistry 1967, 6, 473-483. 

 
11. Johansen, H.; Rasmussen, L. H.; Olsen, C. E.; Bruun Hansen, H. C. Rate of 

hydrolysis and degradation of the cyanogenic glycoside–dhurrin–in soil. 

Chemosphere 2007, 67, 259–266.  

 



89 

 

 

12. Seigler, D. S. Isolation and characterization of naturally occurring cyanogenic 

compounds. Phytochemistry 1975, 14, 9-29. 

 
13. Gleadow, R. M.; Møldrup, M. E.; O’Donnell, N. H.; Stuart, P. N. Drying and 

processing protocols affect the quantification of cyanogenic glucosides in forage 

sorghum. J Sci Food Agric 2012, 92, 2234-2238. 

 
14. Sakayanagi, M.; Yamada, Y.; Sakabe, C.; Watanabe, K.; Harigaya, Y. 

Identification of inorganic anions by gas chromatography/mass spectrometry. 

Forensic Science International 2006, 157, 134–143. 

 
15. Nishioka, H.; Nishikawa, M.; Katagi, M.; Tsuchihashi, H.; Muraoka, O. 

Mechanistic studies on the decomposition of sodium cyanide in aqueous solution 

and in the solid state. Forensic Science International 2005, 153, 125–131. 

 
 



90 

 

 

Chapter 4. Conclusion 
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4.1. Summary 

The goal of this project was to determine the constituents of a phytomedicine derived 

from Sorghum bicolor leaf with antisickling activity, to ensure botanical product 

consistency, and to develop quality control approaches for both the phytomedicine and 

raw botanical materials. Chemical profiling lead to the identification of various phenolic 

acids and p-hydroxybenzaldehyde as the major constituents in the bioactive 

phytomedicine. Aldehydes and phenolic acids have been previously reported as 

hemoglobin modifiers (1, 2). The identification of these compounds along with the ratios 

in which they are found within this particular genetic sorghum line from which this study 

was based can serve as an entry point in establishing a chemical fingerprint for the 

phytomedicine. While the current data produced by this work, which was in collaboration 

with the Dr. Toshio Asakura lab at the Children’s Hospital of Philadelphia, suggests that 

these compounds may not be the components responsible for the activity in this 

preparation, future studies will need to continue to examine the chemical profile of those 

samples that exhibit the highest antisickling activity.  

 

To further develop the quality control program, an LC/MS chemical fingerprint of the 

active materials was additionally defined using 100% EtOH as a stronger extraction 

solvent for the purpose of raw botanical authentication. Besides the p-

hydroxybenzaldehyde found in the 3% NaHCO3 extract, flavonoids were also found to be 

the major compounds in the 100% EtOH extract and will be used as markers for quality 

control of raw materials. The identified flavonoids are apigenin, luteolin, and luteolin 7-

O-glucoside, the structures of which were isolated by chromatographic purification and 
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elucidated by UV, MS, and NMR spectrometric methods. Dhurrin, which is 

comparatively much more rare in the plant kingdom, appears to be an excellent chemical 

marker for authenticating S. bicolor leaf. Yet, it is also noted that in commercial sorghum 

and in hybrids today the dhurrin content should be comparatively lower than in the 

selected accession used in this research. The presence of dhurrin in combination with the 

identified phenolic acids and flavonoids provides a strengthened fingerprint for 

authentication of the raw botanical at physiological maturity. Additional compounds may 

be responsible for the antisickling activity of S. bicolor leaf. 

 

A new analytical method was developed to screen the phytomedicine for the presence of  

the toxic cyanogenic glycoside dhurrin. This method takes advantage of the enhanced 

stability of dhurrin at low pH levels, minimizing breakdown which could otherwise lead 

to the underestimation of dhurrin content. The method utilizes 4-cyanophenol as an 

internal standard to avoid the costs associated with using dhurrin as an external standard 

over time, and involves little sample preparation beyond sonication and subsequent 

filtration through a syringe filter. Additionally, a complementary method for cyanide 

detection using derivatization and inorganic analysis was utilized as a follow-up study to 

ensure the antisickling extract is free of this toxic compound. No dhurrin or cyanide was 

found in the S. bicolor leaf phytomedicine.  

 

4.2. Future directions 

To develop a robust and reliable chemical fingerprint for S. bicolor leaf with high 

antisickling activity, further optimization of sample preparation methods for the drug 
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product to be used in pre-clinical and clinical studies is needed. Extraction conditions, 

such as processing time and temperature, need to be well optimized in detail. A stability 

study of the active extract should also be completed to determine the shelf-life and proper 

storage conditions. This information can be used to guide the scale-up of S. bicolor leaf 

extract for commercial production. Additionally, the chemical fingerprint of the raw 

botanical should be examined across different years of growth, environmental locations, 

and growing conditions.  

 

The loss of activity that occurred during fractionation (Section 2.2.3) may be in part 

related to a loss of synergistic interactions between multiple compounds in the active 

extract. Alternatively, some of the inactive samples may not be fully soluble in the 

primarily aqueous buffer used in the bioassay. It can also be hypothesized that some 

potential bioactives, such as the known antisickling compound cyanate, may not be 

chromatographically resolved by reverse-phase HPLC with a standard C18 column 

and/or may otherwise be difficult to detect by routine LC/MS analysis. The next step for 

future work is to test a combination of the identified marker compounds for activity. 

Future studies may also include a synergy-guided fractionation (3). If the activity is not 

the result of a synergistic mechanism, a quality control method for the identification of 

compounds present in the bioactive 3% NaHCO3 extract of S. bicolor leaf, but either not 

resolvable by the current HPLC method or not detectable by the current LC/MS method, 

needs to be developed in order to improve standardization of the bioactive extract. 

Appropriate methods to detect, identify, and monitor non-chromophores in the bioactive 

extract may include HPLC with an evaporative light scattering detector (HPLC-ELSD) 
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and derivatization with GC or LC/MS analysis. Further phytochemical studies can be 

conducted with the in vitro bioassay to determine the bioactive compound(s) using 

information from non-LC/MS analytical techniques to look for non-chromophores that 

may have been excluded or degraded during the fractionation.        

 

The alkaline extract of S. bicolor leaf has shown unusually strong antisickling activity 

and has the potential to offer relief to sufferers of sickle cell disease in the United States 

and worldwide.  The botanical authentication of such a medicinal plant product coupled 

with optimal growing conditions and a rigorous quality control procedure could aid in the 

commercialization of a phytomedicine for the treatment of sickle cell disease. 
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