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1. Introduction 

Plasma proteins and their binding mechanism to various drugs have a vital implication 

for drug action and disposition. Plasma protein binding property strongly affects the 

drug distribution pharmacokinetic properties, which leads to all pharmacological action. 

The effect of a drug depends on the available of plasma that is in a free state in plasma 

for binding to receptor sites and employ pharmacological action. Most of the drugs bind 

reversibly to the plasma proteins. As a result, drugs are transported, in plasma in an 

aqueous state, either in free, dissolved state or in complex form proteins (Otagiri et al., 

2009). Hence the binding capacity of drugs to proteins is an important factor, which 

determines and helps us to understand the pharmacodynamics and pharmacokinetics 

effects of drugs. Among the plasma proteins, considerable efforts are focused towards 

understanding the drug binding mechanisms to human serum albumin (HSA) as most of 

the drugs bind to it and to an extent with the second crucial protein α-1-acid 

glycoprotein (AGP) which is an acute phase protein, which plays an important role in 

clinical therapy (Israili & Dayton 2001; Bailey & Briggs 2004). 

1.1.  Albumins 

Blood, the major constituent of the human circulatory system, is a specialized body fluid 

that delivers necessary substances like nutrients, oxygen to cells and transports away 

waste products. Blood accounts for 5% of the total body weight and its components are 

plasma, cells like red blood cells, white blood cells, and platelets. Plasma accounts for 

55% of human blood composition in which it contains 92% water, 7% plasma proteins, 

1% other solutes such as inorganic ions and trace amounts of other materials. Plasma 

devoid of clotting factors is called serum (Anderson & Anderson 1977). Total serum 

protein in blood is 7g/dl which accounts for 7% of total blood volume. Albumin 

comprises of 60% of the total plasma protein. Numerous types of albumins are present 

and most familiar examples are ovalbumin found in egg white, and HSA. The protein 

comprises is globular and water soluble.  
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1.1. A. Protein under study: human serum albumin 

In human blood plasma, HSA is the most abundant protein, present at a concentration of 

~7 × 10
-4

 M. It is synthesized in the liver. The chromosome 4 is where the gene for 

albumin is located with 16,961 nucleotides long. This protein contains one polypeptide 

chain of 609 amino acids in the case of immature protein, i.e. synthesized in the liver as 

pre pro-albumin. This nascent protein is then transported to endoplasmic reticulum 

where approximately 24 amino acids long signal peptide chain at the N-terminal end is 

spliced off to give rise to pro-albumin, which is further transported to Golgi vesicles 

and secreted as albumin of 585 amino acids, having half-life of approximately 20 days 

(Anderson & Anderson 1977; He & Carter 1992; Sugio  et  a l . ,  1999). Since, 

HSA, abundant blood plasma protein; the binding efficacy of this protein towards 

various drug entities plays a critical role in studying pharmacokinetic and 

pharmacodynamics of drugs. Besides, transporting various hormones, exogenous drug 

molecules HSA also possess antioxidant activity, further, it also maintains osmotic 

pressure, pH of blood vessels, sequestering metal ions, and scavenge free radicles from 

the plasma (Kragh-Hansen et al., 1981). HSA has a molecular weight of 67 KDa with a 

serum half-life of 20 days. It is a well-known point that HSA has a robust affinity to a 

wide range of materials, including metals such as Cu2+and Zn2+, fatty acids, amino 

acids, metabolites (e.g. bilirubin) and for many drug compounds (Sugio e t  a l . ,  1999). 

1.1.B. Structural insights of HSA 

HSA, non-glycosylated single chained polypeptide with a molecular mass of 66-kD 

mass, which organizes to form a heart-shaped protein with approximately 67% α-helical 

(He & Carter 1992; Curry et al., 1998; Curry et al., 1999; Sugio et al., 1999; 

Bhattacharya et al.,  2000; Petitpas et al., 2001; Ghuman et al., 2005). HSA is a widely 

studied protein because its primary structure is well known and its tertiary structure has 

been determined by X-ray crystallography (Carter et al., 1989; He & Carter 1992). HSA 

is helical protein assemble asymmetrically, with approximate dimensions of 80-80-30 Å. 

It possesses three domains, I (residues1-195), II (196-383) and III (384-585), seven 

water molecules and the whole structure is stabilized by a conserved set 17 disulfide 

bridges, one free thiol group (Cys34) and a Tryptophan residue (Trp214). Due to the 

presence of 17 disulfide bridges, the tertiary structure of HSA engraves nine loops that 

were centered by eight sequential Cys-Cys pairs. This structural feature of S-S bonds 
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was also observed in sheep, frog, salmon, mouse, pig, bovine and human, suggesting 

that the protein was evolved from a common ancestor of approximately 190 amino acid 

sequences (Fig.1.1). Further this protein also acquires thermal stability due to the 

presence of 17 disulfide bridges (Sudlow et al., 1975; Sudlow et al., 1976) studied the 

structure of HSA by probing fluorescence methods and found two major binding sites 

having high affinity with most drugs, which they named as site I and site II. An electron 

density corresponding to residues 1-4 and residues 583-585 of the HSA molecule is not 

clearly observed, probably due to the conformational flexibility at both termini (Fig.1.2) 

(Sugio et al.,1999). X-ray crystallographic studies reveal that its alpha-helical region is 

divided into three domains I (residue 1-195), II (residue 196-383), III (residue 384-585); 

each domain is further divided into two sub-domains A and B (Lichenstein et al., 1994; 

Sugio et al., 1999). Aromatic and heterocyclic ligands have been found to bind within 

two hydrophobic pockets in sub-domains IIA and IIIA, a namely site I and site II (Peters 

Jr et al., 1996). Subdomain I and II are almost perpendicular to each other, between 

subdomain IA and IB by hydrophobic and hydrogen bond interaction IIA being 

connected at the interface region. Domain III interacts only with subdomain IIB, 

forming a Y-shaped assembly with domains II and III. A big channel created by 

subdomains IB, IIIA and IIIB separates domains I and III which are connected only by 

few contacts. Fatty acids have seven binding sites and are localized in sub-domains IB, 

IIIA and IIIB, and on the subdomain interfaces. At the N-terminus end, HSA has a high 

affinity for metal binding. Digitoxin site has been recognized more recently and is 

consider as a third specific drug-binding site (Curry et al., 2009; Zsila et al., 2013). This 

binding pocket, located in subdomain IB, has been described as the primary binding site 

of various compounds such as lidocaine, hemin and fusidic acid (Zunszain et al., 2008). 

\ 
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Fig.1.1. Schematic drawing of secondary structural elements and disulfide bridges of HSA. Helices 

are represented by rectangles, and loops and turns by thin lines. Disulfide bridges are drawn with 

thick lines (Adapted from Sugio et al.,1999). 

 

Fig.1.2. HSA with its sub-domains IA, IIA, IB, IIB, IIIA, IIIB. Each sub-domain is marked with a 

different color (yellow for sub-domain IA; green, IB; red, IIA; magenta, IIB; blue, IIIA; and cyan, IIIB). 

N-and C-termini is marked as N and C, respectively. Arg117, Lys351, and Lys475, which may be binding 

sites for long-chain fatty acids, are colored white.Adapted from (Sugio et al.,1999).
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1.1.C. Modes of Ligand Binding 

Several studies suggest that the extraordinary ligand binding with HSA reflect its 

multidomain organization. Indeed, although monomeric, HSA functional properties are 

similar of those of multimeric proteins. Binding of nonsteroidal anti-inflammatory 

drugs (NSAIDs) and serum albumin are stereoselective with different degrees 

depending on the properties of the drug (ibuprofen, indoprofen, carprofen, etodolac, 

ketoprofen, and flurbiprofen). For other drugs, they are bound to a similar extent 

(pirprofen and fenoprofen). This stereoselective nature of HSA could vary with the 

various experimental conditions, such as protein or drug concentration (ketoprofen, 

etodolac) (Chuang & Otagiri 2006). Binding of several exogenous (e.g., therapeutic and 

diagnostic agents) and endogenous (e.g. heme and FAs) ligands to HSA. Usually, drug 

binds to one or very few high-affinity sites with typical association constant in the 

range of 10
3
-10

6
M

-1
. The binding can affect the metabolic fate and clearance and 

ultimately decides its bioavailability. Binding with HSA helps insolubilizing 

compounds, otherwise gets aggregated and resulting in poor distribution (Chuang & 

Otagiri 2006). Two mechanisms have been proposed for the covalent interactions 

between drug and HSA (Fasano et al., 2005) .  

1.1.D. Extra Corporeal Clearance 

Albumin can be used to clear the endogenous toxin from the body. Liver failure and 

renal failure associated with jaundice and excretory insufficiency usually result in 

accumulation of various endogenous toxins which, in turn, have been shown to induce 

hepatocellular apoptosis and necrosis and thereby create a vicious cycle of the disease. 

The toxin that contributes substantially to the development of multiorgan dysfunction 

such as cardiovascular, kidney, and cerebral impairment, are albumin-binding 

compounds such as bilirubin, bile acids, and uremic toxins. During clinical situation, 

hemodialysis is done to remove the toxin from patients. By passing blood through 

columns with immobilized albumin endotoxins such as lipopolysaccharides and 

cytokines, and possibly other toxins can be removed (Kragh-Hansen et al., 2002). 

1.1. E. Enzymatic Properties of HSA 

In some cases, enzymatic activity results due to the interaction between a small 

molecule and albumin. Thus albumin has an enolase activity towards 
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dihydrotestosterone, and the active-site for this property has been assigned to the amino-

terminal end of the molecule Drmanovic et al., 1998) . HSA is also able to act as a 

thioesterase because it has a free sulfhydryl group at 34 Cys. The protein can degrade 

disulfiram (antabuse), a clinically important process ( Agarwal et al., 1986) . HSA can 

catalyze dehydration of prostaglandin D2 (Fitzpatrick & Wynalda 1983), dehydration 

and subsequent isomerization of 15-ketoprostaglandin E2 (Yang e t  a l . ,  2002). Amino 

acid residues of the site I can also degrade at sulbenicillin, with the R-isomer being 

degraded much faster than the S-isomer (Kragh-Hansen et al., 2002).Thus the 

enzymatic properties of HSA can,  best stereospecific, like the ligand binding properties. 

Among other possible catalytic properties of sub-domain IIA is an esterase reaction, 

which results in the transfer of the acetyl group from acetylsalicylic acid to Lys199 

( Walker e t  a l . ,  1976) . 

Sub-domain IIIA of HSA possesses a well-known esterase-like activity towards 

substrates such as p-nitrophenyl acetate (Means & Bender 1975) and several N-

carbobenzoxy-D(L)-alanine-nitrophenyl esters (Kurono et al., 1992). Residues in sub-

domain IIIA of HSA are also able to detoxify cyanide by reaction with elemental sulfur 

to form thiocyanate ( Jarabak & Westley 1989) . The esterase-like activity of HSA in 

sub-domain IIIA is due to the close proximity of Arg410 and Tyr411. From the 

pharmaceutical and clinical points of view, it is interesting that the esterase-like activity 

of HSA can be used to activate prodrugs. Human plasma converts inactive olmesartan 

medoxomil to active olmesartan by hydrolysis, with a half-life of a few seconds (Ma et  

a l . ,  2005). In addition, both serum and cytosolic HSA possesses an intrinsic enolase 

activity, converting the 3-keto form of dihydrotestosterone to the 3-enol form, which is 

much lower in cytosol from malignant tumors. Lower albumin concentration and partly 

polymerization or binding of the protein to other intracellular proteins may reduce the 

activity. 

1.1.F. Binding sites on HSA for endogenous and exogenous compounds 

HSA has few sites for high-affinity the interaction with drug molecule often influences 

the simultaneous binding of other drugs. Alterations in binding may lead to a difference 

in the pharmacokinetic properties. HSA globular domain structural organization 

provides multiple binding sites for various ligands and thus makes it an important 

determinant of pharmacokinetic behavior of several ligands (Fig.1.3). 
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Usually, drugs bind to one or very few high-affinity sites with typical association 

constants in the range of 10
3

- 10
6

M
-1

(Varshney e t  a l . , 2010). HSA interacts reversibly 

with a broad spectrum of therapeutic agents. The binding can ultimately decide its 

bioavailability and it affects the metabolic fate and clearance. Albumin binding helps 

insolubilizing compounds, otherwise get aggregated and results in a poor distribution. 

Drugs with an excessively high affinity for HSA are distributed slowly to sites of action 

and may not be efficiently eliminated (Ghuman et al., 2005). 

The crystallographic analysis gives a good information of various complexes of 

HSA with a range of drugs reveals the accurate architecture of two drug binding sites1,2 

situated in subdomain IIA and IIIA on the HSA, along with numerous secondary sites. 

Residues which are the key determinants of binding specificity, flexible accommodation 

were identified. Overall, HSA plays vital role in various physiological functions in the 

transport and distribution of many endogenous molecules i:e fatty acids, bilirubin and 

thyroxine (Curry e t  a l . , 1999; Bhattacharya e t  a l . , 2000; Zunszain e t  a l . , 2008) and 

various exogenous drug molecules like warfarin, ibuprofen, digitoxin and quinidine 

with binding constants of 3.3×10
-5

, 2.6×10
-6

, 0.4×10
-5

, and 1.6×10
-3

M, respectively 

(Table.1). 
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Fig.1.3. Summary of the ligand binding capacity of HSA as defined by crystallographic studies to date. 

Ligands are depicted in space-filling representation; oxygen atoms are colored red; all other atoms in 

fatty acids (Myristic acid), other endogenous ligands (Adapted from Ghuman e t  a l . , 2005). 

 

 

Fig.1.4. Crystal structure of HSA. The subdivision of HSA into the domain (I – III) and subdomains are 

indicated, and approximate locations of Sudlow’s site I and site II are shown (Chuang & Otagiri 2006). 
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1.1.G. Binding of drugs to HSA 

Binding to HSA controls the free, active concentration of a drug, provides a reservoir for 

a long duration of action, and ultimately affects drug absorption, metabolism, 

distribution, and excretion. The free concentration of a drug can also be affected by 

interaction with co-administered drugs or by pathological conditions that can modify to 

a significant extent to the binding properties of the carrier, resulting in important clinical 

impacts for drugs that have a relatively narrow therapeutic index. 

The clinical consequences of drug-albumin interactions are now well 

understood. Dosage schedules that have been empirically devised for highly albumin-

bound drugs are based on normal concentrations and drug-binding behavior of albumin. 

HSA has a limited number of binding sites for endogenous and exogenous ligands, so 

that drug binding to the protein may be affected by a variety of factors. The effects on 

the pharmacokinetics of drug-drug competition for the same sites on HSA are generally 

held to be of little clinical importance. Physiological or disease states that cause 

variations in the plasma levels of albumin or its primary endogenous ligands can 

influence drug binding and may require dosages to be closely monitored. Added to this, 

genetic polymorphisms in HSA can also alter drug binding and may further complicate 

the clinical picture. To understand the molecular basis of these effects, structural 

information is required to fully delineate the binding sites for drugs and endogenous 

ligands. Such information will also be invaluable to efforts to exploit the carrier 

properties of HSA in the development of novel therapeutic reagents for drug targeting or 

oxygen transport. Structural studies have mapped the locations of the fatty acid binding 

sites and the primary drug binding sites on the protein. 

The fatty acid binding sites are distributed throughout the protein and involve all 

six sub-domains; by contrast, many drugs bind to one of the two primary binding sites 

on the protein, known as Sudlow’s sites I and II (Fig.1.4). Although examples of drugs 

binding elsewhere on the protein have been documented, most work has focused on the 

primary drug sites. These investigations have largely employed competitive binding 

methods to investigate the selectivity of the primary drug binding sites. 
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1.1H. Details of the three sites on HSA for drug binding 

1.1.H.i. Drug site1 (Sub-domain IIA) 

 It was determined from the crystal structure of HSA that site I is formed as a 

hydrophobic pocket at subdomain IIA. In which the lone Tryptophan residue (Trp214) 

of the protein play a major role drug binding. The inside wall of this large pocket is 

made up of hydrophobic side chains, whereas the entrance to the pocket is surrounded 

by positively charged residues. In this sub-domain, Lys 199, His 242, and Arg 257 

binds sterically and electrostatically with ligands. The hydrophobic end of the IIA 

cavity is truncated relative to IIIA by the presence of bulkier hydrophobic side chains. 

Moreover, helix h1 in IIA is displaced outward and presents a very hydrophilic surface 

toward the cavity (Curry e t  a l . ,  1998). This site must be large because large ligands 

like bilirubin can bound easily within it. It is also very flexible because ligands with 

very varied chemical structures bind with higher affinity. Thus, a site I appear to be 

capacious and flexible. Mutual interactions between bound ligands have been observed, 

that is due to the conformational changes in the protein molecule called allosteric 

effects or anti-cooperativity. But several studies suggest that site I may not be the 

proper site for stereoselective binding with HSA and warfarin. Also binding of fatty 

acids with HSA induce a conformational change in the domain I and III relative to 

domain II (Chuang & Otagiri 2006). 

1.1.H.ii. Drug site2 (Sub-domain IIIA) 

Site II i.e. subdomain IIIA contains a hydrophobic, branched, T-shaped cavity.  This 

cavity has two hydrophilic entrances which are separated by approximately 10Å and 

the residues each interacts with the carboxylic group of the drug molecules. This 

binding pocket shares two hydrogen bonds. The first one is formed by Ser 342, located 

in the II and III domain interface and Arg 348 from IIB and by Arg 485 from  IIIA sun-

domain. The another one is formed by Arg 410, Tyr 411, and Ser 489 in subdomain 

IIIA. In this subdomain, Arg 410 and Tyr 411 help in the binding with various drug 

molecules. In the case of ligands binding to this site (also named as Sudlow site II), 

aromatic carboxylic acids binds to it where the acidic group located away from a 

hydrophobic center (e.g., NSAIDs). As no large ligands apparently bind to site II, it 

appears to be smaller, more narrow, than site I. It also appears to be less flexible, as the 

binding with ligand is strongly affected by stereoselectivity approved by some research 

experiments (Kragh-Hansen et al., 2002). 
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Fig.1.5. Subdomain IB Is the Third Major Drug Binding Region of Human Serum Albumin (Zsila et al., 

2013) 

 

1.1.H.iii. Drug site 3 (Sub-domain IB)  

A third binding pocket within subdomain IB has recently been identified as the primary 

binding site of a bilirubin photoisomer, hemin, and the steroid antibiotic fusidic acid. 

Crystallographic studies have also shown that the large crevice of subdomain IB 

harbors secondary binding sites for some additional compounds  (Fig.1.5) (Zunszain et 

al., 2008; Zsila et al.,  2013). 

Table 1. High-Affinity Binding of Ligands to site I, site II and site IB of HSA (Kragh-Hansen et al., 

2002; Zunszain et al., 2008). 

Site 1 (Sub-domain IIA) Site 2 (Sub-domain IIIA) 

Drug Binding const (M
-1

) Drug Binding const (M
-1

) 

Warfarin 3.3×10
5
 Diazepam 3.83×10

5
 

Azapropazone 2.83×10
5
 Ketoprofen 2.53×10

6
 

Phenylbutazone 1.53×10
6
 Chlofibrate 7.63×10

5
 

Salicylate 1.93×10
5
 Ibuprofen 2.6×10

6
 

Acenocoumarol 2.23×10
5
 Carprofen >10

6
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(Sub-domain IB) Endogenous compounds 

Drug Binding const (M
-1

) Drug Binding const (M
-1

) 

Lidocaine 10
5
 Bilirubin 

(IIA) 

9.53×10
7
 

Fusidic acid 10
5
 Octanoate 

(IIIA) 

1.63×10
6
 

Hemin 10
8
 L-Tryptophan 

(IIIA) 

4.43×10
4
 

15E-bilirubin-IXα 

photo isomer 

10
5
 L-Thyroxine 

(IIIA) 

3.03×10
5
 

Estradiol 10
5
 Cl

-1
 (IIIA) 7.23×10

2
 

 

1.2. α-1-Acid-Glycoprotein 

Next to HSA, the most second critical plasma protein is α-1-acid glycoprotein (AGP), 

also called orosomucoid, present at a much low concentration (~1-3× 10
-5

M). AGP is an 

acute phase protein in blood comprises of 183 amino acid residues and five N-linked 

oligosaccharides. After synthesized in the liver cells, AGP secreted into the blood 

stream (2.5 mg/ml). Human AGP presents in the plasma of healthy individuals at 

concentrations between 0.6 and 1.2 mg/ml with a molecular weight of approximately 

3 8 - 44 kDa protein (Fournier et al.,   2000). The five carbohydrate chains account for 

about 40% of the total mass and render AGP very soluble and confer acidic (pI) between 

2.8-3.8 due to the presence of sialic acid and with a net negative charge at physiological 

pH (Fournier et al., 2000; Hochepied et al.,  2003). While AGP is mainly 

biosynthesized in the liver and secreted into the circulation (Sarcione et al., 1963; 

Athineos et al.,  1964), other organs including the heart, stomach and lungs have also 

been reported to synthesize and secrete AGP  (Fournier et al., 2000). The basal level of 

AGP is maintained at approximately 20μmol/L in healthy individuals. The biological 

role of AGP is not completely understood, albeit numerous in vitro and in vivo activities 

such as inhibition of platelet aggregation, modulation of lymphocyte proliferation and 

drug transport have been reported (Bories et al., 1990; Pos et al.,  1990; Gambacorti-

Passerini et al.,2003; Hochepiedet al.,2003;).  

Similar to HSA, the binding and transportation of a range of endogenous and 

exogenous compounds is one of the major physiological functions of AGP (Otagiri et 
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al.,   2009). One of the main roles of AGP is the transportation of endogenous ligands 

like lysophospholipids and biliverdin, while it may also function as a transporter for 

anticancer and antibiotic drug candidates (Azad et al., 2012). Therefore, drug binding to 

AGP is an important in terms of the accurate understanding of the pharmacokinetics of 

drugs, especially during acute phase conditions. Drug-binding specificity and 

pharmacokinetic properties of AGP were under investigation using various biophysical 

and biochemical analytical methods such as spectrophotometry and protein engineering 

for the past twenty years. There are few studies showed the structure of the AGP 

(variant A) and its complex with drugs (Nishi et al., 2011). 

1.2.A. The structure of AGP  

It consists of the single polypeptide chain (183 amino acids) in which 21 positions of 

the sequence contains two alternative amino acids. The polypeptide chain of AGP 

attached to five asparaginyl linked glycans (Yoshima et al.,  1981; Fournier et al., 2000; 

Katori et al., 2011). AGP is composed of (i) different linkages of sugars (in particular 

sialic acid to galactose) and (ii) a very few number of amino acid substitutions were 

found in the sequence. Several analysis suggesting that polymorphism is the one of the 

main reason for heterogeneity in its amino acid sequences (Schmid et al., 1977; Dente 

et al.,  1987; Imamura et al.,  2002 ). 

1.2.B. Function of AGP 

Unlike HSA, glycoprotein AGP has no definitive function but some documents have 

been reported saying that it has immunosuppressive properties along with that 

activation of dampening neutrophil and stimulation of lymphocyte, these functions may 

be correlating with its glycosylation properties (Fig.1.6). Also, it has been described 

that AGP has angiogenic properties (Chiu et al.,  1977; Costello et al.,   1984; Heegaard 

et al.,  2013). It has invariably been described as a positive acute phase protein in all 

species studied, including human, cow, mouse, dog, cat, rabbit, rat, and chicken 

(Hochepied et al.,  2003; Heegaard et al., 2013). This phenomenon, involving several 

other proteins, is referred as the acute phase reaction and the affected proteins are 

called acute phase reactants. This phenomenon is common to all mammals so far 

investigated, even though the set of acute phase reactants are not identical in the 

various species. The molecular mechanism of this phenomenon is unknown. However, 

growing evidence that the hepatocyte responds to acute phase signals produced by 
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macrophages by increasing the rate of transcription of the acute phase genes and the 

stability of the corresponding mRNAs (Ritchie & Fuller 1983; Dente et al., 1987). 

 

 

Fig.1.6. Chart representing various functions of AGP (Hochepied T et al.,   2003) 

1.2.C. Drug Binding to AGP 

AGP has the ability to bind and transport several basic and neutral drugs of endogenous 

and exogenous origin. AGP belongs to the lipocalin family, bind to the small 

lipophilic/cationic molecules (Kremer et al., 1988; Heegaard et al., 2013). AGP has 

only one drug-binding site, thus it is different from other albumin proteins. In the case 

of AGP, the drug-binding properties are saturable and displaceable (Huang & Ung 

2013). Although the binding activities of many racemic drugs to AGP are known to be 

stereoselective, the effect of the AGP subfractions has not been fully elucidated (Shen 

et al.,   2013). 

Since HSA and AGP are negative and positive acute-phase proteins respectively, 

binding studies with both HSA and AGP play a crucial role in deciding the 

pharmacokinetic behavior of the bioactive compounds in various pathological and 

inflammatory states. Therefore, binding studies of bioactive compounds with AGP 

along with HSA is pivotal in terms of the accurate understanding of pharmacokinetics 

properties, especially during normal conditions and in acute phase conditions.  
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1.3. Dendritic core-multishell Nanocarriers 

Core-multishell (CMS) nanocarriers with hyperbranched polyglycerol-amine (hPG) and 

hyperbranched polyester-ester (hPE) as a core in the structure of the nanocarriers raised 

the question of the biocompatibility of the polymers. PEIs have been widely used in the 

environment for more than 40 years and no sign of acute or chronic toxicity has been 

reported. Nevertheless, the cytotoxicity data showed PEI toxicity on the cellular level. 

This toxicity might be a consequence of the endo/lysosomal enzyme release into the 

cytoplasm, consecutive to feeding a cell with membrane-disrupting particles (Boussif et 

al., 1995; Ihm et al., 2003) This should be considered as an important drawback for the 

use of PEI for in vivo applications. The PEI toxicity can be reduced up to 100 times by 

functionalization with poly(ethylene glycol) chains(Petersen et al., 2002; Merdan et al., 

2005; Shuai et al., 2005). Nevertheless, hPG-amine and hPES-ester core nanocarriers 

demonstrate that changes of the amino groups on the periphery of nanocarrier with 

PEG changes chains reduces the toxicity and increases the biocompatibility of resulting 

the polymer as PEG is water soluble, nonimmunogenic and nontoxic with other 

substrates produces conjugates that combine the properties of both the polymer nad 

substrate.However, conjugates formation can alter the binding affinity of hPG-amine 

and hPES-ester core nanocarriers to drugs protein in general.  Thus, the universal 

abilities of the new type of CMS nanocarrier systems were assumed to remain 

unchanged, although it was still questionable if the CMS nanocarriers and its 

interaction with HSA. Therefore, it was present interest to me for carrying study the 

binding mechanism of CMS nanocarriers with HSA in aqueous solutions in order to 

examine the properties of nanocarrier on conformation, and secondary structure. I have 

studied out the interaction of the different nanocarriers with HSA (Chapter 6).1.4. 

Bioactive compounds under study: properties and functions 

In this study I have chosen selected bioactive compounds; Apocynin (APO), 

Andrographolide (ANDR), Bacosine (BAC), Chebulinic acid (CHN), Chebulagic 

acid(CHG), 7-Hydroxy coumarin derivatives  (7-HC-1, 7HC-2 and 7HC-3), Corilagin 

(COR), Embelin (EMB), L-dopa (LDA), Piperine (PIP) and Novel 8-substituted 

Coumarin derivatives (UMB-1 and UMB-2). All are phytochemicals except 7-Hydroxy 

coumarin derivatives and novel 8-substituted coumarin derivatives. 

There are several major groups of phytochemicals like phytoestrogens, 
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terpenoids, carotenoids, limonoids, phytosterols, terpenoids, phytosterols glucosinolates, 

polyphenols, flavonoids, isoflavonoids anthocyanidins, phytoestrogens, and 

anthocyanidins. These phytochemicals, in combination or alone, have the remarkable 

therapeutic potential for curing several chronic diseases. They play specific 

pharmacological effects in human health. In our study I selected bioactive compounds 

which are having potent biological functions; details of structures and specific 

biological functions of bioactive compounds under study are mentioned below. 

1.4. BOACTIVE COMPOUNDS: PROPERTIES AND FUNCTIONS 

1. Artemisinin (ART) 

Structure 

 

Empirical formula: C15H22O5   Molecular weight: 282.33 

Function  

Artemisinin, a sesquiterpenoid endoperoxide, was derived from Artemisia annua L, It 

has various pharmacological effects such as anti-malaria, anti-tumor, antibacterial, anti-

fetation, anti-fibrosis, heat-clearing, detoxicating and immune function regulation. 

However, studies had shown that artemisinin is toxic to neuronal and glial cells in 

culture (et al., 1994; Jeffrey et al., 1995). 

2.Ar-tumarone (AT) 

Structure 

 

Empirical formula: C15H20O   Molecular weight: 216.3 
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Function 

AT is isolated from Curcuma longa here are several data in the literature indicating a 

great variety of pharmacological activities of Curcuma longa L. (Zingiberaceae), which 

exhibits anti-inflammatory, anti-human immunodeficiency virus, anti-bacteria, 

antioxidant effects and nematocidal activities. Other extracts of this plant have been 

showing potency too. In in vitro, AT exhibit antiparasitic, antispasmodic, anti-

inflammatory and gastrointestinal effects and also inhibits carcinogenesis and cancer 

growth (Araujo & Leon 2001). 

3.Apocynin (APO) 

Structure 

 

Empirical formula: C9H10O3                  Molecular weight: 166.1 

Function 

Apocynin, also known as acetovanillone, is a natural organic compound which 

structurally related to vanillin, having several pharmacological properties. Apocynin 

possesses anti-arthritic, anti-asthmatic properties and it is also used in the treatment of 

atherosclerosis (Peters et al., 2001; Van den Worm et al., 2001). 

4. Andrographolide (ANDR) 

Structure 

 

Empirical formula: C20H30O5  Molecular weight: 350.45 
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Function 

Andrographolide is a diterpenoid an important phytocompound from the Andrographis 

paniculate which is a medical plant (Chakravarti & Chakravarti et al.,1951) . 

Andrographolide has been reported to have a wide range of biological activities, such as 

those that are anti-inflammatory (Shen et al.,  2002), antiallergic (Xia et al., 2004), 

antiplatelet aggregation (Amroyan et al.,1999), hepatoprotective (Trivedi et al.,  2007), 

and anti-HIV. In biological systems, ANDR has an ability to interact with many inter-

and intracellular constituents as a bipolar compound, thus trigger in various biological 

responses.  

5.Bacosine (BAC) 

Structure 

 

Empirical formula: C30H48O6    Molecular weight: 456.70 

Function 

Bacosine, a triterpene isolated from the ethyl acetate fraction of the ethanolic extract of 

Bacopamonnieri. It has a significant effect on the decrease in the blood glucose level 

(Ghosh et al., 2011; Gonzalez-Burgos & Gomez-Serranillos  2012). 
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6. Corilagin (COR) 

Structure 

 

Empirical formula: C27H24O18    Molecular weight: 636.46 

Function 

It has been shown to exhibit versatile medicinal activities. There has been little research 

on the effect of Corilagin on cancer and mostly focused on its use as an antiviral, 

hypolipemic, hypotensive and anticoagulation agent (Liu et al.,1999). Some 

pharmacological activities of corilagin have already been described, such as 

antiatherogenic (Duan et al.,  2005), antioxidant (Chen & Chen 2011), hepatoprotective 

(Kinoshita et al.,   2007) anti-tumor (Hau et al., 2010). 

7. Chebulinic acid (CHN) 

Structure 

 

Empirical formula: C41H32O27  Molecular weight: 956.67 
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8. Chebulagic acid (CHG) 

Structure 

 

Empirical formula: C41H30O27   Molecular weight: 954.66 

Function of CHN and CHG 

Chebulinic acid (CHN) is an ellagitannin found in the seeds of Euphoria longana, in the 

leaves of Terminalia macroptera (Klika et al., 2004). This indicates that the above 

compounds will be used for controlling many diseases like cancer, diabetes, HIV etc. 

Chebulagic acid (CHG), is a benzopyran tannin. It is found in the plant's species of 

Terminnalia chebula and Teriminalia citrine. These compounds are natural anti-

oxidant, showed potent anti-inflammatory effects in LPS-stimulated RAW 264.7, a 

mouse macrophage cell line (Reddy & Reddanna 2009) and found to be 

immunosuppressive, alpha-glucosidase inhibitor and hepatoprotective (Kinoshita et al.,    

2007; Sasidharan et al., 2012). Reactive oxygen species are produced in the cells by 

cellular metabolism and it is known that chebulinic acid and chebulagic acid protect the 

formation of ROS.      

9. 14-Deoxy-11, 12-didehydroandrographolide 

Structure 

 

Empirical formula: C20H28O4  Molecular weight: 332.439 
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Function 

Deoxydidehydroandrographolide is derivative of andrographolide is a labdane 

diterpenoid that is the main bioactive component of the medicinal plant Andrographis 

paniculate (Chakravarti & Chakravarti 1951) . A recent study demonstrated that 

A.paniculate polysaccharides combined with andrographolide and andrographolide can 

ease their cover of diabetic nephropathy (Xu et al., 2012). 

10. 1,9-Dideoxyforskolin 

Structure 

 

Empirical formula: C22H34O6  Molecular weight: 394.51 

Function 

Dideoxyforskolin also called Coleonol is a labdane diterpene that is produced by the 

Indian Coleus plant (Coleusforskohlii). Forskolin provides a route to inhibition of colon 

cancer cell growth and survival (McEwan et al., 2007). It helps in controlling the 

underlying cause of glaucoma. Reduce urinary tract infections and enhance the ability 

of antibiotics to kill bacteria that normally survives (Abraham et al., 2008). In addition 

to these functions, various experimental studies are underway in using dideoxy 

forskolin as an adjuvant treatment for diseases such as Parkinson's and/or nerve damage 

caused by trauma/accident. 

11. Embelin (EMB) 

Structures 

 

Empirical formula: C17H26O4  Molecular weight: 294.390 
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Function 

Embelin is a novel cell-permeable inhibitor of XIAP (X-linked inhibitor of apoptosis) 

which was discovered by screening a library of natural products derived from 

traditional Chinese medicine (Nikolovska-Coleska et al., 2004). 

12.  L-dopa (LDA) 

Structure 

 

Empirical formula: C9H11NO4   Molecular weight: 197.190 

Function 

L-Dopa is found in Mucuna pruriens, Tamarindus indica, Sesbania bispinosa, Acacia 

leucophloea, Canavalia gladiate (Gautam et al., 2012). L-dopa is a precursor to the 

neurotransmitters of dopamine, norepinephrine (noradrenaline), and epinephrine 

(adrenaline) collectively known as catecholamines. Apparently, it crosses the protective 

blood–brain barrier, whereas dopamine could not do this function. In the treatment of 

Parkinson’s disease, the L-dopa is used to increase the dopamine concentration (Hauser 

& Zesiewicz 1999) and dopamine-responsive dystonia. 

13. Menthol (MEL) 

Structure 

 

Empirical formula: C10H20O   Molecular weight: 156.2 

Function 

Menthol, a natural product of the peppermint plant such as corn mint, peppermint or 

other mint oils (Lamiaceae), is a monoterpene which is widely used as a natural product 

in cosmetics, a flavoring agent, and as an intermediate in the production of other 

compounds. The cooling characteristic of Menthol is because of the activation of 

http://en.wikipedia.org/wiki/Precursor_%28chemistry%29
http://en.wikipedia.org/wiki/Neurotransmitter
http://en.wikipedia.org/wiki/Dopamine
http://en.wikipedia.org/wiki/Norepinephrine
http://en.wikipedia.org/wiki/Epinephrine
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sensory neurons i.e. transient receptor potential (TRP) channels, in particular, transient 

receptor potential melastatin family member 8 (TRPM8) and transient receptor 

potential subfamily A, member 1 (TRPA1). Menthol binds to TRPM8 receptors in the 

skin and activates sodium and calcium transporter channels, therefore, depolarization 

resulting in the generation of action potential. and followed by inducing cold response 

signals at the application site. Besides this, menthol exhibits anti-cancer as well as anti-

inflammatory capabilities and it has synergistic effects by acting on GABA receptors 

and also activating sodium ion channels which induce analgesia (Farco & Grundmann 

2013). 

14.  Piperine (PIP) 

Structure 

 

Empirical formula: C17H19NO3   Molecular weight: 285.34 

Function  

Piperine is a main alkaloid phytochemical found in plants from the family of 

Piperaceae. This compound can be obtained from the fruits of Piper nigrum, also both 

in black and long pepper grains which are Piper nigrum and Piper longum L. Further 

piperine is one of the major constituents of Sitopaladi churna. The biological properties 

of piperine have been extensively studied (Atal et al.,   1981; Atal et al.,   1985). It was 

liable and found to possess central nervous system, depressant properties (Pei et al.,   

1983; Lee et al.,  1984). In general, piperine is found to act on anti-mutagenic and anti-

tumour properties (Srinivasan et al.,   2007).  Also, it has been demonstrated in in vitro 

studies to protect against oxidative damage by inhibiting or quenching free radicals and 

reactive oxygen species. Further, piperine is used successfully thwart morphine-

induced respiratory depression in experimental animal models (Singh et al.,   1973). 

Altogether, piperine is helpful in reducing inflammation, improving digestion and 

revealing pain and asthma. Also, it has been found to have immune-modulatory, anti-

oxidant, anti-asthmatic, anti-carcinogenic, anti-inflammatory and antiulcer (Bang et al.,    

2009). 
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15. Psoralen (PSO) 

Structure 

 

Empirical formula: C11H6O3   Molecular weight: 186.17 

Function 

Psoralen (PSO) is a main active ingredient extracted from the fruits of Psoralea 

corylifolia L (Tang et al., 2011). and has been used as a drug for the treatment of 

alopecia areata, vitiligo, and tinea (Spiegel & Magistrato 2006), etc. It was also 

reported that PSO exerts other biological activities, such as preventing the proliferation 

of mucoepidermoid carcinoma, mammary cancer cells and bladder carcinoma in 

vitro (Leite et al., 2004). In recent years, many new psoralen derivatives were isolated 

and identified from different plants, and some of them were found to possess 

interesting biological activities (Zhou et al., 2014). 

16. Pterostilbene  

Structure 

 

Empirical formula: C16H16O3  Molecular weight: 256.301 

Function 

Pterostilbene is a natural analog of resveratrol. It possesses a variety of biological 

activities and has been used as anticancer, antioxidant, anti-inflammatory agents 

(Remsberg et al., 2008). Numerous publications reported the therapeutic potential of 

resveratrol in various ailments, including cancer, heart, diabetes, stroke and Alzheimer 

disease (Baur & Sinclair 2006). Pterostilbene may be effective in correcting 

dyslipidemia that leads to atherosclerosis and coronary disease, as it can increase the 

HDL/LDL cholesterol ratio (Schmidlin et al., 2008). 
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17. Rosmarinic acid 

Structure 

 

Empirical formula: C18H16O8  Molecular weight: 360.32 

Function 

Rosmarinic acid occurs throughout the Boraginaceae family, whereas within the 

Lamiaceae it is restricted to the subfamily Nepetoideae (Litvinenko et al., 1975). Main 

activities are astringent, antioxidative, anti-inflammatory, antimutagen, antibacterial 

and antiviral (Parnham & Kesselring 1985) Phenolic compounds like rosmarinic acid 

can provide protection against cancer and rosmarinic acid contributes to the antioxidant 

activity of plants used in the cosmetic industry, such as Rosmarinus 

officinalis and Sanicula europaea (Botanicals 1999). 

18. Stigmasterol 

Structure 

 

Empirical formula: C29H48O  Molecular weight: 412.698 

Function 

Stigmasterol an unsaturated plant sterol occurring in the plant fats of soybeans rape 

seeds and Calabar and a number of medicinal herbs, in Mirabilis jalapa (Siddiqui et al., 

1990). Stigmasterol is also found in various vegetables, legumes, nuts seeds and 

unpasteurized milk. Edible oils contain higher amount than vegetables (Jun-Hua et al., 

2008). Stigmasterol is used as a precursor in the manufacture of semisynthetic 

progesterone which is used to rebuild the mechanism related to estrogen effects; as well 



 
Introduction | Chapter 1 

 

26 

it acts as an intermediate in the synthesis of androgens and corticoids. It is also used as 

a precursor of vitamin D3 (Sundararaman & Djerassi 1977; Kametani & Furuyama 

1987). Stigmasterol may be useful in the prevention of certain types of cancers like 

ovarian, prostate, breast and colon cancers, It also possesses potent antioxidant, 

hypoglycemic and thyroid inhibiting properties (Panda et al., 2009).Stigmasterol has a 

potential anti-osteoarthritic and anti-inflammatory properties (Gabay et al., 2010). It is 

a component of soy-derived lipids, has antagonist activity against a central NR 

involved in the adaptive response to Bile acid-mediated hepatotoxicity, FXR (Carter et 

al., 2007). 

19. 6-Shagoal 

                                                         Structure 

 

Empirical formula: C17H24O3    Molecular weight: 276.3 

Function 

Several studies suggest that 6-Shogaol, considerable pharmacologic effects which 

include anti-cancer, anti-inflammatory, antioxidant as well as antiemetic properties. 

Also, it was reported that it could induce cell death or apoptosis in a variety of cancer 

cells such as human lung cancer, colorectal carcinoma, hepatocarcinoma, ovarian 

cancer and breast cancer cells (Pan et al., 2008). 

20. Novel 8-substituted coumarin derivatives (Umb-1 and Umb-2) 

Structure 

  

Umb-1 Molecular weight: 355.3        Umb-2 Molecular weight: 406.9 
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Function 

Coumarins with phenolic hydroxyl groups have the capability to scavenge reactive 

oxygen species and thus prevent the formation of   5-hydroxyicosatetraenoic acid (5-

HETE) and hydroxy heptadecatrienoic acid (HHT) in the arachidonic pathway of 

inflammation suppression (Dighe et al., 2010).Coumarin and its derivatives like 7-

hydroxy coumarin and 7-hydroxy-4-methyl coumarin occur in nature especially in plant 

species in high concentrations, they exhibit numerous biological activities such as lipid 

lowering , anti-hepatitis C, antiparkinson  and  anti-cancer activities like novel 

coumarin substances that has been reported (Madhavan et al., 2003; Santana et al., 

2006; Donnelly et al., 2008; Mazzei et al., 2008; Sashidhara et al.,   2010). 

21. 7-Hydroxy Coumarin Derivatives (7HC-1, 7HC-2, and 7HC-3) 

Structure 

 

Function 

Coumarin is categorized as a member of benzopyrone family compounds, which 

consists of a benzene ring joined to pyrone ring (Ojala et al., 2001). Coumarins 

comprise a very large class of compounds found throughout the plant kingdom (Egan et 

al., 1990; Finn et al., 2002). Most coumarins occur in higher plants with the richest 

source being the Rutaceae and Umbelliferae. Many coumarins and their derivatives 

exert, anti-tumor, (Lacy & O'Kennedy 2004; Riveiro et al., 2010) anti-viral, anti-

coagulate, anti-inflammatory, anti-oxidant and vasorelaxant,(Campos-Toimil et 

al.,2002; Kontogiorgis & Hadjipavlou-Litina 2003) effects as well as anti-

microbial,(Gormley et al.,1996; Ostrov et al., 2007) and enzyme inhibition properties 

(Kabeya et al., 2007).  
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 Mentioning the importance of plasma proteins, understanding of the specific 

binding site of proteins is of potential importance in the field of drug delivery research, 

an example in the investigation of drug–drug interactions. Co-administered drugs may 

exert a competition for the binding to the same albumin binding site, the free fraction of 

the low-affinity drug is enhanced. Similarly, competition for a certain binding site may 

occur between drugs and endogenous substances (Tesseromatis & Alevizou 2008). I 

have selected these bioactive compounds because they all have a potent role in 

protecting many diseases; here the chosen bioactive compounds are mostly 

phytochemicals. As we all know that phytochemicals are having fewer side effects, and 

known as traditional medicine in India. Since HSA is an important protein as a 

transporter and maintains the efficacy of the drug but binding of all these compounds 

has not been understood well. In present study, I analyzed the cytotoxic activity of these 

selected bioactive compounds on different cell lines like hepatocellular carcinoma 

(HepG2), Michigan Cancer Foundation (MCF-7),cervical cancer (HeLa), mouse 

leukaemic monocyte macrophage cell line (Raw 264.7) and adenocarcinoma human 

alveolar basal epithelial cells (A549) and its binding, conformational, docking, 

molecular simulation studies with HSA. Also, comparative binding studies were carried 

out with another important plasma protein, AGP. Taking these into consideration, I 

have framed four major objectives for my work. 
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OBJECTIVES 

1. Cytotoxic and binding studies of bioactive compounds with human serum 

albumin. 

 1. A.  Cytotoxic studies with different cell lines. 

 1. B.  Unraveling the binding mechanism using fluorescence spectroscopy 

and surface plasmon resonance. 

 1. C.  Study of protein conformational changes of plasma protein with 

bioactive compounds. 

2. In silico binding studies of human serum albumin with bioactive 

compounds. 

 2. A.  Binding studies using in silico docking. 

 2. B.  Stability of HSA-Drug conformer by using molecular dynamics 

simulation. 

3. Comparative binding studies of bioactive compounds with plasma proteins. 

4. Interaction studies of core-multi shell nanocarriers with human serum 

albumin. 
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2. MATERIALS AND METHODS 

2.1. Cell Response Assay 

For different cell line like (HepG2, MCF-7, HeLa, Raw 264.7  mouse macrophages and 

A549) was purchased from National Center for Cell Science (NCCS), Pune, India. 

Different cells were grown at 37 
o
C in a humidified incubator under 5% CO2/95% air in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 200 IU/ml penicillin, 200µg/ml of streptomycin, and 1mM sodium 

pyruvate. Culture medium was replaced every next day. After the cells were 

confluency, the cells were subcultured followed by trypsinization and cell response 

assay was assessed by the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5- 

Diphenyltetrazolium Bromide staining method (Mosmann et al., 1983). Cells were 

harvested from four to five-day-old cultures and were seeded in 96-well plates at the 

density of 5x10
3
 cells. Cell lines were treated with selected bioactive compounds in 

increasing concentrations of 20, 40, 60, 80, and 100 μM for 48 h in a final volume of 

100 μL. At an optical density of 570nm cell response was calculated on a microplate 

reader (μ Quant Bio-tek Instruments, Inc.). Three independent experiments were 

carried in triplicates and mean ± SE (n=4) was calculated and reported as the cell 

response (%) vs concentration (μM). 

2.2. Cell Viability Assays  

Cytotoxicity of the nanocarriers was evaluated through impedance measurement with 

an xCELLigence real-time cell analyzer (RTCA) from Roche Applied Science 

(Mannheim, Germany). In short, A549 cells (adenocarcinoma human alveolar basal 

epithelial cells) were cultured in Dulbecco’s Modified Eagle Medium supplemented 

with 10% fetal bovine serum (Bio Chrom KG, Berlin, Germany), 100 U mL
−1

 

penicillin, and 100 μg mL
−1

 streptomycin at 37 °C, 5% CO2, and 99% humidity and 

seeded in a 96-well E-plate (10000 cells per well). The plate was placed in the RTCA 

and impedance was measured at least every 15 minutes. The plate was removed from 

the RTCA after approximately 24 h and the nanocarriers were added in various 

concentrations. Here, doxorubicin, piperine, and untreated cells served as a control. The 

plate was placed back in the RTCA and the real-time impedance measurement was 
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continued for another 48 h.  

2.3. The Evaluation of Anticancer Activity by Apoptosis 

The programmed cell death i.e apoptosis was measured by using Annexin V-FITC 

detection Kit (Sigma cat no: APOAF). HeLa cells were treated with 29.1µM of embelin 

for 24h, after that cells were washed twice with PBS and resuspended in binding buffer 

(100mM HEPES, pH 7.5) provided by Kit and stained with 5 μl of Annexin V-FITC, 

staining precedes the loss of membrane integrity which accompanies the latest stages of 

cell death resulting from either apoptotic or necrotic processes. It conjugates with a 

fluorescent isothiocyanate (FITC) to label phospholipid phosphatidylserine (PS) sites 

on the membrane surface and 10 μl of Propidium Iodide (PI) for 10 min to label the 

cellular DNA (Zhang et al., 1997).  Flow cytometry (BD LSR Fortessa) was done to 

determine the percent apoptosis induced by embelin. 

2.4. Cellular Uptake of CMS-ICC Dye Conjugates  

The cellular uptake of ICC-labeled nanocarriers (cms-mPEG350) was monitored by 

confocal laser scanning microscopy (cLSM) and flow cytometry. For cLSM 50000 

A549 cells were seeded on 9 mm glass coverslips in each well of a 24-well plate and 

cultured for 24 h before adding the nanocarriers for 5 and 24 hours, respectively. Cells 

were grown at 37 °C, 5% CO2, and 99% humidity and maintained in Dulbecco’s 

Modified Eagle Medium (D-MEM) supplemented with 10% fetal bovine serum 

(BioChrom KG, Berlin, Germany), 100 U mL
−1

 penicillin, and 100 μg mL
−1

 

streptomycin. For a qualitative analysis by cLSM, the cells were washed 3 times with 

PBS and fixed with 4% paraformaldehyde (PFA) for 20 min. Afterward, cell nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI), cell light lyso and cell light 

endo. Cells were observed and imaged using a confocal laser scanning microscope 

(Leica DMI6000CSB stand) and Leica LAS AF software. For flow cytometry, 150000 

A549 cells were seeded in each well of a 24-well plate and cultured for 24 h before 

adding the nanocarriers at 5, and 24 hours, respectively. Cells were grown as described 

above. For a qualitative analysis by flow cytometry, the cells were washed 3 times with 

PBS and detached by trypsin. The detached cells were then transferred to a flow 

cytometry tube and centrifuged at 138 g for 5 min. Supernatants were discarded and 

cells were fixed with 4% PFA for 10 min at 4 °C. The cells were centrifuged at 138g 
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for 5 min to remove the PFA. The supernatants were discarded and the cells were re-

suspended in 100 µl PBS supplemented with 1% FCS and 0.1% sodium azide. The 

fluorescence of the cells was measured in an FACScantor (Becton Dickinson, 

Heidelberg, Germany) and the analysis was done with Flowing Software 2.0. 

2.5. Preparation of stock solutions  

Fat-free human serum albumin and α-1-glycoprotein  were dissolved in PBS (1.5mM) 

of 0.1mM phosphate buffer pH 7.4. The purity of plasma proteins (HSA and AGP) was 

then confirmed by SDS-PAGE using12% gel (Laemmli et al., 1970). The SDS-PAGE 

results showed no contaminations thus the HSA/AGP are in pure (Fig 2.1). Non-

fluorescent selected bioactive compounds were prepared by dissolving (2 mM) in 20:80 

(ethanol: water mixture). It is noted that absorption spectra of HSA/AGP, its structure 

does not affect due to the presence of 20% ethanol. In order to find out the optimum 

physiological conditions, I   have suspended the HSA/AGP in different pH and measure 

the maximum absorption. At pH 7.4 the maximum absorption was observed, thus, for 

entire parameters I have used pH 7.4 of 0.1 mM phosphate buffer.  Also optimized the 

time of bioactive compounds binding to HSA/AGP by absorption, fluorescence 

emission, and circular dichroism (CD) spectra and we found that 5 min is the maximum 

binding time. Thus, we have fixed the incubation of bioactive compounds with 

HSA/AGP for 5min in all parameters. All other chemicals including proteins were 

bought from Sigma-Aldrich. 
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Fig. 2.1. HSA and AGP proteins were separated using 12% SDS-PAGE. Equal protein concentration 

(30µg) was loaded in each lane. Lane 1) Molecular weight marker; lane 2) HSA sample (molecular 

weight 67 kDa); lane 3) AGP sample (molecular weight 43 kDa). 

 

2.6. Fluorescence Spectroscopy 

The fluorescence emission spectra were recorded on Perkin Elmer LS55 fluorescence 

spectrometer from 300 to 500 nm, with excitation at 285nm, and slit width of 5.0 nm 

for both emission and excitation (Subramanyam et al., 2009a & b). The final 

concentrations of the bioactive compounds was diluted to 0.001, 0.002, 0.003, 0.004, 

0.005, 0.006, 0.007, 0.008 and 0.009 mM with 0.1 mM phosphate buffer pH (7.4) and 

the protein concentration was fixed 0.001 mM. The binding constant was calculated 

using the maximum fluorescence value at 360 and 340 nm. All experiments were 

measured in triplicate and spectra which are identical were presented.  

2.6a. Displacement Experiment 

The concentration of HSA and the site-specific marker were maintained at a constant 

concentration of 1 µM, bioactive compounds were titrated with increased in 

concentration from 0 to 9µM. The excitation wavelength for site-specific makers 

1. Molecular weight marker  

2. HSA (MW 67 kDa) 

3. AGP (MW 43 kDa)     

24 20 
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  M W             1          2         3          

  (kDa) 
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lidocaine (IB specific marker) in which lidocaine has a unique binding site on the 

subdomain IB of HSA (Hein et al., 2010), phenylbutazone (a site I specific marker) and 

ibuprofen (site II specific marker) with HSA was 285 nm.  

2.7. Surface Plasmon Resonance (SPR) Measurements 

Experiments performed by using Biacore X100 device (GE Healthcare, Uppsala, 

Sweden). A carboxymethylated dextran chip (CM5-Chip, GE Healthcare, Uppsala, 

Sweden) was fully coupled on Fc2 with HSA or AGP (GE Healthcare) using amine 

coupling strategy. Response level reached ~14650 RU for HSA and ~7803 RU for AGP 

on Fc2. Non-binding Fc1 was mock treated. Therefore, ANDR was diluted in running 

buffer (PBS + 5% DMSO) at concentrations of 5 µM, 25 µM, 50 µM, 200 µM and 

1000 µM. After solvent correction, sensorgrams were analyzed by plotting the binding 

signal at the end of injecting against analyte concentration. Isotherm result was fitted to 

obtain KA values using the steady state model. 

2.7a. Solvent refractive index correction 

 Since DMSO has a high refractive index, a solvent correction procedure was 

performed to account for the small variations of DMSO percentage between samples 

and running buffer (Frostell-Karlsson et al., 2000). PBS/DMSO mixtures ranging from 

4.5% to 5.8% (v/v) (pH 7.4), were injected over the active and reference flow cells and 

a calibration curve was obtained. This procedure is very important while working with 

small molecules–macromolecules interactions, especially when the ligand is 

immobilized at high density (5000 RU or more). In this experimental setup, the 

expected response has the same magnitude as, or lower magnitude than, the signal 

arising from refractive index mismatches, therefore including a correction protocol 

during the evaluation of the data becomes of great significance. 

2.8. Electrospray Ionisation (ESI) Mass spectrometry (Q-TOF) 

The ESI-Q-TOF-MS (Bruker Daltonics, Bremen, Germany) were used to record the 

positive ion mode mass spectra. In order to measure, the HSA concentration was 

reduced to 0.15nM and the embelin concentration to 5nM, free fatty HSA, and HSA-

Embelin were prepared in 0.1% formic acid in water/acetonitrile (1:1(v/v)), with help 

of syringe pump (KD Scientifics Inc., Hilliston, MA) at 3µL/min the sample is 
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introduced into the mass spectrometer, the spray voltage maintained at around 4.5 kV. 

The time of flight (TOF) pressure was maintained at less than 3×10
-7 

Torr. Scanning 

was performed over an m/z range of 50-3000, with a collision energy of 10 eV. The 

data were averaged for about 2min and then smoothed using the Gaussian algorithm in 

Brucker Data Analysis 3.4 software program. The instrument was calibrated using ES 

tuning Mix (Agilent Technologies, Part No.G2421-60001), before injecting I have 

diluted it 1:60 (v/v) times with water and introduced through a divert valve jute before 

application of the sample. 

2.9. Transmission Electron Microscopy  

The size and external morphology of HSA and HSA-EMB complexes in aqueous 

solution at a pH 7.4 are determined by transmission electron microscopy (TEM) using 

FE1 Tecnai G
2
S-Twin-200kv. The samples [HSA (0.001mM), HSA solution (0.001M) 

+ EMB solution (0.002 mM)] were prepared freshly by placing one preparation drop 

(5–10 µL) on a carbon coated copper grids and the sample was dried completely, if 

there is any excess liquid present on the grid, a piece of filter paper is used to absorbed. 

Finally at room temperature a drop of 2% uranyl acetate negative stain was added 

before drying and further observed the structure of HSA and HSA plus EMB under 

TEM. 

2.10. Atomic Force Microscopy (AFM)  

To observe the morphological changes of free HSA and HSA-bioactive compounds 

corilagin and menthol, AFM experiment is carried out by NT-MDT solver scanning 

probe microscopy (Germany) equipment. The cantilever (0.3mm) have an Au high 

reflectivity coating, tip height 14-16 µm, force constant (5, 5 N/m) and the typical 

imaging resonance frequency was 140 kHz. The samples are imaged by AFM in 

noncontact mode.  All of the samples were prepared as follows: (1) before washing 

with water, free HSA with 30 𝜇L of 1.5𝜇mol⋅L−1
 HSA was added to a  glass slide and 

incubated for 15 min at 288K; (2) HSA-bioactive compounds complexes with free 

HSA samples were prepared as defined in step (1) earlier to adding 20 𝜇L of a 15 

𝜇mol⋅L−1
 bioactive compounds solution, incubating for 15min, washing with water, 

drying under N2 for 5 min, later samples are dried overnight for taking AFM image in 

air.  
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2.11. Circular Dichroism (CD) Spectroscopy 

The Circular dichroism spectra of HSA and HSA- bioactive compounds were recorded 

with Jasco J-815 spectropolarimeter, using a quartz cell with a path length of 0.02 cm. 

Three scans were accumulated at a scan speed of 50 nm/min with data being collected 

every 1 nm from 190 to 300 nm. For CD studies, the final concentration of HSA was 

0.001 mM and the concentration of bioactive compounds was taken as 0.001, 0.005 and 

0.009 mM. The verification of the secondary structure determination was done using 

CDNN 2.1 version software (Subramanyam et al.,  2009 a & b). 

2.12. Molecular Modeling and Docking  

Molecular docking is an important computational procedure performed to find out the 

exact binding site on the protein which fit geometrically and energetically by using 

Auto Dock 4.2.3 software, which has been used widely because it shows acceptable fee 

energy values relative to experimentally observed docking data (Gorelik & Goldblum 

2008).  The HSA (PDB Id: 1A06) and AGP (PDB Id: 3KQ0) crystal structure were 

obtained from the Brookhaven Protein Data Bank. Three-dimensional structure of 

selected bioactive compounds was built from the 2D structure and geometry was 

optimized by using Discovery studio 3.5 software.  Molecular docking was performed 

using AutoDock (4.2.3) program. The PDB structures were optimized and used as input 

for AutoDock Tools. To find the binding site and types of interactions involved in the 

formation of HSA-corilagin complexes, docking was performed using the Lamarckian 

genetic algorithm implemented in AutoDock 4.2.3. We found this is to be the best 

performing docking method in terms of its ability to find the lowest energy and its 

structure prediction accuracy; it also incorporates ligand flexibility. AutoDock 4.2.3 

takes water as a solvent by default, and polar hydrogens were added using the MGL 

tools interface (Morris et al., 1998; Morris et al., 2009). For each docking simulation of 

bioactive compounds, 30 different conformers were obtained from AutoDock, the 

conformer with the least binding free energy must match with experimental data for 

further analysis as reported earlier (Malleda et al., 2012). 

2.13. Molecular Dynamics Simulation  

Molecular dynamics simulation (MDS) is an important parameter to find out the 

stability of protein-drug complex. Here a 10000ps MD simulation of the complex was 
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carried out with the Gromacs v4.6.3 package with force field GROMOS96 43a1, was 

used for unliganded HSA, HSA-bioactive complexes (Berendsen et al., 1995; Wang et 

al., 2002). The initial conformation was chosen as the least binding energy docking 

conformation. The topology parameters of HSA were created by using the Gromacs 

program. The topology parameters of HSA-bioactive were built by the Dundee 

PRODRG2.5 server (Lindahl et al.,  2001). Then the complex was immersed in a cubic 

box (7.335× 6.135 × 8.119 nm) of an extended simple point charge (SPC) water 

molecules, 15Na
+
 counter ions, and 43623 solvent atoms were added to each simulation 

box to maintain electroneutrality and to release conflicting contacts. Simulations were 

performed in the NPT (i.e., constant number of molecules, constant pressure and 

constant temperature) ensemble, at a temperature of 300 K and 1 bar respectively 

maintained using a Berendsen thermostat (Schuttelkopf & van Aalten 2004) with a 

coupling constant of 1.0 ps. Protein and water/ions were coupled independently. 

Pressure coupling used the Berendsen barostat with a coupling constant of 1.0 ps. 

Long-range electrostatic interactions were calculated using the particle mesh Ewald 

method (Berendsen et al., 1984) with a 10 Å cut-off. LINCS algorithm (Darden et 

al.,1993), was used to restrain bond lengths. Each system was energy minimized 

followed by a short 200 ps simulation during which the protein, and if present ligand, 

non-hydrogen atoms were harmonically restrained with a force constant of 1000 

kJ/mol/Å2 (Hess et al.,  1997; Kiselev et al., 2001; Sudhamalla et al.,  2010; Yeggoni et 

al., 2014a).  

2.14. Dynamics Light Scattering (DLS) 

DLS experiments were performed by using Malvern Zetasizer Nano instrument  Core-

multi shell nanocarriers were dissolved in physiological pH 7.4, mixed by a Vortex 

shaker for 2 min, and then filtration was done by using a 0.45 µm RC syringe filter. 100 

µL of the filtered solution was added to a disposable Plastibrand®micro cuvette (Brand 

GmbH + Co KG, Wertheim, Germany).Measurements were carried out at 25°C, four 

different runs were done at this temperature by equilibrating the system for120s. s 

2.15. Encapsulation of Piperine in CMS Nanocarrier 

Film uptake method was used to encapsulate the piperine (Fleige et al.,   2012), solute 

ethanol was used to solubilize later at reduced pressure 40 °C is maintained to dry the 
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sample. A thin dry film was observed at the bottom of the vial. CMS nanocarrier was 

dissolved in distilled water at concentration 10 mg.mL
-1

. The mixture was subject to a 

constant stirring at around RT for 24 h for1200 min
-1

  and afterward, excess piperine 

was filtrated using 0.45µmPTFEsyringefilter. The amount of piperine in the CMS 

nanocarriers solution was determined by UV-visible spectroscopy measurement relative 

to a piperine calibration curve.The obtained values from UV-visible spectroscopy 

measurements, piperine-loaded CMSnanocarriers. Loading capacity (LC) is calculated 

by using following equation. 

                       Loading capacity= n(encapsulated piperine)/ n(nanocarrier)×100 

2.16. Stability and Release Experiments 

The piperine-loaded pH-CMS nanocarriers and its stability were evaluated with UV-

visible measurements. , Piperine -loaded pH-CMS nanocarrier solutions were kept at 

pH 7.4 and pH 5, at 37 °C for different time intervals. 1ml of medium containing 6mg 

of PIP @CMS 2 was placed in a dialysis bag (MWCO3.5kDa) and dialyzed it in falcon 

tube containing15ml of PBS.During this time, a sample of 5 mL volume was 

periodically removed and the same volume of PBS was replenished. The released 

amount of PIP was determined by UV-visible spectroscopy. The release studies were 

performed in triplicate and the error bar in the plot represent the standard deviation.  

2.17. Peak Force Quantitative Nanomechanics (QNM) 

Muscovite mica was used as a substrate, at a constant temperature, all the 

measurements were performed in a liquid state using fluid cell. Before sample 

deposition, the outer layers of the mica were cleaved with regular adhesive tape and 10-

15µl solution of 15µl of Poly-L-lysine (Conc: 0.1mg/ml) was deposited and let it dry. 

Then 10μl of the sample was deposited and incubated for at least 20 minutes. Samples 

were kept to dry for a while. Afterward, the samples were mounted onto the AFM head 

and a fluid cell was assembled.For calibration, a well established thermal noise 

procedure is used for cantilever spring constant on a clean hard surface. Nanoscope 

analysis software is used for analyzing the particle size.  

 

 



 
Materials and Methodology| Chapter 2 

39 

2.18. Isothermal  calorimetry (ITC) 

ITC experiments were carried out using MicroCalITC200, Northampton, MA, USA) at 

298.15 K. Binding conditions were optimized for CMS-mPEG 2000. All the 

experiments were conducted at physiological pH 7.4. The thermodynamic and binding 

constants of binding(Kb) the number of binding sites per one molecule(n) and enthalpy 

of binding (ΔHb) were computed from actual calorimetric data by a non-linear fitting 

using origin ITC software origin, using output of ΔHb and Kb, the free energy of 

binding ΔGb and its entropic component –TΔSb were simply determined using standard 

thermodynamics relationships( i:e ΔGb= -RT ln Kb and –TΔSb= ΔGb-ΔHb). The Kb was 

calculated from three independent experiments with multiple runs.
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3. 1. Introduction 

Protein-drug interactions play an important role in a variety of biological processes. 

The studies on this aspect may provide information of the structural features that 

determine the therapeutic effectiveness of drugs, and become an important research 

field in life sciences, chemistry, and clinical medicine. Depending on a specific 

drug's affinity for plasma protein, a proportion of the drug may become bound to 

plasma proteins, with the remainder being unbound. If the protein binding is 

reversible, then a chemical equilibrium will exist between the bound and unbound 

states, such that: 

                                 Protein + Drug ⇌ Protein-Drug Complex 

 Protein binding can influence the drug's biological half-life in the body. 

There are several mechanisms by which drugs may interact, but most of them can be 

categorized as pharmacokinetic (absorption, distribution, metabolism, excretion), 

pharmacodynamics, or combined interactions. Knowledge of the mechanism by which 

a given drug interaction occurs is often clinically useful, since the mechanism may 

influence both the time course and the methods of circumventing the interaction. 

Some important drug interactions occur as a result of two or more mechanisms. 

Reversible binding to serum proteins modulates the distribution of drugs and 

then affects the pharmacokinetics and pharmacodynamic properties. Once 

administered, the free concentration of a drug can change due to its interaction with 

other drugs and endogenous factors, to its binding to plasma proteins, or to 

significant changes of the serum carrier concentration. Therefore, investigation 

studies on the plasma protein drug binding site aimed at the determination of the 

binding parameters are relevant when studying a drug profile. 

 In our study, we used fluorescence spectroscopy, surface plasmon resonance 

(SPR), and mass spectrometry to obtain the binding constants, a number of binding 

sites, free energy and binding site of bioactive compounds with HSA. 
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3.2.A  Results and Discussion 

              3.2.A.1. Cytotoxic Studies with different Cell lines 

I have used MTT assay method to examined the effect of  Andrographolide, 7-Hydroxy 

coumarin derivatives, Corilagin, Embelin, Piperine, Stigmasterol, Rosmarinic acid and 

Menthol on the viability of HepG2, MCF-7, HeLa, Raw mouse macrophages, and 

A549cells. HepG2, MCF-7, HeLa, Raw mouse macrophages and A549 cells are 

appropriate in vitro model system for the study of polarized human hepatocytes 

including liver diseases. Further,  Apocynin, Andrographolide, Bacosine, 7-Hydroxy 

coumarin derivatives, Corilagin, Embelin, Piperine, Stigmasterol, Rosmarinic acid, 

Menthol, and 6-Shagoal decreased the cell viability for different cell lines in a dose- 

dependent manner with an IC50 values  (Table.3.1). These result clearly indicated the 

cytotoxic activity of these selected phytocompounds/bioactive compounds, wherein 

viability is decreased for particular cell lines (Fig. 3.1), however, no effect on other 

cell lines. Hence, this reports exhibits different levels cytotoxicity on different cell lines 

indicates that these selected bioactive compounds are very specific to certain diseases.   

Table.3.1. Cytotoxic (IC50 values) of selected bioactive compounds against different cell lines. 

Compound Name IC50(µM) 

HepG2 

IC50 (µM) Hela IC50 (µM) Raw 

264.7 

IC50 (µM) Mcf-

7 

Stigmasterol 40 _ _ _ 

Andrographalide 57 30 80 55 

Piperine 21 _ 63.5 _ 

Rosmarinic acid 18 _ _ 11 

Bacosine 34 _ _ _ 

Apocynin 40 _ _ _ 

Corilagin - _ 69.5 _ 

Embelin _ 29 _ _ 

7HC-1 _ _ 78 _ 

7HC-2 _ _ 63 _ 

7HC-3 _ _ 50 _ 

Menthol _ 43 24 _ 

6-Shagoal _ 36 13 _ 
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Fig. 3.1. Cytotoxic studies on different cell lines. (A) piperine (B) corilagin, (C) stigmasterol (D) 

embelin (E) andrographolide (F) menthol reduces the viability of specific cell lines. Cells treated for 48 h 

with or without each concentration of corilagin, piperine, stigmasterol, embelin, and menthol was 

analyzed for viability by using MTT assay. 
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3.2.A.2. The Evaluation of Anti-cancer Activity by Apoptosis 

 

Fig. 3.2. Apoptosis activity at an induction of 29.1 μM EMB on the 24h culture of HeLa cell line. Flow 

cytometry was used to govern the fluorescence. Quadrants were assessed as a percentage of the cell, i.e. 

Q1 as late apoptotic or necrotic cells, Q2 dead cells, Q3 as live cells and Q4 as apoptotic cells. 

 

 In this study, HeLa cells were treated with embelin (IC50 value 29.1±1.52 μM)  

for cell viability assay for 24h to measure the cell death by using apoptotic detection kit 

as described in material and methods (2.2). The results are shown as dot-plot 

representation (FITC-A on x-axis and PE-A on the y-axis) in quadrants and histogram 

(Fig.3.2). The results showed that embelin was inducing apoptotic cell death about 

26.3% at its IC50 value. The percentages of different cells in quadrants are shown in 

Fig.3.2. Other natural compounds berberine and alternate showed similar results as that 

of embelin and thus it might strengthen our results (Mantena et al., 2006; Tang et al., 

2014). Hence, the compound embelin leads to a promising and optimization of 

developing a new class of anticancer potent drugs and promoting apoptosis in cancer 
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cell lines of HeLa cell lines. Further, an investigation into the molecular mechanisms 

that mediate the antitumor activities were needed to develop chemo preventive agents 

and cancer therapeutics in the current encounter against cancer. 

3.3.B Unravelling the Binding Mechanism using Fluorescence  Spectroscopy and 

Surface Plasmon Resonance. 

 Binding Studies using Fluorescence Spectroscopy 

Fluorescence quenching is a useful method to study the reactivity of chemical and 

biological systems since it allows non-intrusive measurements of substances in low 

concentration under physiological conditions.  It can reveal accessibility of quenchers 

to HSA fluorophores. Fluorescence measurements can help to understand HSA binding 

phenomenon such as the binding mechanism, binding constants, number of binding 

sites, intermolecular distances, etc., (Lakowicz et al., 2009). 

 For HSA, there are only three intrinsic fluorophores i.e., tryptophan, 

tyrosine, and phenylalanine. HSA has a single tryptophan residue (Trp-214) located in 

the hydrophobic cavity of the subdomain IIA corresponding to the so-called sudlow’s 

drug binding site I region (Brown et al., 1977) . 

 Tryptophan (shown as free amino acid) has much stronger fluorescence and 

higher quantum yield than the other two aromatic amino acids. The intensity, quantum 

yield, and wavelength of maximum fluorescence emission of tryptophan is very 

solvent dependent. The fluorescence spectrum shifts to shorter wavelength and the 

intensity of the fluorescence increase as the polarity of the solvent surrounding the 

tryptophan residue decrease. Tryptophan residues which are buried in the hydrophobic 

core of proteins can have spectra which are shifted by 10 to 20 nm compared to 

tryptophans on the surface of the protein. Tryptophan fluorescence can be quenched by 

neighboring protonated acidic groups such as Asp or Glu. 

 Tyrosine, like tryptophan it has strong absorption bands at 280 nm, and when 

excited by light at this wavelength it has characteristic emission profile. Tyrosine is 

a weaker emitter than tryptophan, but it may still contribute significantly to protein 

fluorescence because it usually presents in larger numbers. The fluorescence from 

tyrosine can be easily quenched by nearby tryptophan residues because of energy 
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transfer effects. Also, tyrosine can undergo an excited state ionization which may result 

in loss of the proton on the aromatic hydroxyl group that leads to quenching of 

tyrosine fluorescence. 

 Phenylalanine with only a benzene ring and a methylene group is weakly 

fluorescent.  The experimental sensitivity (the product of quantum yield and molar 

absorptivity maximum) is especially low for this residue. Phenylalanine fluorescence 

is observed only in the absence of both tyrosine and tryptophan. The simple 

structure of phenylalanine may predominantly demonstrate the effect of structure 

on fluorescence. Adding a hydroxyl group, as in tyrosine, causes a 20 fold increase in 

fluorescence. If an indole ring is added as in tryptophan, the relative fluorescence 

increases to 200 times that of phenylalanine. 

 Thus, the intrinsic fluorescence of HSA is almost contributed by tryptophan 

alone, because phenylalanine has a very low quantum yield and the fluorescence of 

tyrosine is almost totally quenched if it is ionized, or near an amino group, a carboxyl 

group, or a tryptophan ( Lakowicz et al., 2009) . The intrinsic fluorescence of the 

unique tryptophan is very sensitive to the environment around the amino acid 

residues. Binding of small molecules with HSA sometimes induces changes in protein 

conformation and consequently, it gives fluorescence. Therefore, the fluorescence of 

Trp-214 has been employed frequently in the study of the interaction of the protein 

with drugs (Ma et al., 2009a). The interaction of bioactive compounds to HSA 

resulted in a substantial change in the fluorescence. Fig. 3.3–3.23 shows the 

fluorescence emission of HSA/AGP is obtained at 360 and 340nm when excited at 285 

nm. Our results showed that with increasing concentrations of bioactive compounds 

(0.001 to 0.009 mM for all other bioactive compounds) and a fixed concentration of 

HSA/AGP (0.001 mM), the maximum fluorescence (360 nm) of HSA/AGP was 

quenched upon binding of bioactive compounds (Fig. 3.3-3.23). This indicates that 

bioactive compounds bind to HSA causes microenvironment changes in HSA/AGP 

and leads to HSA/AGP-bioactive complexes formation. With increasing 

concentrations of bioactive compounds with HSA absorption at excitation (285 nm) 

and emission (360 nm) wavelength introduces inner filter effect, which may decrease 

the fluorescence intensity and results in a non-linear relationship between the observed 

fluorescence intensity and the concentration [Q] of the bioactive compounds. Such 

effect was corrected using the following equation 
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 Fcor = Fobs10 (Aexc + Aemi)/2 - [1] 

Where, Fcor is the corrected fluorescence intensity, Aexc and Aemi represent the 

absorbance at the fluorescence excitation (285 nm) and emission wavelengths (360 

nm) of HSA and (340 nm) of AGP, Fobs is the observed fluorescence (Lakowicz et 

al., 2009). 

 Different mechanisms of quenching are classified as either dynamic quenching 

or static quenching. Dynamic and static quenching can be distinguished by temperature 

and viscosity, or by the difference of their fluorescence lifetime (Lakowicz et al., 

2009). Dynamic quenching is a process in which the fluorophore and the quencher 

come into contact during the transient existence of the excited state. Static 

quenching refers to fluorophore (HSA)-quencher (bioactive compounds) complex 

formation. To verify whether the quenching is by static or dynamic in HSA-

bioactive complexes, I have plotted Fo/F against Q to determine the static and 

dynamic quenching. The Kq was estimated according to the Stern-Volmer equation: 

F0 / F = 1 + Kq t0 [Q] =   1 + KD [Q]  - [2] 

Where, Fo and F are the fluorescence intensities in the absence and presence of 

quencher, [Q] is the quencher concentration and KD is the Stern-Volmer quenching 

constant (Kq), which can be written as KD=kqt0; where kq is the bimolecular 

quenching rate constant and t0 is the lifetime of the fluorophore in the absence of 

quencher, lifetime of fluorophore for HSA is 5.6 ns (Tayeh, Rungassamy & Albani 

2009). From the biomolecular quenching constants (Table 3.4) all the HSA-

bioactive complexes followed the static quenching mechanism which is evident 

from the quenching constants which are much greater than the maximum collisional 

quenching constant of HSA (2.0×10
10 

M-
1

s
-1

) (Zhang et al., 2008; Agudelo et al., 

2012). 

Binding constant and Number of binding sites 

When small molecules bind independently to a set of equivalent sites on a 

macromolecule, the equilibrium between free and bound molecules could be 

represented by the modified stern-Volmer equation (Kragh-Hansen et al.,  1981). 

Log (F0  − F)/ F = log K + n log[Q] - [3] 



 
Cytotoxic and Binding Mechanism of Bioactive Compounds with Plasma Proteins| Chapter 3 

 

47 

Where, K and n are the binding constant and number of binding sites, respectively. 

The values of  K  and n  for  HSA/AGP -bioactive compounds system were calculated 

from the intercept and slope of the plot of log(F0−F)/F versus log[Q] and the same 

plot for a representative system, HSA-bioactive compounds are given in ( Fig.3.3-

3.23). The values of K and n are summarized in Table. 3.4. It was noticed that the 

binding constant values are in the range and in agreement with known binding constants 

of (10
3
-10

6
 M

-1
); Federal Drug Administration (FDA) approved drugs (see Table. 1). The 

K values indicates strong binding with HSA and n values for HSA-bioactive 

complexes (Table 3.4) were noticed to be almost unity indicating that there  was  one  

independent  class  of  binding  sites on HSA for all the bioactive compounds 

(Fig.3.3-3.23), suggesting that HSA interacts with bioactive compounds in a one-to-

one ratio. The differential binding constants obtained for different molecules because of 

their structural difference (Gokara et al., 2010; Garg et al., 2013; Yeggoni et al., 2014 a 

& b; Yeggoni et al., 2015a & b; Yeggoni et al., 2016 a & b).  

 Thermodynamic parameters and the nature of binding forces 

Generally, the interaction forces between small organic molecules and biological 

macromolecules can include the hydrophobic force, hydrogen bonds, the van der 

Waals force, electrostatic interactions etc (Leckband et al., 2000). Thermodynamic 

parameters for a binding interaction can provide major evidence about the nature of 

the intermolecular forces. The binding constant K of bioactive compounds with 

HSA/AGP at 298K is used to calculate the standard free energy according to a well-

known equation (see eq 4). 

                                    ∆G° = -RTlnK   -[4] 

Where, ΔG is free energy, K is the binding constant at the corresponding 

temperature, which can be obtained from fluorescence data, and R is the gas constant. 

The calculated free energy change of HSA/AGP-bioactive compounds is 

summarized in Table. 3.4. The negative sign for free energies of the compounds is 

given in Table.3.4. I have also carried out the using different temperatures to find out 

the free energies, for most of the molecules, the free energy changes were minimal. 

Hence, I am providing the free energies only the room temperature data. 
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 These data indicates that the interaction process is spontaneous. The negative 

free energy and the docking data which is explained in the docking studies of 

individual studies suggest the type of interactions of HSA/AGP -bioactive complexes 

include both hydrogen bond and hydrophobic interactions. Earlier, our group have 

reported similar kind free energies for other natural bioactive compounds (trans-feruloyl 

maslinic acid, betulinic acid, β-sitiosterol, lupeol, L-dopa, 7-hydroxycoumarin, 

trimethoxy flavone, embelin, corilagin etc. (Subramanyam et al., 2009 a & b; Gokara et 

al., 2010; Yeggoni et al., 2014 a & b; Yeggoni et al., 2016 a & b). The detail binding 

mechanism of different bioactive compounds with HSA has been discussed below. 

 

3.2.B.1 Andrographolide 

 

Fig. 3.3. Fluorescence emission spectroscopy of  (A) Free HSA (0.001mM) and free HSA with 

different concentration of ANDR (0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009mM) in 

0.1 M phosphate buffer pH 7.4, λex = 285 nm, temperature = 25
o
C,  inset,  Modified Stern-Volmer 

plot ; Plot of log (dF/F) against log [Q] λex = 285nm. , λex = 360 nm.  (B) Free AGP (0.001 mM) and 

free AGP with different concentrations ANDR of 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 

and 0.009 mM. Inset  Plot of log (dF/F) against log [Q]. λex = 285 nm and λem = 340 nm. 
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Fig.3.4. (C) Stern-Volmer plots of HSA-ANDR complexes showing fluorescence quenching constant 

(Kq). Here the plot is showing F0/F against [Q] for ANDR. 

 

T 

(K) 

Kb 

(× 10
 4

 M
-1

 ) 

ΔG 

( kcal M
-1

) 

298        1.85± .01 -5.1 

310 1.22 ± .03 -5.5 

 

Table.3.2. Binding parameters of ANDR interaction to HSA in 0.1 M phosphate buffer pH 7.4 at a 

different temperature obtained and calculated from fluorescence quenching results. 

 

 I have used fluorescence spectroscopy to unravel the binding mechanism or 

binding mode of andrographolide (ANDR) to HSA or AGP. The fluorescence 

quenching of AGP and HSA is due to intrinsic tryptophan residue used to understand 

the interaction of ANDR with these proteins (Fig. 3.3). While titrating ANDR to the 

HSA the fluorescence maximum intensity at 360 nm was decreased with the addition of 

ANDR. Due to the presence of Trp-214 HSA major fluorescence of HSA is obtained 

when its excited at 285 nm. It even indicates that ANDR binding site exists near to the 

tryptophan residue which is located to the IIA subdomain of HSA. 

The static quenching constants, Kq(s) (ANDR) =5.0 ± 0.03 × 10
13

 M
-1

s
-1 

(Fig.3.4.C). According to the standard procedures, if Kq is more than the maximum 

Kq=5.0 × 1013 M-1S-1   

R2 =0.95 

0.00

0.80

1.60

0 0.002 0.004 0.006 0.008 0.01

[Q](mM) 

F
0

 /F
 

HSA-ANDR C 
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collisional quenching constant then the static quenching is dominant. I found that the 

dynamic quenching constant is 2.06 ± 0.03 × 10
10

 M
-1

s
-1 

(Tayeh et al., 2009; Agudelo et 

al., 2012). Hence the binding of ANDR to HSA is ‘static’ as Kq(s) is very much greater 

than colloidal constant. This indicates the formation of the fluorophore-quencher 

complex formation. The results demonstrated that HSA fluorescence quenching by 

ANDR may follow a static mechanism and was initiated by HSA-ANDR complex 

formation rather than dynamic collision. 

Also the binding constant (Fig. 3.3) to be KANDR =1.85 ± 0.02×10
4 

M
-1

, 

indicates the strong binding of ANDR with HSA. This data are very much correlated 

with the data found in silico i.e. 1.2 ± 0.03×10
4
 M

-1
. The same experimental procedures 

were followed at 37 
o
C where I found that on increasing temperature the fluorescence 

emission decreases, or in other words, the extent of lowering in fluorescence emission 

was higher at a lower temperature. For ANDR, the value of Kb and n were calculated at 

37 
o
C temperature and the observed values are Kb= 1.2 ± .03 × 10

 4
 M

-1
, ΔG=-5.5 kcal 

M
-1

 at 37 °C (Table.3.2). Thus the data shows a slight decrease in Kb on increasing the 

temperature is a clear indication of static quenching (Feroz et al.,  2012). As we know 

that a very few drug molecules binds efficiently with AGP, therefore, I have also 

calculated the binding constant and found to be KANDR = 1.5±0.03×10
3
 M

-1
, in silico 

binding affinity of AGP is 7.7 ± 0.05×10
4
 M

-1
  which is in the range of known FDA 

approved drug values (10
3 
– 10

6
 M

-1
) (Varshney et al., 2010). Recently, we have 

reported that few phytochemicals binds to AGP and HSA (Yeggoni et al., 2015 a & b; 

Yeggoni et al., 2016a) from this point of view,  I can state that due to an acute phase 

protein AGP binds with ANDR and hence in chronic inflammation/cancer conditions 

the ANDR can bind to overexpressed AGP. Thus, these results indicate that the ANDR 

binds to both HSA and AGP and this has been discussed in chapter 5. It even reveals 

that there is only one binding site for ANDR for serum proteins also suggests that both 

the proteins may be used as a carrier for ANDR in different diseased conditions. The 

free energy change for ANDR has been calculated and found to be -5.79 ± 0.031 

kcal/mol at 25 °C, when binding with HSA. Interestingly, this data also supports the in 

silico analysis (discussed in chapter 4) of HSA-ANDR complex, where ∆G°ANDR = -5.6 

± 0.031 kcal/mol. Therefore, this data suggests that the binding between protein and 

ligand can be stabilized by hydrophobic interaction and hydrogen bond formation. 
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 From the fluorescence quenching mechanism, it is found to be a static 

mechanism which is evident from the bimolecular quenching constants ANDR are 5.27± 

0.02 × 10
13 M

-1

s
-1

. It is observed that quenching of emission maximum at 340 nm of 

AGP was observed with ANDR. Interestingly blue shift and red shifts were observed 

in the peaks of AGP- ANDR (Fig. 3.3B) whereas with HSA there is no shift in the 

peaks of these ANDR. This phenomenon might be due to the unfolding and 

refolding of the protein after the binding. The possible explanation for the shift 

might be due to the differential exposure of tryptophan residues at various positions 

in the protein, which may be exposed differentially to the polar environment 

leading to the shift in the emission maximum at 340nm. The binding constants with 

ANDR are 10 times lesser than HSA. ANDR binds with AGP in 1:1 ratio indicating 

that only one molecule is bound with AGP, similarly with HSA. The negative free 

energy of all these ANDR is less than the values obtained with HSA. These findings 

suggest that HSA plays a major role in binding, however, it should be verified in vivo 

in various pathological conditions where AGP expression is upregulated. 

 Displacement studies of ANDR binding to HSA 

 

Fig.3.5. Competitive binding of a ligand with HSA.  Displacement of phenylbutazone from the HSA-

phenylbutazone complex by ANDR. In the graph log dF/F vs log Q (Inset) was plotted to calculate 

binding constant and a number of binding sites.  
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To determine the exact binding pocket of HSA upon interaction of ANDR, 

molecular displacement studies were carried out using site-specific marker fluorescence 

probes for monitoring site I and site II of HSA. Here, I took two site-specific markers 

for  HSA; phenylbutazone that binds at IIA and ibuprofen for IIIA, to know the specific 

binding of ANDR with HSA through site competitive displacement experiments. The 

concentration of HSA and that of site-specific markers are kept constant (0.001mM) 

and titrated with ANDR at increasing concentrations, it showed a decrease in 

fluorescence emission intensity when titration of different concentrations of ANDR into 

HSA-phenylbutazone. The binding constant obtained were close to HSA-ANDR alone. 

From the displacement experiment, the binding constant value decreased slightly in 

presence of phenylbutazone found to be KANDR = 1.8 ± 0.03×10
4 

M
-1 

(Fig.3.5), which 

was very much close to the intrinsic fluorescence data, where it shows KANDR=1.85 ± 

0.02 × 10
4 

M
-1

.  

  Therefore, indicating a competition between phenylbutazone and ANDR for the 

binding site of IIA of HSA, data was harmonized with the docking results which 

showed that ANDR binding to the IIA subdomain of HSA (discussed in chapter 4).  

However, there are no observed changes in the binding constants of another site-

specific marker for IIIA subdomain of HSA (2.1 ± 0.05×10
4 

M
-1

) compared with the 

absence of the site-specific probe, thus ANDR displaces only phenylbutazone from 

subdomain IIA. Therefore, from this study, ANDR displaces the phenylbutazone 

molecule and forms a stable complex due to hydrophobic interactions at the IIA 

domain. 
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Surface Plasmon Resonance (SPR) 

                          

Fig.3.6. Sensorgrams of binding of ANDR to HSA immobilized on CM 5 sensor chip (top) and 

respective Req values fitted to the steady state model giving the final binding isotherm (bottom). 

Increasing concentrations of analyte are denoted by different colors: 5 µM (orange), 25 µM (purple), 50 

µM (light black and yellow), 200 µM (blue) and 1000 µM (green) for ANDR–HSA. 

                

There are various techniques to understand molecular interactions, among them 

fluorescence and SPR spectroscopy are widely used. Interactions between 

macromolecules and small molecules by fluorescence spectroscopy are based on the 

interaction of quencher and a fluorophore. Measuring fluorescence quenching, binding 

constants, and mechanisms of molecular interaction can be analyzed. SPR is an optical 

technique which is based on the refractive index change near to a metal (Au) surface. 

The refractive index changes reflect the absorbance of analyte in solution onto the 

ligand HSA is immobilized on the surface Fig.3.6. The advantage of SPR is that it can 

monitor the surface-constrained interaction in real time without the requirement for 

labeling.  

  As the interaction of ANDR to HSA by  SPR is formed under flow conditions 

that usually exhibit shear stress and takes place between an immobilized ligand and a 
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mobile analyte, it might be a bit weaker than binding affinities derived from assays 

with both binding partners in solution without any shear stress forces like fluorescence 

spectroscopy. The association constants obtained from the fluorescence and SPR 

experiments were very close i:e  1.85 ± 0.02×10
4 

M
-1 

(fluorescence) and 3.1 ± 0.04×10
3 

M
-1 

(SPR),  respectively. Additionally, covalent coupling of HSA to the chip surface 

takes place randomly via primary amines in the protein. If these amines are situated 

next to the binding pocket for ANDR, interactions may be sterically hindered reducing 

binding affinity in contrast to fluorescence spectroscopy where no attachment is 

needed. 

 

3.2.B.2 Corilagin (COR) 

 

      Fig. 3.7. Fluorescence emission spectra of HSA– Corilagin in 0.1 M phosphate buffer with pH 7.4, 

λex = 285 nm, and temperature = 25 °C. (A) Free HSA (0.001 mM) and free HSA with different 

concentrations Corilagin of 0.001- 0.009 mM. (B) Plot of log (dF/F) against log [Q]. λex = 285 nm and 

λem = 360 nm. 

 

  

From the slope of the plot, binding constants of corilagin were calculated from the 

intercept as 4.2 ± .02 × 10
 5

 M
-1 

which indicates strong binding of corilagin to HSA 

(Fig. 3.7). There is a good correlation with the computational calculated binding 

constant as 1.5 ×10
 4

 M
-1 

obtained as lowest free energy. The binding constants and free 
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energy of the best docking conformer are close and consistent with the binding 

constants and free energy determined by fluorescence studies. Thus these results 

corroborate with the experimental data. Interestingly, I have reported that natural 

compounds binding to HSA showed similar results on betulinic acid, feruloyl masalinic 

acid, trimethoxy flavone, and coumaroyltyramine, and their binding constants were KBA 

= 1.685 ±0.01 × 10
6
 M

-1
, KFMA = 1.42 ± 0.01 × 10

8
 M

-1
, K TMF = 1.0 ± 0.01 × 10

3
 M

-1
, 

and KCT = 4.5 ± 0.01 × 10
5
 M

-1
 (Subramanyam et al., 2009 a & b; Gokara et al., 2010; 

Neelam et al., 2010). The calculated free energy change of COR-HSA is -7.6 kcal M
-1

 

at 25 °C. The calculated computational free energy value is -5.71 kcal M
-1

 and the 

results are in agreement with the experimental data. Here the lower free energy value is 

mainly due to the hydrophobic interaction of corilagin binding to HSA. 
 

 Energy transfer from HSA to Corilagin (Fluorescence Resonance Energy Transfer) 

 

Fig.3.8. The overlap of fluorescence spectrum of HSA (A) and absorbance spectrum of corilagin (B) 

[λex=285 nm , λem=360 nm  c(HSA)/c(corilagin)=1:1]. 

 

HSA has a single tryptophan residue (Trp-214). The distance r between the Trp-214 

in HSA and the bound corilagin could be determined using fluorescence resonance 

energy transfer (FRET). FRET has been widely used to determine the molecular 

distance between the acceptor and donor molecules.  Generally, FRET occurs whenever 

the emission spectrum of a fluorophore (donor) overlaps with the absorption spectrum of 
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another molecule (acceptor). The overlap of the UV absorption spectrum of corilagin 

with the fluorescence emission spectra of HSA is shown (Fig.3.8). The distance between 

the donor and acceptor and extent of spectral overlaps determines the extent of energy 

transfer. The distance between the donor and acceptor can be calculated according to 

FÖsters theory (Förster et al., 1996). The efficiency of energy transfer,   E, can be 

calculated as                                           

                                          E=1-F/F0= R
6

0/ R
6
0+r

6                       
-[5] 

Where, F and Fo are the fluorescence intensities of HSA in the presence and absence of 

corilagin, r the distance between acceptor and donor and Ro is the critical distance when 

the transfer efficiency is 50%. Ro can be determined as 

                                 Ro
6
 = 8.8×10

-25
 × K

2
 × N

-4
 × ɸ × J    -[6] 

Where, K
2 

is the spatial orientation factor of the dipole N the refractive index of the 

medium, ɸ the fluorescence quantum yield of the donor and J is the overlap integral of 

the fluorescence emission spectrum of the donor and the absorption spectrum of the 

acceptor. J can be calculated as        

                                  J = ∑F(λ)ε(λ) λ
4
Δ λ / ∑F(λ)Δ λ      -[7] 

Where, F(λ) is the fluorescence intensity of the fluorescent donor of wavelength, λ, and 

ε(λ) is the molar absorption coefficient of the acceptor at a wavelength, λ. In the present 

case, K
2
=2/3, N=1.336 and ɸ=0.118 for has (Epps et al., 1998). From the above-

mentioned equations 5, 6 and 7 were able to calculate that J= 9.41×10
-15

 Cm
3
 L mol

-1
, 

R0=2.57nm, E=0.49 and r=1.32 nm for HSA. The donor-acceptor distance, r < 8nm (Hu 

et al., 2004; Valeur & Brochon 2012) indicates that energy transfer from HSA to 

corilagin occurs with high possibility, thus the existence of static quenching due to 

complex formation between HSA (Trp-214) and corilagin. 
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 Displacement Studies of Corilagin binding to HSA 

 

Fig. 3.9. Displacement of phenylbutazone from HSA-phenylbutazone complex by corilagin. 

Fluorescence emission spectra were recorded on Perkin Elmer LS55 fluorescence spectrometer for 

corilagin with HSA in presence of site probe markers. Phenylbutazone is referred as a site-I probe. The 

concentrations of HSA and phenylbutazone were maintained constant at a concentration of 1µM 

whereas, the corilagin was varied from 0 to 9 µM. Inset: Modified Stern-Volmer plot. Plot of log (dF/F) 

against log [Q] λex = 285 nm, λem = 360 nm. 

 

Corilagin has to compete with lidocaine (subdomain IB marker), 

phenylbutazone (a site I marker) and ibuprofen (site II marker) to get the chance to bind 

to HSA if they bind to HSA in the same site.  This is proved by the gradual decrease in 

fluorescence intensity, but the intensity is much lower in the absence of site-specific 

markers. The binding constant of corilagin- HSA system is ∼3.9 ± 0.02 × 10
4   

(lidocaine), 1.6 ± 0.01× 10
5
 (phenylbutazone) and 3.7 ± 0.02× 10

4
 M

-1
 (ibuprofen), 

respectively. The original binding constants of HSA-corilagin is 4.2 ± 0.02 × 10
 5

 M
-1

. 

The binding constants in the presence of phenylbutazone and in its absence are close to 

each other, whereas binding constants in presence of other site-specific markers like 

lidocaine and ibuprofen are less which indicates that corilagin compete and displaced 

phenylbutazone from the binding site. Thus the displacement measurement confirms 

that the corilagin is bound to Sudlow’s site I of HSA (Fig. 3.9). Similar kind of 

competitive displacement studies was reported in my previous papers (Yeggoni et al., 

2014a; Yeggoni et al., 2015b). 
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 Atomic Force Microscopy (AFM) 

            

 

Fig. 3.10. 2D  AFM images of (A) Free HSA (B) HSA–Corilagin complex. The corresponding 3D 

images are given by (C) and (D) respectively, the scan area is given in brackets. 

 

To investigate topography changes in HSA upon addition of corilagin, the free 

HSA and HSA-corilagin complexes were clearly visualized by using AFM in triplicate. 

Fig. 3.10 shows the results obtained from AFM for the unliganded HSA and HSA-

corilagin complexes. The data shows that HSA was absorbed evenly on the mica glass 

surface. The mean height of the different HSA molecules was 137.3 ± 2.47 nm. These 

dimensions are nearer to the previous report of HSA (Kowalczyk et al.,1996).Later 

after addition of the corilagin, the HSA molecule became swollen, and the mean height 

of HSA reached 337.5 ± 3.05 nm, which indicates the aggregation or HSA- corilagin 

complexation. Thus the microenvironment surrounding the HSA became more 

hydrophobic after interacting with corilagin. Therefore minimizing some factors 
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unfavorably affecting the formation of a stable complex structure, the HSA molecule 

reduced its surface area of contact with water by molecular aggregation. 

Mostly proteins are aggregated under certain conditions like special 

composition ion, appropriate pH value, and concentration of the protein solution. 

Moreover, protein–protein hydrophobic interaction is an important factor in causing 

proteins aggregation (Privalov et al., 1979). The different shapes and size distributions 

point towards distinctly different forms of the morphology of free HSA and HSA–

Corilagin complex. These results again support the formation of protein-ligand 

complex, as a result, the morphology is different from the free protein (Fig. 3.10). 

Hence, the results expose that a hydrophobic interaction between HSA and corilagin 

may exist. 

3.2.B.3 Embelin (EMB) 

 

Fig. 3.11. Room temperature fluorescence emission spectra were measured at physiological pH  7.4 (A) 

Free HSA (0.001 mM) and free HSA with different concentrations EMB of 0.001- 0.009 mM. Inset Plot 

of log (dF/F) against log [Q]. (B) Stern-Volmer plots of HSA- EMB complexes showing fluorescence 

quenching constant (kq) and plot of Fo/F against [Q] for EMB λex = 285 nm and λem = 360 nm. 
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       T                 

      (K) 

             Kb 

             (× 10
 4
 M

-1
 )  

          ΔG 

     ( kcal M
-1

)  

298 5.9± .01 -5.1 

310 1.5 ± .01 -5.0 

 

Table. 3.3. Binding parameters of EMB interaction to HSA in 0.1 M phosphate buffer pH 7.4 at a 

different temperature obtained and calculated from fluorescence quenching results. 

 

From above-mentioned equation, the plotted results indicated a good linear relationship 

with the value of n=0.6 approximately equal to 1. This indicates the presence of a 

single class of binding site for EMB in HSA. Further, linearity in the plot of log 

(dF/F) against log[Q] confirms that HSA interacts with EMB in a one-to-one ratio (Fig. 

3.11). The binding constants of EMB were calculated from the intercept as 5.9 ± 0.01 × 

10
4
 M

-1 
which indicates strong binding of EMB to HSA. The fluorescence intensity 

decreases continuously but a higher concentration of EMB the decreasing pattern of 

emission gets saturated which is clear indication of binding of EMB to a specific 

binding site on HSA. The same experimental procedures were followed at 37 
o
C where 

I found that on increasing the temperature, the quenching also decreases, or in other 

words, the extent of lowering in fluorescence emission was higher at a lower 

temperature. For EMB, the value of Kb and n were calculated at 37 
o
C temperature and 

the observed values are Kb= 1.5 ± 0.01×10
 4

 M
-1

  ΔG= -5.0 kcal M
-1

 at 37 °C (Table 

.3.3). Thus the data shows a slight decrease in Kb on increasing the temperature is a 

clear indication of static quenching (Feroz et al., 2012). There is a good correlation 

with the computational calculated binding constant as 4.0 × 10
 3

 M
-1 

obtained as lowest 

free energy. Thus, the calculated free energy change is -5.1 kcal M
-1

 at 25 °C. I have 

also used a computational method to calculate the free energy and found to be -4.92 

kcal M
-1

 for the lowest confirmation. Thus, the experimental results are in agreement 

with the theoretical or computational data. 
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 Displacement Studies of EMB binding to HSA 

 

Fig. 3.12. Displacement of Lidocaine from HSA-Lidocaine complex by EMB. (A)The concentrations of 

HSA and lidocaine were maintained constant at a concentration of 1µM whereas, the EMB was varied 

from 0 to 9 µM. Inset Modified Stern-Volmer plot. Plot of log (dF/F) against log [Q] λex = 285 nm, λem 

= 360 nm. 

 

To compare the effects of lidocaine (subdomain IB marker), phenylbutazone 

(Site I marker) and ibuprofen (Site II marker) on the binding of EMB to HSA, I have 

calculated the binding constant and other parameters. The binding constant of EMB- 

HSA with different site markers are 1.3 ± 0.02 × 10
4   

(lidocaine), 1.3 ± .01× 10
3
 

(phenylbutazone) and 5.2 ± 0.02× 10
3
 (ibuprofen), respectively. The binding constants 

in the presence of lidocaine are higher than that of its absence, whereas binding 

constants in the presence of other site-specific probes like phenylbutazone and 

ibuprofen are lesser which indicates that EMB has displaced lidocaine from the binding 

site. Hence, the displacement measurement confirms that the EMB is bound to IB 

subdomain of HSA (Fig. 3.12). There are reports stating that IB is the third major drug 

binding region (Zsila et al., 2013).  

 

 

 

A 
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 Analysis of Electrospray Ionisation Mass spectrometry (Q-TOF) 

 

Fig. 3.13. Q-TOF mass spectra of free HSA, and HSA along with EMB. The concentration of free 

HSA(A) and HSA-EMB(B) were 0.15 nM and 5 nM, respectively (m=mass; z=change). 

 ESI-MS is an important tool to identify the small molecules, their masses and 

also the binding characterization of ligands to the macromolecules can be studied since 

it is a very sensitive technique. Here I have used Q-TOF MS to demonstrate protein-

ligand complexation at nanomolar levels. The mass spectra of free HSA and HSA-

EMB complexes can be seen in (Fig. 3.13). The numbers above the vertical lines 

indicate the matched charge states of HSA and HSA-EMB complexes. Thus, 

deconvolution of the multiply charged states resulted in the identification HSA and 

HSA-EMB complex masses. I observed an increase in the molecular mass from 66563 

Da to 66857 Da when EMB binds to HSA. As the molecular weight of EMB is 294.39 

Da, the additional mass of 294Da indicates that EMB binds to HSA in 1:1 ratio.  

Hence, the mass spectra data is very well in agreement with fluorescence data showing 

that HSA-EMB complexes were formed. Our group has shown similar binding of 

betulinic acid, feruloyl maslinic acid, and tri methoxy flavone bound to HSA in 1:1, 

1:2, 2:1and 1:1 from Q-TOF MS which was similar agreement with the fluorescence 

data (Subramanyam et al., 2009 a & b; Gokara et al., 2010).  
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3.2.B.4 Piperine (PIP) 

 

 

 

Fig. 3.14. Fluorescence emission spectra of HSA–piperine in 0.1 M phosphate buffer with pH 7.4, λex = 

285 nm, and temperature = 25 ± 1°C. (A) Free HSA (0.001 mM) and free HSA with different 

concentrations piperine of 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, and 0.009 mM. (B) Plot 

of log (dF/F) against log [Q]. λex = 285 nm and λem = 360 nm.(C) Stern-Volmer plots of HSA-piperine 

complexes showing fluorescence quenching constant (Kq) and plot of Fo/F against [Q] for piperine.  

The quenching constant (Kq) for piperine is calculated (Fig. 3.14) to be 6.9 × 

10
13 

M
−1

s
−1

. As this value is much greater than the maximum collisional quenching 

B 

C 
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constant  2.0 × 10
10 

M
−1

 s
−1   

(Agudelo et al., 2012; Zhang et al., 2012) hence the static 

quenching mechanism is predominant in these HSA-Piperine complex. From this 

equation, the plotted results indicated a good linear relationship. The number of 

piperine molecule binding to HSA was calculated to be 1.2 suggesting that HSA 

interacts with piperine in a close relationship of one- to-one ratio (Fig. 3.14). The 

binding constants of piperine were calculated from the intercept as 5.7 × 10
 5

 M
-1 

which 

indicates strong binding of piperine to HSA. There is a good correlation with the 

computational calculated binding constant as 3.3 × 10
 5

 M
-1 

obtained as lowest free 

energy. Thus, the calculated free energy change is -7.8 kcal M
-1

 at 25 °C. I have also 

calculated the free energy (-6.8 kcal M
-1

) from computational modeling and results are 

in agreement with the experimental data. Here, the lower free energy value is mainly 

due to the hydrophobic interaction of piperine binding to HSA. 

 Displacement Studies of PIP binding to HSA 

 

Fig. 3.15. Displacement of phenylbutazone from HSA-phenylbutazone complex by piperine. 

Phenylbutazone is referred as a site-I probe. The concentrations of HSA and phenylbutazone were 

maintained constant at a concentration of 1µM whereas, the piperine was varied from 0 to 9 µM. Inset 

Modified Stern-Volmer plot. Plot of log (dF/F) against log [Q] λex = 285 nm, λem = 360 nm. 
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The titration of the different concentration of piperine to HSA- phenylbutazone 

showed the decrease in the fluorescence emission as the piperine replaces the 

phenylbutazone. Further, the binding constant values obtained for this displaced 

fluorescence quenching of piperine + HSA-phenylbutazone found to be 1.8 × 10
 5

 M
-1   

which is closely correlated with the HSA-piperine complexes 5.7 × 10
 5

 M
-1 

(Fig. 3.14). 

Thus the observed emission of HSA- phenylbutazone was decreased upon increasing 

the concentration of piperine which reveals that there is competition between the 

piperine and phenylbutazone for the site I subdomain of HSA. I have also performed 

the experiments with another site-specific markers like lidocaine, ibuprofen for 

subdomain IB and site II probe. However, the binding constants are not close to the 

value which was obtained from HSA-piperine complex, indicate that there is no 

competition between the piperine with lidocaine and ibuprofen (Fig. 3.15). Thus, the 

experimental evidence indicates that the piperine is specifically bound to the site I 

domain. 
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3.2.B.5 7-Hydroxy Coumarin Derivatives (7HC-1, 7HC-2, and 7HC-3) 

                

Fig.3.16.  Room temperature fluorescence emission spectra were recorded on Perkin Elmer LS55 

fluorescence spectrometer for coumarin derivatives (7HC-1(A), 2(B) and 3(C)). The slit width for both 

excitation and emission were 5 nm. Three independent experiments were carried out and each time 

identical spectra were obtained.   
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Fig. 3.17.  Modified Stern-Volmerplot.  Fluorescence emission spectra of HSA–Coumarin derivatives 

(7HC-1(A), 7HC-2(B) & 7HC-3(C)) in 0.1mM phosphate buffer pH 7.4, λex = 285 nm, temperature = 

25
o
C. Plot of log(dF/F) against log [Q]λex = 285 nm, λem = 360 nm. 
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Fig. 3.18. Stern-Volmer plots of fluorescence quenching constant (Kq) for the Coumarin derivatives-

HSA complexes at different drug concentrations (A) 7HC-1-HSA and (B) 7HC-2-SA and (C) 7HC-3-

HSA.  

 

The number of binding ligands was calculated to be 0.89, 0.53 and 0.9 for 7-hydroxy 

coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) suggesting that HSA interacts with 

different coumarin derivatives in a one-to-one ratio (Fig. 3.16 and 3.17). The binding 

constants of coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) were calculated from the 

intercept as 4.6×10
4
 M

-1
,1.3×10

4 
M

-1 
and 7.9×10

 4
 M

-1
 respectively, which indicates 

strong binding of these derivatives to HSA. It also has good correlations with the 

computationally calculated binding constants as 5.9±0.01×10
4
, 9±0.01×10

4,
 and 
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5.2±0.01×10
4
 M

-1
, respectively for 7HC-1, 7HC-2 and 7HC-3, obtained as lowest free 

energy. The quenching constants (Kq) were calculated to be 5 ×10
13 

M
-1 

s
-1 

for 7HC-1-

HSA and 3.9 ×10
13 

M
-1 

s
-1 

for 7HC-2-HSA and  4.7 ×10
13 

M
-1 

s
-1 

for 7HC-3-HSA, 

respectively (Fig. 3.18). Since these values obtained were far greater than the maximum 

collisional quenching constant (2.0×10
10

M
-1

s
-1

), (Agudelo et al., 2012; Zhang et al., 

2012) thus the static quenching is prevailing in these coumarin derivative-protein 

complexes. It is known that binding constant obtained from fluorescence emission can 

be used to calculate the free energy and also different binding interactions like 

hydrogen bonds, hydrophobic, van der Waals forces, and electrostatic interactions. 

Thus, the free energy change calculated upon binding of coumarin derivatives (7HC-1, 

7HC-2 and 7HC-3) to HSA were -6.34,-5.58, -6.65 Kcal M
-1

 respectively, at 25 ºC. 

This indicates that the free energy of HSA-7HC derivative complexes is derived mainly 

from hydrophobic and possibly hydrogen bond interactions. Interestingly, the 

computationally calculated free energy is also closely matching to the experimental 

values which are -6.15, -5.65 and -6.31  Kcal M
-1

of  7HC-1, 7HC-2 and 7HC-3 upon 

binding to HSA at 25 ºC.  

 

 Displacement Studies of 7HC-1, 7HC-2 and 7HC-3 binding to HSA 

The intensity of HSA-site probe was recorded with the increasing concentrations of 

coumarin derivatives and the comparable results were shown in (Fig. 3.19). Interesting, 

titration of different concentration of 7HC-1, 7HC-2 and 7HC-3 to ibuprofen-HSA 

showed quenching the fluorescence emission. The binding constant values obtained for 

coumarin derivatives (7HC-1,7HC-2 and 7HC-3)-HSA were noticed to be 3.8×10
4 

M
-1

, 

1.7×10
4  

M
-1 

and 1.3×10
4  

M
-1 

in the presence of ibuprofen which is closely matching to 

the HSA-7HC-1,7HC-2 and 7HC-3 experimental values found to be, K7HC-1 = 4.6x10
4
 

M
-1 

, K7HC-2 = 1.3x10
4
 M

-1
 and K7HC-3 = 7.9x10

4 
M

-1
, respectively. Hence the observed 

fluorescence emission of coumarin derivatives (7HC-1,7HC-2 and 7HC-3)- HSA 

reduced considerably in the presence of ibuprofen which indicates that there is 

competition between coumarin derivatives and ibuprofen for site II subdomain of HSA. 

In the presence of phenyl butazone which is a site I probe have no compelling effects 

were observed (Kalanur et al., 2010). 
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Fig. 3.19. Displacement of ibuprofen from HSA-ibuprofen complex by coumarin derivatives (7HC-1(A), 

7HC-2(B) & 7HC-3(C)). Fluorescence emission spectra were recorded on Perkin Elmer LS55 

fluorescence spectrometer for coumarin derivatives (7HC-1, 2 and 3)-HSA in the presence of site probe. 

In this, ibuprofen is referred to site probe. The concentrations of HSA and site probe were maintained 

constant at a concentration of 1µM whereas,  the coumarin derivatives (7HC-1, 2 and 3) was varied 

0.001mM-0.009mM. Inset Modified Stern-Volmer plot. Fluorescence emission spectra of coumarin 

derivatives (7HC-1(A), 7HC-2(B) & 7HC-3(C))-HSA in the presence of site probe. Plot of log (dF/F) 

against log [Q]λex = 285 nm, λem = 360 nm. 
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3.2.B.6 Novel 8-substituted Coumarin Derivatives  

 

 

Fig. 3.20. Fluorescence emission spectra of HSA-Umb-1(A) and Umb-2(B)   in 0.1 M phosphate buffer 

pH 7.4, λex = 285 nm, temperature 25 °C. (A) Free AGP (0.001 mM) and free HSA with different 

concentrations of Umb-1(0.001 to 0.009mM mM). Inset: Modified Stern-Volmer plot. Fluorescence 

emission spectra of HSA–Umb-1 and Umb-2, 10 mM phosphate buffer pH 7.4, λex = 285 nm, 

temperature = 25 °C. Plot of log (dF/F) against log [Q]λex = 285 nm, λem = 340 nm.    
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Fig. 3.21. Stern-Volmer plots of fluorescence quenching constants (Kq) for the Umb-coumarin 

derivative-HSA complexes at different ligand concentrations to determine static and dynamic quenching. 

(A) Umb-1-HSA and (B) Umb-2-HSA.  

 

Binding constant obtained from fluorescence emission data was found to be  Kumb-1 = 

3.1± 0.01×10
4 

M
-1

, Kumb-2 = 7 ± 0.01×10
4 

M
-1

, which corresponds to -6.1 kcal/mol and  

-6.5 kcal/mol of free energy for Umb-1 and Umb-2,
 
respectively, suggesting that these 

derivatives bind strongly to HSA. From the stern-volmer equation, the quenching 

constants (kq) were calculated to be 5.6 ×10
13 

M
-1 

s
-1 

for Umb-1-HSA and 5.5 ×10
13 

M
-1  

s
-1 

for Umb-2-HSA, respectively (Fig. 3.20 and Fig. 3.21). Since these values obtained 

were greater than the maximum collisional quenching constant (2.0×10
10 

M
-1 

s
-1

) (Agudelo et al., 2012; Zhang et al., 2012) and thus the static quenching is prevailing 

in these Umb-coumarin derivative-HSA complexes. 
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 Energy transfer from HSA to 8-substituted Coumarin Derivatives 

 

Fig. 3.22. Overlap of fluorescence emission HSA (A) and (B) with absorption spectra of Umb-1(A) and 

Umb-2(B) at room temperature.  

From the FÖsters theory, I was able to calculate that J= 7.53×10
-15

, 2.06×10
-

16
Cm

3
 L mol

-1
, R0=2.48, 1.36 nm, E=0.20, 0.10 and  r = 1.14, 1.29 nm for HSA. 

Finally, the values of r were obtained by using equation 5 and were found to be 1.14 

and 1.29nm for umb-1-HSA and umb-2-HSA, respectively. The donor-acceptor 

distance, r < 8nm (Fig. 3.22) (Hu et al., 2004; Valeur & Brochon 2012) indicates that 

energy transfer from HSA to umb-coumarin derivatives occurs with high possibility. 
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 Displacement studies of Umb-1 and Umb-2 binding to HSA 

 

Fig. 3.23. Displacement experiment of ibuprofen from HSA- ibuprofen complex by umb coumarin 

derivatives (Umb-1 and 2). HSA (Umb-1(A) and Umb-2(B) in the presence of site probe. 

Phenylbutazone is referred as site-I probe Ibuprofen is referred as a site-II probe. The concentrations of 

HSA and site probe were maintained constant at a concentration of 1:1 µM whereas, the Umb coumarin 

derivatives (Umb-1(A) and Umb-2(B)) was varied: 1-9 µM. Inset Modified Stern-Volmer plot. 

Fluorescence emission spectra of Umb derivatives (Umb-1 and Umb-2)-HSA in the presence of site 

probe. Plot of log (dF/F) against log [Q]λex = 285 nm, λem = 360 nm. 

 

The binding constant of the Umb-1- HSA system is ∼9.3± .02 × 10
3   

(lidocaine), 4.8 ± 0.01× 10
5
 (phenylbutazone) and 9.6 ± 0.02×10

3
 (ibuprofen) 

respectively. The binding constants in the presence of ibuprofen is near than that of 

HSA+Umb-1, whereas in the presence of lidocaine and phenylbutazone the binding 

constants are insignificant which indicates that Umb-1 have displaced ibuprofen from 

the binding site, thus the displacement measurement confirms that the Umb-1 is bound 

to Sudlow’s Site II of HSA (Fig. 3.23). Whereas in the case of other Umb-coumarin 

derivative (umb-2) the binding constant of different site-specific markers is ∼7.9 ± 0.02 

× 10
3   

(lidocaine), 1.9 ± 0.02× 10
4
 (phenylbutazone) and 6.8 ± 0.01× 10

4
 (ibuprofen) 

respectively. The binding constants with the presence of ibuprofen are closer than that 

of HSA+Umb-2, whereas binding constants in presence of other site-specific markers 
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like lidocaine and phenylbutazone are insignificant which indicates that Umb-2 have 

displaced ibuprofen from the binding site.Thus the displacement measurement confirms 

that the Umb-2 is bound to Sudlow’s Site II of HSA (Fig. 3.23). It is not surprising that 

both Umb-1 and Umb-2 bind to HSA in Sudlow’s site II only and thus, binding of 

Umb-1 and 2 to the same site of HSA which is expected because of similar structure 

prevails to the Umb. Therefore, I have even observed similar results for our synthesized 

7-hydroxy coumarin derivatives which emphasize that the binding of synthesized 

coumarin derivatives to IIIB sub-domain which may influence the displacement of site-

specific marker ibuprofen from site II (Yeggoni et al., 2014a). 

 

Table. 3.4. Showing in vitro binding constants free energy constants, number of binding sites and 

Biomolecular quenching constant 

        S.No Drug Binding 

Constants(M
-

1
) 

Free energy 

(ΔG
0
) 

(Kcal/mol) 

Number of 

Binding 

sites(n) 

Quenching 

constant 

(Kq)s
-1

 M
-1

 

1 Artemisinin 5.5 × 10
4
 -6.4 1   5.2× 10

13

 

2 Ar-tumarone 5.6 × 10
3
 -5.0 1   4.0 × 10

13

 

3 Apocynin 1.87 × 10
4
 -5.8 1   5.5 × 10

13

 

4 Andrographalide 1.85 × 10
4
 -5.79 1   4.12 × 10

13

 

5 Bacosine 2.97 × 10
4
 -6.07 1   5.7 × 10

13

 

6 Corilagin 4.2 × 10
5
 -7.6 1   4.2 × 10

13

 

7 Chebulinic acid 1.2 × 10
5
 -6.9 1   3.3 × 10

13

 

8 Chebulagic acid 3.7 × 10
5
 -7.4 1   3.5 × 10

13

 

9 DeAndrographalide 1.2 × 10
4
 -5.5 1   7.6 × 10

13

 

10 deForskolin 1.7 × 10
4
 -5.7 1   5.5 × 10

13

 

11 Embelin 5.9 × 10
4
 -6.30 1   4.0 × 10

13

 

12 L-dopa 1.8 × 10
4
 -5.48 1   6.5 × 10

13

 

13 Menthol 2.7 × 10
4
 -6.02 1   5.4 × 10

13

 

14 Piperine 3 × 10
4
 -6.09 1   6.9 × 10

13

 

15 psoralen 2.2 × 10
5
 -7.2 1   5.5 × 10

13

 

16 Pterostiblene 3.9 × 10
4
 -6..2 1   4.9 × 10

13

 

17 Rosmaric Acid 2.64 × 10
4
 -6.0 1   6.0 × 10

13

 

18 Stigmasterol 1.8   × 10
5
 -7.1 1   5.6 × 10

13

 

19 6-shagoal 2.24×10
4
 -5.90 1   6.4 × 10

13

 

20 Umb-1 3.1 × 10
4
 -6.1 1   5.6 × 10

13

 

Umb-2 7.1 × 10
3
 -6.9 1   5.5 × 10

13

 

21 7HC-1 4.6× 10
4
 -6.3 1   5.0 × 10

13

 

7HC-2 3.1 × 10
4
 -5.5 1   3.9 × 10

13

 

7HC-3 7.9 × 10
4
 -6.65 1   4.7 × 10

13
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3.2.C Study of Protein Conformational Changes of Plasma Protein with Bioactive 

Compounds using Circular Dichroism 

Circular dichroism (CD) spectroscopy is an extraordinarily sensitive technique to 

monitor the secondary structural conformational changes in the protein. The change in 

CD spectra of HSA may deduce that there must be a conformational change in HSA. 

CD is the differential absorption of left- and right-handed circularly polarized light by a 

substance. The biological molecules exhibit their dextrorotary and levorotary in nature 

which can be observed from CD. The most important thing is even a secondary 

structure will also impart a distinct CD to its respective molecules. Therefore, the α-

helix of proteins and the double helix of nucleic acids have CD spectral signatures 

representative of their structures. Secondary structure can be determined by CD 

spectroscopy in the "far-uv" spectral region (190-250 nm). The protein CD spectra in 

the "near-uv" spectral region between  250-350 nm can be subtle to the tertiary structure. 

At these wavelengths, the chromophores are the aromatic amino acids and disulfide 

bonds, and the CD signals they produce are sensitive to the overall tertiary structure of 

the protein. Signals in the region from 250-270, 270-290 and 280-300 nm are 

attributable to phenylalanine, tyrosine and tryptophan residues. Disulfide bonds give 

rise to broad weak signals throughout the near UV-spectrum. 

  The amide chromophore of the peptide bond dominates the CD spectra of proteins 

below 250 nm. Amides have 2 electronic transitions of low energy that are well 

characterized with transitions n-π* and πo- π* showing circular dichroism at 215-230 

nm and 185–200 nm, respectively (Woody & Koslowski 2002; Correcirc & Ramos 

2009). In my study I determined the percentage of α-helix, β-sheets, and random coils of 

HSA upon interaction of bioactive compounds to elucidate the effect on the secondary 

structure. I used CDNN v.2.1 software ( Poschner et al., 2007) for the determination 

of secondary structural elements.  

3.2.C.1 Results and Discussion 

Fig. 3.24-3.32 shows the circular dichroism spectra of HSA in presence and absence 

of bioactive compounds. The influence of bioactive compounds (back ground noise) was 

eliminated by using corresponding concentration of bioactive compounds as reference 

solution during the measurement. As can be seen from the Fig. 3.24 -3.32, HSA has 



 
Cytotoxic and Binding Mechanism of Bioactive Compounds with Plasma Proteins| Chapter 3 

 

77 

two absorption peaks at 208 and 222 nm, these peaks are originated from α-helix in the 

protein (Corrêa & Ramos, 2009). The addition of bioactive compounds to HSA resulted 

in a decrease of absorbance intensity at 208 nm and a subtle change at 222 nm, which 

indicated a decrease in the α-helix with an increase in the β-sheets and random 

coils, induced by a specific interaction between bioactive compounds and HSA. It is 

clearly evident from all graphs that two transitions at far-UV (<240 nm) in the 

negative bands between 190 -250 nm of HSA alone with respect to each compound 

(see Fig.3.24-3.32). This indicates that after complexation of HSA-bioactive 

compounds, there is unfolding of HSA secondary structure. 

That is the reason why there is a decrease in the α-helix accompanied by an 

increase in the β-sheets and random coils. Similar phenomenon were reported with 

HSA from our group (Subramanyam et al., 2009 a & b;Garg et al., 2013; Yeggoni et 

al., 2014a) and other groups with different pharmaceutically important drugs (Maiti, et 

al.,   2008; Agudelo et al., 2012; Roy et al., 2012). Interestingly it is observed that few 

compounds showed less conformational changes with high affinity and vice versa, this 

might be due to the orientation, structural complexity and hindrance of the drugs which 

may induce more or less conformational changes with reciprocal binding affinities. The 

details of conformational changes of individual bioactive compounds with HSA are 

discussed as follows. 

 

 

 

 

 

 

 

 

 

 

 



 
Cytotoxic and Binding Mechanism of Bioactive Compounds with Plasma Proteins| Chapter 3 

 

78 

3.2.C.1.a Andrographolide (ANDR) 

 Circular Dichroism Spectra of HSA and ANDR Complexes                                

 

 Fig. 3.24. Circular dichroism of the free HSA and HSA-ANDR complexes. The free HSA and 

HSA-ANDR complexes in PBSwith a protein concentration of 0.001 mM and ANDR concentrations 

were 0.001, 0.005 and 0.009 mM. 

Table.3.5. Percentage of the secondary structure of HSA and HSA-ANDR complex. Mean SE ± (n=3) 

Secondary structure 

(%) 

HSA HSA-0.001 

(mM) 

HSA- 0.005 

(mM) 

HSA- 0.009 

(mM) 

Helix % 56.0±2.5 56.4±2.5 54.8±2.3 50.9±2.25 

-Turn%  25.6±0.62 25±0.62 26±0.62 29.4±0.74 

Random coil % 18.4±0.82 18.6±0.82 19.2±0.83 19.7±0.84 

 

The percent of each portion of secondary structural elements of HSA-ANDR 

complex was evaluated. The addition of increased concentration of ANDR to HSA, the 

CD-spectral behavior changes marginally (Fig. 3.24). There were changes in α-helix, 

β-sheet, and random coil content, as ANDR concentration increases. The free HSA 

contains 56.0 ± 2.5% α-helix, 25.6 ± 0.62% β-sheet and 18.4 ± 0.82% random coil (see 

Table 3.5). After addition of ANDR gradually from 0.001 to 0.009mM, the α-helical 

content decreased to 50.9 ± 2.25%. While the percentage of β-sheet and random coil 

content increased to 29.4 ± 0.74% and 19.7±0.84%, respectively. It is clearly evident 

that only a marginal decrease in the negative ellipticity in the region of far- UV CD 

without any significant shift of peaks. 
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The similarity between the CD spectra of free HSA and HSA-ANDR suggested 

the structure of HSA was also predominantly α-helix (Table 3.5) indicating that the 

binding of the drug to HSA induced a slight decrease in the α-helical structure content 

of the protein with a minor increase in the β-sheets and random coils. The changes in 

α-helix of HSA indicated that the ANDR might have bound with the amino acid 

residues present in the HSA polypeptide chain and destroyed the hydrogen bonding 

networks (Cheng et al., 2009). This might, in turn, exerted a change in the secondary 

structure of the HSA. The CD spectroscopy revealed the conformational changes on the 

HSA due to the change in the physiological environment of HSA after the addition of 

ANDR. Thus, ANDR created a variation in the local environment of HSA and changed 

the nature of HSA, indicates that the binding of ANDR to HSA induced a slight 

decrease in the α-helical structure content of the protein with a minor increase in the β-

sheets and random coils. Though the binding of ANDR is more (1.85×10
4

M-1) to 

HSA, however, the protein conformation is not much observed due to orientation 

changes upon binding of ANDR to HSA. 

3.2.C.1.b Corilagin (COR) 

 Circular Dichroism Spectra of HSA and Corilagin Complexes 

 

Fig. 3.25.(A)Circular dichroism spectra of free HSA and its corilagin complexes in PBS with a protein 

concentration of 0.001 mM and corilagin concentrations were 0.001, 0.005 and 0.009 mM. .Inset: The 

secondary structural changes of HSA and HSA- corilagin, the plot represent the concentration-dependent 

secondary structural changes of free HSA and HSA- corilagin. 

A 
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Fig. 3.26.Temperature-dependent CD-Spectra of HSA+COR complexes (25°C to 85°C).  

Table.3.6. The Secondary structural study of the HSA alone and its interaction with COR. 

Corilagin HSA HSA+0.001mM HSA+0.005mM HSA+0.009mM 

α-Helix% 58±2.5 56.2±2.03 54.8±2.04 52.6±1.8 

β-Sheet% 23±0.73 23.4±0.6 24 ±0.8 25 ±0.1 

Random coils% 19 ±1.0 20.4±0.6 21.2±0.4 22.4±0.8 
 

The data analyzed by web-based software CDNN 2.1  

 

The conformational changes induced by corilagin on the overall structure of 

HSA and resultant formation of HSA–corilagin complexes. Free HSA has 58% α-helix, 

23% β-sheets, and 19 % random coils, which is in agreement with the previous reports 

(Subramanyam et al., 2009a; Gokara et al., 2010; Yeggoni et al., 2015a). The original 

crystal structure, however, reported being 67% of the α-helical content (He & Carter 

1992), in our study, it was 58%. The differences in α-helical contents could be 

originated to the different structural arrangements of the protein in the solid state (X-

ray structure) and in PBS (CD measurements). However, there was no change in the 

tertiary structure of HSA when corilagin binds to HSA. The percentages of the 

secondary structural elements of HSA and corilagin–HSA complex is shown in 

Table.3.6. A slight decrease in the α-helical content from 58 ± 2.5 to 52.6 ± 1.8 and an 

increase in the β-turns from 23 ± 0.73 to 25 ±0.1 and random coils from 19 ±1.0 to 

22.4±0.8 indicates that the addition of corilagin induced a partial unfolding of the 

secondary structure of HSA (Fig. 3.25). The partial unfolding may be due to the 

microenvironment changes within the proximity of tryptophan residue while binding to 
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corilagin, which was revealed by a decrease in fluorescence emission quenching and 

AFM data. 

 Thermal Stability of HSA and HSA-COR Complexes 

In order to determine the stability of HSA-corilagin complexes, temperature-dependent 

CD was carried out for HSA and HSA with 0.009 mM of corilagin, from 25–85 
o
C. The 

secondary structural conformation of a protein is not significantly changed up to 60 
o
C 

in HSA-corilagin complexes (Fig. 3.26). Above 65 
o
C, the α-helical content decreased 

dramatically due to thermal denaturation, while the β-sheets and random coil content 

increased in both HSA-corilagin complexes. An earlier report showed that the Tm of the 

HSA alone was around 65 
o
C, which shows that the unfolding of protein occurs only 

after this point. (Gokara et al., 2010) The secondary structural conformation was 

noticed in corilagin plus HSA complexation (0.009 mM) that the α-helical contents 

were  52.6±1.8  % and 33.7±2.0%, β-sheets 25±0.73 % and 38.2±1.0%, and random 

coils 22.4±0.8  % and 28.1±2.0%, respectively, which indicate that there is no release 

of corilagin from its complexation. Thus this results indicated that even at 60 
o
C the 

HSA-corilagin complex is stable, thus the protein complex is thermodynamically and 

conformationally stable. 

3.2.C.1.c Embelin (EMB) Circular Dichroism Spectra of HSA and  Embelin 

Complexes 

 

Fig. 3.27. (A) CD spectra of the EMB-HSA complex at different concentrations of drug to HSA ratios 

at pH 7.4, with a protein concentration of 0.001 mM and EMB concentrations were 0.001- 0.009 mM.  

Inset: The changes in the secondary structural of HSA and HSA-EMB, the plot represent the 

concentration-dependent secondary structural changes of free HSA and HSA- EMB. 

A 
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Table.3.7.The Secondary structural study of the HSA alone and its interaction with 

EMB. 

 HSA HSA+0.001mM HSA+0.005mM HSA+0.009mM 

α-Helix% 58±2.3 55±2.0 54±2.2 45.6±1.8 

β-Sheet% 23±0.74 24±0.8 25±0.7 28.4±0.2 

Random coils% 19±1.0 20.5±0.6 21±0.7 26±0.8 

The data analyzed by web-based software CDNN 2.1  

 

Fig. 3.28. Temperature-dependent CD-Spectra of HSA+EMB complexes (25°C to 85°C). 

From the above method it was found that upon complexation of HSA with EMB  

(0.001, 0.005, 0.009 mM), the α-helical content of the protein decreased from 58±2.3 to 

45.6±1.8% with an increase in β-sheets from 23±0.74 to 28.4±0.2%, and random coils 

19±1.0 to 26±0.8%, respectively (Table 3.7). The results indicate that there is a partial 

change in the secondary structure of protein upon binding to EMB. The conformational 

changes may be due to local rearrangement of secondary structural elements, also, it 

may lead to the orientation and structural complexity in the protein upon binding of 

EMB to HSA Fig. 3.27.  (Neelam et al., 2010; Sudhamalla et al., 2010). Therefore a 

decrease in the α-helix is due to the marginal unfolding of the protein which is further 

supported by the RMSD (from molecular dynamics simulation) of HSA and HSA–

EMB complexes, which showed a consistent stability (chapter 4, Fig.4.9B). 

Furthermore, a decrease in the percentage of β-sheets and random coils an increase in 

α-helix were observed it is not due to the destabilization of the HSA, which suggested 

that the binding of EMB to HSA induced unfolding of the polypeptides of protein. 
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Thus, the conformational changes were synchronizing with the RMSD and Rg data 

(chapter 4, Fig.4.9B).  

Thermal Stability of HSA and HSA-EMB Complexes  

The secondary structural conformation was noticed in EMB plus HSA complexation 

(0.009 mM) that the α-helical contents were 45.6±1.8  and 30±0.8%, β-sheets 28.4±0.2 

and 39±1.2%, and random coils 26±0.8 and 31±1.0%, respectively (Fig. 3.12c.ii). 

These results indicate that there is no release of EMB from its complexation below 60 

o
C. Hence, these results confirmed that even at 60 

o
C the HSA-EMB complex is stable, 

thus the HSA-EMB complex is thermodynamically and conformationally stable. From 

this result, it can be concluded that HSA-EMB complex was functionally stabilized by 

non-covalent interactions and hence requires high temperature to break down these 

complexes. 

 

 Topography changes observed from Transmission Electron Micrographs 

 

Fig. 3.29. TEM micrographs the morphological feature of HSA alone and HSA-EMB complex at pH 

7.4 and 25 °C. The concentration of free HSA and EMB were 0.1 mM and 0.4 mM, respectively. 

 

The electron microscopy is one of the best tools to see the protein topology 

upon binding of EMB with HSA. Here the mean particle diameter of HSA was 

0.08±5µm and majority of them are spherical in shape without any indiscretions.  

Aqueous solutions of HSA and HSA-EMB complex at pH 7.4 were viewed under 

transmission electron microscopy (Fig.3.29).  Thus results of the TEM images are in 
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good support in the formation of HSA-EMB complex that the morphology is totally 

different from that of the free EMB or the free HSA. We have observed that the HSA 

EMB complexation in terms of aggregation (0.05±5µm) it might be probably because 

EMB altered the molecular structure of HSA upon interaction. HSA-EMB gets 

compacted to form hard and thick, which makes the electron beam tough to get through 

it. Hence distinct configuration of the adsorbed protein was observed compared to the 

blurred ones of HSA alone in which conforms the binding of EMB on HSA(Zhao et al., 

2011; Zhao et al., 2015). Most of the protein aggregate under some special conditions 

such as pH value, the concentration of the protein solution and ion composition. 

Moreover, protein stability and protein–protein hydrophobic interaction is an important 

factor in causing protein aggregation (Privalov & Gill 1988). Furthermore, upon 

addition, after interacting of EMB with HSA, the local environment around the HSA 

has become more hydrophobic. To ease the number of unfavorable factors for the 

formation of a stable structure, the HSA molecule reduces its surface area on contact 

with water by molecular aggregation. Hence, these results show that a hydrophobic 

interaction between HSA and EMB may occur. The morphological difference of HSA 

upon addition of EMB are attributed to slight structural changes of HSA upon 

complexation. The TEM results are very well supported by the CD data where we can 

see a decrease in the α-helix and increase in β-sheets and random coils, which specify 

that protein forms broad aggregate for HSA-EMB complex. 
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3.2.C.1.d Piperine (PIP) 

 Circular Dichroism Spectra of HSA and Piperine Complexes 

 

 

Fig. 3.30 (A) Circular dichroism spectra of free HSA and its piperine complexes in aqueous solution 

with a protein concentration of 0.001 mM and piperine concentrations were 0.001, 0.005 and 0.009 mM.  

Inset: The secondary structural changes of HSA and HSA-piperine, the plot represent the concentration-

dependent secondary structural changes of free HSA and HSA-piperine. 

 

From this method it was found that upon complexation of HSA with different 

concentrations of piperine (0.001, 0.005, 0.009 mM), the α-helical content of the 

protein decreased from 58 to 54% with an increased in β-sheets from 23 to 25 %, and 

random coils from 19 to 20%, respectively, Therefore, the results suggest that changes 

in the secondary structural elements arise from the marginal unfolding of HSA upon 

binding of piperine (Fig.3.30). Earlier reports also indicate that conformational changes 

occur in HSA upon complexion with ligand (Zsila et al.,   2003; Beauchemin et al., 

2007; Kanakis et al., 2007; Jiang et al., 2008; Subramanyam et al., 2009; a &b).Thus 

the protein conformation in our experiment arises due to change in the local structural 

mobility in the secondary structural elements. 

A 

B 
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 3.2.C.1.e . 7-Hydroxy Coumarin Derivatives (7HC-1, 7HC-2, and 7HC-3) 

At low concentrations of 7HC derivatives, there are marginal changes in the 

secondary structural elements (Fig.3.31), however, there was an apparent change in the 

secondary structure conformation of protein at high concentration. The proportion of 

secondary structural elements undergoes marginal variation at low concentrations of 

7HC derivatives. However, with the addition of 0.009mM of 7HC derivatives, there 

was a significant change in the protein conformation. At 0.009 mM concentration, the 

α-helical stability decreased to ~36.5%, 52% and 46%, while the proportion of β-sheets 

increased to ~32%, 23.6% and 25.6%, and random coils were increased to 31%, 24, and 

28.5%, respectively for 7HC-1, 7HC-2 and 7HC-3 (Fig.3.31). These results have 

indicated that the secondary structure of HSA became partially disordered due to HSA-

7HC derivatives complex formation. The order of conformational changes of α-helix, in 

the ascending order, follows; 7HC-1>7HC-3>7HC-2 whereas for β-sheets and random 

coils 7HC-1>7HC-3>7HC-2. This influence the coumarin derivative binding to HSA 

may be attributed to the difference in the functional groups.  Moreover, it is clearly 

observed that 7HC-2 has less influence than 7HC-3 and 7HC-1 which might be due to 

the additional phenyl ring. Very recently our group reported that different methyl 

coumarin derivatives bound to HSA showed similar conformational changes of protein 

(Garg et al., 2013). 
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Fig. 3.31. Circular dichorism (CD) spectra of HSA and its complexes with coumarin derivatives (7HC-

1(A), 7HC-2(B) & 7HC-3(C)). 

 

 

 



 
Cytotoxic and Binding Mechanism of Bioactive Compounds with Plasma Proteins| Chapter 3 

 

88 

3.2.C.1.f     Novel 8-substituted Coumarin Derivatives 

                 

 

Fig.3.32. CD spectra of free HSA and its Umb-1(A) and Umb-2(B) analogue  complexes in aqueous 

solution with a protein concentration  of 0.001mM (1× 10
-6

M) and Umb-1 concentrations of 0.01, 0.005 

and 0.009mM. (C)Secondary structure composition calculated. Concentration-dependent secondary 

structure change for free HSA, HSA-umb-1 complex and HSA-umb-2 complex and secondary structural 

analysis of HSA and its interaction with umb-1, 2. The data is analyzed by web-based software CDNN 

2.1. 
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In fact, the secondary structural elements undergo marginal variation at low 

concentrations of Umb-1 and Umb-2 (Fig.3.32) while titrated with HSA. However, 

with the addition of 0.001 and 0.009 mM of Umb-1 and Umb-2, there was a significant 

change in protein conformation. At final concentration (0.009mM), the loss of α -

helical content is  ~52.7 and 54.7%, while the proportion of β -sheets increased to ~23 

and ~21%, random coils increased to  ~24.3 and ~24.6% respectively for Umb-1 and 2 

(Fig.3.32).Thus, upon binding of umb derivatives to HSA, the conformational changes 

of HSA appears to be partially unfolded. Such unfolding of HSA may be due to 

orientation changes of the umb derivatives during binding to HSA. The results suggest 

that due to the binding between umb derivatives and HSA induced a partial unfolding 

of the protein that contains constitutive polypeptides and resulted in structural changes 

in HSA, hence the hydrophobic regions that were buried are exposed in increasing 

manner (Pasban Ziyarat et al., 2014). Also the conformational change in the secondary 

structure of HSA upon binding of Umb- coumarin derivatives might be due to the 

difference in functional groups or orientation of Umb- coumarin derivatives. Similar 

results were observed upon binding of other ligands like coumarin derivatives, 7-

hydroxycoumarin derivatives, piperine, and L-dopa & to HSA, thus indicating a major 

decrease of α -helices and an increase of  β -sheets and random coils as well (Garg et 

al., 2013; Yeggoni, et al., 2014b ;Yeggoni, et al., 2015a).  Thus, a conformational 

change in protein could be a phenomenon of binding of ligand molecules to the 

proteins. 

3.3. Conclusion 

The cytotoxicity of the potent bioactive compounds (APO, ANDR, BAC, 7-HC1, 7-

HC 2 and 7-HC 3, COR, EMB, PIP, STL, ROS, MEL and 6-SHG) decreased the cell 

viability of different cell lines in a dose-dependent manner with an IC50 see  (F ig 3 .1 )  

indicating that these compounds are having potent cytotoxic activity and thus, these 

compounds can be used as therapeutic agent for hepatic diseases.  From the binding 

analysis, it is clearly evident that all the bioactive compounds had a strong ability to 

quench the intrinsic fluorescence of HSA through a static quenching procedure. 

Fluorescence studies indicated that the binding constants of all the bioactive 

compounds in the range of known FDA approved drugs 10
3

-10
6
 M

-1

, which is in 

the agreement with the binding constants of known drugs. All the compounds binds 
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with HSA in 1:1 ratio indicating that only one molecule is bound with HSA (Table 

3.4). Further, thermodynamic studies revealed that all the HSA-bioactive complexes 

were spontaneous with negative free energy indicated that HSA-bioactive complexes 

are stable. Nonetheless, docking studies showed that docking conformer is near and 

consistent with that of free energy and binding values determined by fluorescence 

studies. Apparently, the displacement studies revealed that bioactive compounds bind 

within known binding sites i.e., Sudlow site 1, Sudlow site 2 and subdomain IB. 

Therefore, the location and the nature of interactions based on the docking studies 

suggest that the decrease in the emission intensity of HSA is due to the complexation 

of bioactive compounds in subdomains IIA, IIIA, and IB. In addition, the results 

obtained from my work have shown that bioactive compounds bind with HSA 

mainly by hydrophobic interactions and for few compounds with hydrogen bond 

interactions. These results are in concurrence with the free energy calculations obtained 

from binding constant which was derived from fluorescence quenching.  

Further, I have analyzed the secondary structure of HSA with the increasing 

concentration of bioactive compounds, from which I deduce that at with an increasing 

concentrations of bioactive compounds the intensities at 208 and 222 nm decreased 

along with the decrease in the peaks at a wavelength range of 190-210 nm which are 

characteristics of α-helix, β-sheets, and random coils respectively. The decrease in the 

percentages of α-helix, increase in β-sheets and random coils is an indication of the 

interaction of bioactive compounds which lead to the formation of HSA-bioactive 

complexes, which is very well supported by the strong affinity of bioactive compounds 

with HSA as reported in the fluorescence studies. From this, it is inferred that 

formation of HSA-bioactive compounds led to the partial unfolding of HSA 

secondary structure, specifically, the loss of helical stability (Table 3.8). This indicates 

that bioactive compounds are strong enough to bind with HSA which may increase 

the half-life and efficacy for therapeutic action in vivo. This study may give an 

overview of the expanding field of preclinical and clinical drug applications and 

developments that use albumin as a protein carrier protein to improve the 

pharmacokinetic profile of the drug or to target the drug to the pathogenic site 

addressing diseases with unmet medical needs.  
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Table. 3.8. Table showing secondary structure of HSA with bioactive complexes 

S.No Drug α-Helix (%) β-sheet (%) Random Coils (%) 

1 Artemisinin 58.20 to 54.7 19.2 to 21.1 13.3 to 15.7 

2 Ar-tumarone 57.40 to 50.6 19.5 to 22.2 14.1 to 17.20 

3 Apocynin 57.3 to 48.5 25.2 to 30.6 17.4 to 20.0 

4 Andrographalide 57.5 to  47.2 25.3 to 28.2 17.3 to 20.1 

5 Bacosine 57.4 to  44.2 24.2 to  33.2 17.2 to 20.5 

6 Corilagin 58 to 52 23 to 25 19 to 22.4 

7 Chebulinic acid 57.7 to 51.9 20.1 to 22.6 16.0 to 19.7 

8 Chebulagic acid 57.1 to 53.4 19.9 to  21.9 16.8 to 19.10 

9 De Andrographalide 57 to 53 25 to 29 18 to 19 

10 deForskolin 55.8to52.8 20.9 to 22.1 18.3 to 20.4 

11 Embelin 58 to 45.6 23 to 28.4 19 to 26 

12 L-dopa 58 to 54 23 to 25 19 to 20 

13 Menthol 57.5 to 50.0 25.0 to 29.0 17.5 to 21.0 

14 Piperine 58 to 54.0 23.0 to 25.0 19 to 20 

15 psoralen 57.9 to 57.4 19.3 to 19.6 13.70 to 14.5 

16 Pterostiblene 57.5 to 54.8 20.3 to 21.1 16.60 to 18.8 

17 Rosmaric Acid 57.30 to 44.3 24.8 to 33.8 17.9 to 22.2 

18 Stigmasterol 57.9 to 55.6 23.3 to 24.70 18.80 to 19.7 

19 6-shagoal 57.53 to 49.8 25.01 to30.01 17.46 to 20.0 

20 Umb-1 58 to 52.7 20 to 23 22 to 24.3 

Umb-2 58 to 54.7 20 to 21 22 to 24.6 

21 7HC-1 58 to 36.5 20 to 32 22 to 31 

7HC-2 58 to 52 20 to 23.6 22 to 24 

7HC-3 58 to 46 20 to 25.6 22 to 28.5 
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IN SILICO BINDING STUDIES OF BIOACTIVE 

COMPOUNDS WITH PLASMA PROTEINS 
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4.1. Binding Studies Using in silico Docking 

The in silico estimation of drug binding to HSA in early drug discovery contributes 

to the lead optimization process. Local models are useful for the design of new 

compounds with reduced HSA binding for a particular target receptor, while 

real-time quantitative structure-activity relationships or global models combining 

structure and ligand-based approaches serve for compound libraries screening. 

However, research efforts on other important plasma proteins should be 

strengthened in the perspective to enable predictions of total plasma protein binding 

for clinical candidates. Computational molecular docking has been employed to 

improve the understanding of the interaction of bioactive compounds with HSA. As 

described in the introduction section, the 3D crystal structure of HSA is a monomer 

consisting of three homologous domains which assemble to form a heart- shaped 

molecule. Each of the structurally similar α-helical domains (I–III) has two 

subdomains (A and B), with six α- helices in subdomain A and four α-helices in 

subdomain B. The fluorescent tryptophan residue 214 is in subdomain IIA. Several 

studies have shown that HSA is able to bind many ligands in several binding sites. In 

the present study, the Autodock v 4.2.3, was chosen to examine the binding site and 

types of interactions involved in the binding of bioactive compounds with the active 

site of HSA.  

In our study among 30 conformers obtained from docking, only one 

conformer was taken on the basis of free energy of binding and score ranking (Jones 

et al.,1997). The minimum binding energy conformer that is very close to the 

experimentally determined values with the lowest value of inhibition constant was 

chosen and analyzed for the binding site and type of interactions involved in the 

HSA-bioactive complexes.  

Furthermore, molecular dynamics simulations (MDS) simulations of selected 

bioactive compounds showed the changes in the root mean square deviation (RMSD) 

and radius of gyration (Rg)  indicating the conformational changes with respective to 

HSA alone, which are consistent with the circular dichroism spectra. These changes 

are due to the changes in the interior flexibility of the subdomains IIA, IIIA, and IB 

domain of HSA which are evident from the root mean square fluctuation ( RMSF) 

studies. Moreover, Rg studies indicated that HSA-bioactive complexes are compact 
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with respect to HSA crystal structure. With the aid of circular dichroism and MD 

studies, we conclude that the secondary structural changes are altered upon 

formation of HSA-bioactive complexes which is not due to the destabilization. We 

hope that our studies will be pivotal in the pharmacodynamics of bioactive compounds. 

To understand further, the nature of binding, binding pocket, binding energies etc., of 

individual bioactive compounds with plasma proteins results were discussed below. 

4.1.A. Andrographolide (ANDR) 

                                                

Fig. 4.1. Docking conformation of HSA-ANDR complex obtained from Autodock v 4.2.3 (A) ANDR 

bound to IIA domain on HSA (Protein represented in ribbon model and ligand represented in stick 

model). (B) Ligplot of ANDR binding site showing two hydrogen bonds (Gln 204) and hydrophobic 

interactions of HSA with ANDR. (C) The hydrophobic pocket of IIA domain surrounding the ANDR. 

 

Based on the docking results least binding energy conformed is taken and found 

that the binding constant to be 1.2±0.03×10
4
 M

-1 
and the free energy change to be -

5.6±0.031 kcal/mol. Therefore, computationally calculated K and ΔG˚ values suggest 

that the binding of ANDR and HSA was similar with fluorescence data. These forces 
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stabilize the docking conformation and are consistent with the binding mode obtained 

from the experimental results. It was also observed that ANDR binds at subdomain IIA 

of HSA in all of these 30 conformers.  After analyzing the conformation of the complex 

it’s showed that ANDR binds in the hydrophobic pocket of subdomain IIA and their 

binding was stabilized by 2 H- bonds formation between ANDR and GLN204 of the 

HSA with a bond distance of 2.67 and 2.8Å (Fig.4.1 A-C). Further, the vicinity of 

microenvironment (around 4Å region) i.e. the active site of HSA, Cys, Leu, His, Thr, 

Leu, Gly, Phe, and Lys, etc. amino acid residues which are in the proximity of the 

ligand and conjugated with ANDR. From the binding site analysis, it is clearly 

evident that ANDR-HSA complex is mainly stabilized by hydrophobic interactions.  

This supports the quenching of fluorescence which is evident from the location of the 

ANDR which is in close proximity to the tryptophan residue of HSA (Trp214) 

suggesting the existence of hydrophobic interaction.  

4.1.B.  Corilagin (COR) 

      

Fig. 4.2. Schematic representation of least binding energy docked conformation obtained from docking 

simulation (A) Pymol Stereo view of corilagin binding site to HSA IIA domain in which corilagin is 

rendered as capped sticks and surrounding residues as lines (LYS274, GLU294, ASN295, GLU297, 

MET298, PRO299, LEU302 and PRO339). (B) A graphical representation of Ligplot data to show the 

hydrophobic interactions of HSA with corilagin and  (C) corilagin bound to IIA domain on HSA (protein 

and ligand colored blue, red, yellow and green, respectively. (D) The hydrophobic and hydrophilic amino 

acid residues surrounding the corilagin. 
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The corilagin complex is stabilized by 8 hydrogen bonds between corilagin to 

LYS274, GLU294, ASN295, GLU297, MET298, PRO299, LEU302 and PRO339 of 

the protein with a length of 2.65, 2.56, 2.86, 2.89, 2.98, 2.81, 2.86, and 2.98 Å. The 

minimum binding energy conformer was observed as -5.71 kcal M
-1

 that is very close 

to the experimentally determined values (-7.6 kcal M
-1

) having inhibition constant of 

65.16 μM and binding constant was 1.5x10
4 

M
-1 

(Fig.4.2 A). Docking results decipher 

that corilagin is binding to HSA at subdomain IIA which is Sudlow’s site I with most 

stable docking conformer (Fig 4.2 B and C). It is also observed that corilagin binding 

site in HSA was fully covered by hydrophobic interactions (Fig.4.2 D). Thus, corilagin 

is surrounded by hydrophobic and hydrophilic amino acids such as ALA300, GLY328, 

ASP340, and ALA443. Thus, corilagin binds with HSA mainly by hydrophobic 

interactions with above-mentioned amino acids involved in the interactions, along with 

few hydrophilic interactions that are shown in Fig.4.2 C. These results obtained are in 

accordance with the free energy calculations obtained from binding constant which was 

derived from fluorescence quenching data.  

4.1.C. Embelin (EMB) 

 

Fig. 4.3. Schematic representation of least binding energy docked conformation obtained from docking 

simulation (A) EMB bound to IB domain on HSA (protein and ligand colored blue, red, yellow and 

green, respectively), (B) The hydrophobic and hydrophilic amino acid residues surrounding the probe 

EMB, (C) A graphical representation of Ligplot data to show the hydrophobic interactions of HSA with 

EMB and (D) Pymol Stereo view of EMB binding site to HSA IB domain in which EMB is rendered as 

capped sticks and surrounding residues as lines (LYS137, LEU115, ARG114, ARG186, ARG145, 

ILE142, TYR138, TRY161 and PHE134). 
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The lowest binding energy of the conformer (-4.92 kcalM
-1

) is very close to the 

experimentally determined values with the lowest value of inhibition constant (246.7 

μM) is presented in (Fig. 4.3 A). Of all 30 conformers, the EMB is firmly binding with 

HSA at subdomain IB which is considered as the third major binding site on HSA. 

Previous studies revealed that several endogenous compounds and some drugs also 

bind to subdomain IB (Garg et al., 2013; Zsila et al.,  2013). This was also confirmed 

from molecular displacement results that EMB binds to IB domain (chapter 3). The 

most stable docking conformer shows that the EMB in the binding site is mostly 

surrounded by hydrophobic amino acids such as Tyr161, Phe134, Tyr138 and Ile142 

than hydrophilic amino acids like Arg114, Arg145, Lys137 and Arg186 (Fig. 4.3 B and 

C). Thus, it is concluded that the interaction between EMB and HSA is more of 

hydrophobic in nature. Also, EMB complex is stabilized by a 3-hydrogen bond 

between EMB to Leu115, Arg114 and Arg186 of the protein with a distance of 3.2 Å, 

3.0 Å, and 3.12 Å, respectively. The minimum binding energy conformer was observed 

as -4.92 kcal M
-1

 that is very close to the experimentally determined values (-5.1 kcal 

M
-1
) having inhibition constant of 246.7 μM and binding constant was 4x10

3 
M

-1
. Our 

results have shown that EMB binds with HSA mainly by hydrophobic interactions and 

the above amino acids involved in the interactions are mostly hydrophobic in nature 

along with few hydrophilic bonds that are shown in Fig. 4.3 D. These results are nearly 

matching to the free energy calculations obtained from binding constant which was 

derived from fluorescence quenching.  
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4.1.D. Piperine (PIP) 

 

Fig. 4.4. Schematic representation of least binding energy docked conformation obtained from docking 

simulation (A) Piperine bound to IIA domain on HSA (protein and ligand colored blue, red, yellow and 

green, respectively), (B) The hydrophobic and hydrophilic amino acid residues surrounding the probe 

piperine, (C) A graphical representation of Ligplot data to show the hydrophobic interactions of HSA 

with piperine and (D) Pymol Stereo view of piperine binding site to HSA IIA domain in which piperine 

is rendered as capped sticks and surrounding residues as lines (LYS351, GLU354, GLY328, ALA350, 

LEU347, ALA213, VAL216, VAL235, LYS212 and ASP324). 

 

Piperine is an important phytochemical used as spices in our daily food. 

Further, the piperine complex is stabilized by a hydrogen bond between piperine to 

LYS212 of the protein with a length of 2.98 Å. The minimum binding energy 

conformer was observed as - 6.8 Kcal M
-1

 that is very close to the experimentally 

determined values (-7.8 kcal M
-1
) having inhibition constant of 3.46 μM and binding 

constant was 3.3x10
5 

M
-1 

(Fig. 4.4 A). Docking results decipher that piperine is binding 

to HSA at subdomain IIA which is Sudlow’s site I with most stable docking conformer 

(Fig.4.4 C and D). It is also observed that piperine binding site in HSA was fully 

covered by hydrophobic interactions (Fig.4.4 D). Thus, piperine occupies mostly 

surrounded by hydrophobic and hydrophilic amino acids such as LYS351, GLU354, 

GLY328, ALA350, LEU347, ALA213, VAL216, VAL235, and ASP324. Thus, 

piperine binds with HSA mainly by hydrophobic interactions with above-mentioned 

amino acids involved in the interactions, along with few hydrophilic interactions that 
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are shown in Fig.4.4 C. These results obtained are in accordance with the free energy 

calculations obtained from binding constant which was derived from fluorescence 

quenching data. 

4.1.E. 7-Hydroxy coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) 

The docking results showed that synthesized coumarin derivatives (7HC-1&3) 

bind within the binding pockets of sub domain IIIA and IIIB (drug site II) and 7HC-2 

binds to IIIB domain. The validation of the binding modes as per the amino acid 

residues, predicted it to be the part of the binding site. There is hydrogen-bonding 

interactions between the hydroxyl (OH) group of coumarin to HSA.  

The present study indicates that these 7HC derivatives binds mainly to the 

hydrophobic pocket of subdomain IIIA, IIIB and IIIB (Fig.4.5). These compounds are 

accommodated in the deepest part of the binding cleft largely shielded from a solvent 

such that the phenyl part is present at the entrance of the pocket and rest of the drug is 

embedded in the deepest portion of the cleft. The 7HC-1, 7HC-2 and 7HC-3 derivatives 

complexes are stabilized by the hydrogen bonds with different bond lengths. The 7HC-

1 complex is stabilized by a hydrogen bond between the compound and V482 amino 

acid residue of the protein with length of 2.0 Å, 7HC-2 derivative-HSA complex by a 

hydrogen bond between the compound and K545 with the bond length of 2.5 Å and 

7HC-3 complex by a hydrogen bond with F502 of length 2.2 Å to HSA. These 

molecules specifically interact with different residues located in the sub domain IIIA, 

and the complex is stabilized by the hydrogen bonds. The computationally calculated 

binding energy of lowest energy conformers of 7HC-1, 7HC-2 and 7HC-3 derivatives 

are -6.15 Kcal/mol, -6.26Kcal/mol and -5.52 Kcal/mol, respectively which are very 

nearer to the experimentally measured values (chapter 3). Therefore, the molecular 

docking and free energy calculation results suggested that 7HC derivatives bound to 

HSA with both hydrophobic and hydrogen bond interactions. 

The moiety of 7HC derivatives was located within the hydrophobic binding 

pocket and several groups of coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) interact 

with the several residues of sub-domain, IIIA, IIIB, and IIIB. These results were very 

well supported by molecular displacement analysis by site-specific markers that 7-

hydroxycoumarin derivatives are specifically binding to the site II (Fig. 3.19. Almost 
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all the interactions of 7HC derivatives with HSA was in the vicinity of the active site 

presented within the 4Å moiety which consists of several residues such as N209, R210, 

A213, A327, L328, E347, 350, A351, K354, E480, S481, L482, V483 for HSA-7HC-1 

complex, as K545, L529, M548, Y401, E400, Q397, F395, L394, K392 and N391for 

HSA-7HC-2 complex and, Q409, P500, K501, E502, F532, L535, H536, K579, S580 

for HSA-7HC-3 complex (Fig.4.5). Therefore, the results of molecular docking indicate 

that the interaction between 7HC derivatives and HSA are dominated by hydrophobic 

forces, which is in agreement with the free energy shown by fluorescence data. These 

coumarin derivatives binding to HSA showed different binding energies and binding 

sites. This could be because of change in functional groups on each coumarin 

molecules. 

 

Fig. 4.5. 7HC-1,2 and 3 docked in the binding pocket of HSA using Autodock4.2.3 Different view of 

HSA and 7HC-1,2 and 3 docked conformation. (A) the docking poses of the HSA-7HC-1,2 and 3  

complex depicted in a ball and stick model (blue), and HSA, represented in line model,  (B) overview in 

surface model of 7HC-1, 2 and 3  binding to HSA,  cartoon model (C) overview in cartoon model of 

7HC-1,2 and 3  binding to HSA. The images are generated using PyMol. 
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4.1.F. Novel 8-substituted coumarin derivatives 

 

Fig. 4.6.  Different views of Umb-1and Umb-2 docked in the binding pocket HSA using Autodock 4.2. 

(A and D) Overview of cartoon model of Umb-1 and Umb-2 binding to HSA. Pymol is used to generate 

the images. (B and E) The cavity of hydrophobic and hydrophilic amino acid residues surrounding the 

probe. (C and F) To the showing, hydrophobic interactions of HSA with Umb-1and Umb-2 Ligplot is 

used. 

 

The docking results showed the synthesized Umb-1 and Umb-2 derivatives binds 

within the binding pocket of subdomain IIIA subdomains. The assent of the binding 

modes as per the amino acid residues, conclude it to be the part of the binding site. 

Almost all the interactions of Umb-1 and Umb-2  with HSA were in the vicinity of the 
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active site presented within the 4Å moiety which consists of several residues such as 

LEU394, LEU398, LYS402, ASN405, ALA406, VAL409, GLU542, LYS545, 

LEU544, and VAL482, for HSA-Umb-1 complex; as LEU-481,VAL-482,LEU-

327,GLY-328,SER-480,GLU-354 and  ALA-350 for HSA-Umb-2 complex. It can be 

seen that the Umb-coumarin derivatives molecule were situated within the hydrophobic 

cavity of subdomain IIIA (Fig.4.6). Thus, we can conclude that the interaction of Umb-

1 and Umb-2 with HSA is mainly hydrophobic, which is in perfect agreement with the 

thermodynamic results obtained from fluorescence emission. Hydrogen bonding 

interactions were between the hydroxyl (OH) group of carbon-3 of Umb-1, Umb-2 

complexes, and one hydrogen bond is formed between Umb-1 to LYS402 of HSA with 

a bond length of 2.8 Å, whereas for umb-2 complex one hydrogen bond is formed 

between GLU354 with a bond length of 2.2 Å respectively (Fig.4.6). The results 

suggested that the formation of hydrogen bonds stabilize the Umb-1 and Umb-2 -HSA 

complexes. Similar results were observed for other ligand molecules bound to HSA 

(Zsila et al., 2003; Schuttelkopf & van Aalten 2004).From docking simulation, the 

binding constant and free energies of Umb-1 and Umb-2 to HSA were 9.2 × 10
3
 M

-1
 

and 1.2× 10
5
 M

-1
 are -5.4 and -6.9 kcal M

-1
, respectively. The above results closely 

harmonized with the experimental data, obtained from fluorescence emission shows the 

binding constant and free energy values of Kumb-1 = 3.1± .01×10
4
 M

-1
, Kumb-2 = 7± 

.01×10
4 

M
-1

, which corresponds to -6.17 kcal/mol and  -6.91 kcal/mol of free energy 

respectively. Therefore, the results of molecular docking indicate that the interaction 

between Umb-1/Umb-2 and HSA are dominated by hydrophobic forces, which are in 

agreement with the fluorescence data. 

4.2. Molecular Dynamics Simulations 

Moreover, I have done the MD studies for following bioactive compounds (ANDR, 

COR, EMB, PIP and 7-Hydroxy coumarin derivatives (7HC1, 7HC2, and 7HC3) to 

authenticate the HSA-bioactive complex conformers from molecular docking 

results.Furthermore, I  analyzed RMSD, RMSF and Rg over the time period  of 

10000ps which are required parameters for clearly understand the HSA-bioactive 

compounds interactions at atomic level and provides information on the stability and 

rigidity of the binding sites on  HSA. Which is vital in pharmacodynamics of these 

selected bioactive compounds. 
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4.2.A.Andrograholide(ANDR)                                                                         

 
Fig.4.7.  Molecular dynamic simulation. (A) Time dependence of Root Mean Square Deviations (RMSD. 

Cα RMSD values for free HSA (Black) and the HSA- ANDR (Red) complex during a 10 ns MD 

simulation. (B) Time evolution of the radius of gyration (Rg). The radius of gyration (Rg) values during 

10 ns of MD simulation of HSA (Black) and HSA- ANDR (Red) complex. (C) The RMSF values as a 

function of residue numbers. The RMSF values of free HSA (Black) and HSA-ANDR (Red) complex 

were plotted against residue numbers. 

 

The rmsd values of atoms in free and ANDR bound HSA were plotted from to 

0-10ns as shown in (Fig.4.7) analysis indicates that the rmsd of both systems reaches 

equilibration and oscillates around in average value after 3ns simulation time. Fig.4.7 A 

shows the data point of fluctuation was determined as follows: for HSA, 0.40±.035nm; 

HSA-ANDR, 0.29±0.056nm. attributed rigidity of protein unfolding which is in 
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agreement with the CD, hence it showed slight changes in the secondary structure. 

Therefore, the changes are due to partial unfolding but not due to destabilization of 

HSA. So, we conclude that during MD simulation there  is  no structural drift from 

the HSA structure. So, we conclude that during MD simulation there  i s  no 

significant structural drift from the HSA structure. Recently similar reports were 

documented from our lab related to protein stability. We also examine the time 

evolution of the radius of gyration (Rg) in course 10ns of MD simulation of free HSA 

and HSA-ANDR complex, the result shown in Fig.4.7. The Rg values Fig.4.7B for the 

complex was stabilized at about 4 ns and achieved equilibrium after 6 ns. Initially, the 

Rg values of free HSA and the complex with the drug were 2.64nm. 

The free HSA and HSA-ANDR were stabilized 2.57±0.02nm and 2.52±0.04nm. 

As it is expected, by reducing the radius of gyration and increasing the compactness 

rate in the binding to ANDR and all these findings align with that lupeol and piperine 

complexes formation with HSA. So based on the RMSD and Rg values obtained from 

our MD simulation data, it is concluded that HSA exhibits a slight structural change 

when interacting with ANDR. Thus both experimental and computational results 

suggest slight conformational changes, probably at the binding region of the protein.  

Local protein mobility can be determined by RMSF values which were plotted against 

residue numbers on a 10 ns trajectory. The RMSF plot shows the total amino acid 

fluctuation that is the total polypeptide chain (Fig.4.7C). The graph strongly indicates 

that the IIA subdomain for ANDR fluctuated lower than others (IA, IB, IIB, IIIA, and 

IIIB). This data suggests that the drug molecule (ANDR) binds in the IIA subdomain 

and forms a rigid structure during MD simulation. The data clearly suggest that the 

ANDR binds specifically to IIA subdomain, which supports the experimental evidence 

found from molecular displacement by site-specific markers. The rigidity of the binding 

sites from RMSF studies indicated that ANDR binds within the subdomain IIA which 

are in good agreement with the docking studies. These results indicate that ANDR 

binds specifically to the respective domain, suggesting that binding sites are very 

specific for ANDR. Thus, during the simulation the HSA-ANDR complex are stable 

after 4 ns. Nonetheless, the changes in the secondary structure were observed that 

many be due to partial unfolding of HSA. The unfolding of protein structure may 

due to orientation changes upon binding of ANDR to HSA. 
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4.2.B. Corilagin (COR) 

         

Fig.4.8. (A)The Root mean square deviation (nm) of unligand HSA and ligand HSA (HSA- corilagin). 

(B) The Time dependence of the radius of gyration (Rg) for the backbone atoms of unligand HSA and 

ligand HSA (HSA- corilagin). (C)The RMSF values against residue numbers. The RMSF values of 

unligand HSA and HSA-corilagin complex were plotted against residue numbers (D) The profile of 

atomic fluctuations.  

Atomic fluctuations of free HSA and HSA- corilagin complex to the active site amino 

acid residues present in the IIB subdomain of HSA which is Site I. Free HSA and 

HSA–corilagin complex, the RMSD values steadily increase till 1000ps followed by a 

slow increase up to 4000ps. After this there was no further increment of RMSD values 

and it reached equilibrium. After reaching the equilibrium the RMSD values of C–Cα–

N backbone for both the HSA and HSA–corilagin complex were calculated for the 1-

10000ps time scale (Fig.4.8A). For HSA, the data point fluctuations are 0.45±0.053nm 

whereas for the complex they are 0.40±0.036nm. The decrease in RMSD value of the 

complex from that of the free HSA indicates that ligand upon binding with protein 

showed slight structural change, increased rigidity and stability. Thus, the MD 

simulations studies showed that these complex remain in a stable binding position with 

slight RMSD fluctuations confirming the integrity of docked conformer which is 

forecast by AutoDock 4.2.3. Remarkably, our data is in agreement with the earlier 

reports from our group (Sudhamalla et al., 2010; Malleda et al., 2012; Gokara et al., 

2014; Yeggoni et al., 2015a). 
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The protein reliability is analyzed by plotting Rg values against the function of 

time. Rg was used to assess the stability of the back bone atoms of HSA and HSA-

corilagin complex (Fig.4.8B). The free HSA alone and HSA-corilagin, the Rg value is 

stabilized at about 2000 ps, which implies that the MD have achieved equilibrium at 

4000ps. Firstly, the Rg value of both free HSA and HSA-corilagin complex was 2.64 

nm. The free HSA and HSA-corilagin complex was stabilized at 2.57 ± 0.03 nm 

(Fig.4.8B). The Rg value of HSA, which is shown experimentally by neutron scattering 

in aqueous solution, was 2.74 ± 0.35 nm which showed that it is synchronizing with the 

experimental data. The previous studies showed that the Rg of HSA determined 

experimentally from neutron scattering in aqueous solution 2.74±0.035 nm, which 

indicates that the simulations performed are identical to the experimental values 

(Kiselev et al., 2001). Also, the present result is closely related  to our previous studies  

that β-sitosterol, asiatic acid, and piperine stabilizes from 2.59+0.03 nm to 2.40+0.031 

nm; 2.42 ± 0.03 nm to 2.45 ± 0.01 nm; 2.64 ± 0.021 nm to 2.57 ± 0.03 nm  for free 

HSA and HSA-with complexes, respectively (Sudhamalla et al., 2010; Gokara et al., 

2014; Yeggoni et al., 2015a). So during the simulation the change of Rg value from 

HSA to HSA–corilagin over simulation time indicates stabilization and slight 

conformational changes in the secondary structure of HSA when bound to the corilagin. 

This observation again supports a partial change of CD spectral results as shown and 

discussed earlier. The local protein mobility which is analyzed by calculating the 

RMSF value of HSA alone and HSA-corilagin complex. The RMSF were plotted 

against residue numbers based on the 10000ps trajectory (Fig.4.8C). The profile atomic 

fluctuations were found to be very similar to those of HSA and HSA-corilagin 

complex. Here, the results show that except subdomain IIA, rest all domains IA, IB, 

IIB, and IIIA of HSA are showing high fluctuation which indicates that corilagin is 

more rigid at the site I, particularly IIA domain (Fig.4.8C). This rigidity was located to 

individual residues of LYS351, GLU354, ALA213, VAL216, and ASP324 of HSA-

corilagin (Fig. 4.2). The specific binding was also confirmed from the site-specific 

probes showed that corilagin binds to IIA domain (Fig. 3.9). Thus, in the site I, the 

fluctuations are less when compared with the other drug binding site IB and site II. 

Thus this study provides an evidence that HSA binding to sites I (IIA subdomain) and 

interacts specifically with corilagin through conformational adjustments of the protein 

structure, in aggregation with ligand conformational variation to these sites. Based on 
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the RMSD, Rg and RMSF values obtained in this work, it can be concluded that the 

HSA molecule exhibits a slight conformational change when it combines with corilagin 

which is in agreement with the CD data (Fig. 3.25).  

4.2.C. EMB (EMB) 

 
Fig.4.9. (A)The Root mean square deviation of unligand  HSA and ligand HSA (HSA- EMB). (B) The 

Time dependence of the radius of gyration for the backbone atoms of unligand HSA and ligand HSA 

(HSA- EMB) (C)The RMSF values against residue numbers. The RMSF values of unligand HSA and 

HSA-EMB complex were plotted against residue numbers (D) The profile of atomic fluctuations. Atomic 

fluctuations of unliganded HSA and HSA-EMB complex to the active site amino acid residues present in 

the IB subdomain of HSA which is third major drug binding site. 

 

The results from RMSD values indicate that both systems reached equilibration 

and oscillate at around a value of 3500ps. RMSD values of atoms in unliganded HSA 

and HSA-EMB were calculated from the 0-10000ps trajectory, the data points 

fluctuated by  0.41 ± 0.036 nm for HSA alone and 0.45 ± 0.69 nm for HSA–EMB 

complexes. Thus, from MD simulations it is ascertained that after 3500ps the EMB 

interacted complex of HSA is stabilized due to conformational rearrangement 

(Fig.4.9A). So during the MD simulations, this complex remained in a stable position 

with low RMSD fluctuations confirming the authenticity of docking results by Auto 

Dock 4.2.3. The unligand HSA and HSA-EMB, the Rg value is stabilized at about 2000 

ps, which suggest that the MD have achieved equilibrium at 4000ps. The Rg value of 

both free HSA and HSA-EMB complex was 2.64 nm. The free HSA and HSA-EMB 

complex was stabilized at 2.59 ± 0.03 nm (Fig.4.9B). Further, the experimentally 
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proved values from neutron scattering in aqueous solution were 2.74±0.035 nm, which 

illustrate that the simulations performed are identical to the experimental values 

(Kiselev et al., 2001). The parameter, RMSF is used to investigate the local protein 

mobility, the values of unliganded HSA and HSA-EMB were plotted against residue 

numbers on a trajectory of 10000ps, clearly indicates that EMB binding to site IB of 

HSA, remained rigid when compared to the other subdomains during simulation 

(Fig.4.9C). The rigidity was located to individual residues of Arg114, Glu119, Phe134, 

Lys137, Tyr138, Ile142, Arg145, Tyr161 and Arg186 HSA-EMB (Fig.4.9 D). Docking 

studies proved that EMB binding site is located at IB sub-domain and also the specific 

binding of EMB to IB subdomain was confirmed from the displacement site-specific 

probe experiment (chapter 3, Fig. 3.12). Thus, docking and site marker experiments are 

in good agreement with RMSF of the MD study. 

 

Fig.4.10. A 2D Schematic representation (A-G) of the time-dependent mode of hydrogen bond and 

hydrophobic interactions of HSA-EMB complex with in subdomain IB at different nanoseconds, using 

Ligplot. 

Results, clearly indicate that during the period of 4ns, the flexibility of the EMB 

in the binding pocket of subdomain IB of HSA is not much fluctuated which indicates 

it is more rigid at IB site. Also, the electron micrographs support our data that due to 
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aggregation of EMB with HSA, a stable complex is formed (Fig. 3.29). Further, slight 

structural rearrangement of amino residues was seen till 6 ns and then it got stabilized 

at 10 ns upon binding of EMB with HSA. The structural arrangement and the variation 

are firmly supported by Rg (Fig.4.10). This study gives that there is a conformational 

rearrangement of protein structure which implies that EMB binds with subdomain IB of 

HSA. The results are in very much harmonized with the earlier reports on experimental 

and simulation of chitosan oligomers and Asiatic acid (Gokara et al., 2014; Gokara et 

al.,2015). The results available make clear that MD data play a pivotal role in 

understanding the stability of protein-ligand complex. 

 4.2.D. Piperine (PIP) 

 

Fig.4.11. (A)The Root mean square deviation (nm) of unligand  HSA and ligand HSA (HSA-pipeirne). 

(B) The Time dependence of the radius of gyration (Rg) for the backbone atoms of unligand HSA and 

ligand HSA (HSA-piperine). 
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RMSDs data analysis is used to conform the stability of HSA and HSA-piperine 

the RMSDs were plotted from 0 to 10000ps (Fig.4.11A). The RMSD values steadily 

increased from 0 to 1000ps and then it's stabilized at around 3000ps for piperine free 

HSA and HSA-piperine complex. These results indicate that there was no increment of 

RMSD and piperine free HSA and HSA-piperine complex reached equilibration and 

oscillates at around 3000ps. The RMSD values of atoms in unligand HSA and ligand 

HSA were calculated from a 0 to 10000ps trajectory, where the data points fluctuated 

by 0.42 ± 0.036 nm for HSA alone and 0.5 ± 0.69 nm for HSA–piperine complexes. 

During the MD simulations, these complexes remain in a stable binding position with 

low RMSD fluctuations confirming the credibility of docked conformer which is 

predicted by Auto Dock 4.2.2. Interestingly, our data is in agreement with the earlier 

reports from our group (Sudhamalla et al., 2010; Malleda et al., 2012; Gokara et al., 

2014; Yeggoni et al., 2014a).  Rg data analysis the protein integrity is analyzed by 

plotting Rg values against the function of time. Rg was used to assess the stability of the 

back bone atoms of HSA and HSA-piperine complex (Fig.4.11B). The HSA alone and 

HSA-piperine, the Rg value is stabilized at about 1500 ps, which implies that the MD 

have achieved equilibrium at 3000ps. Firstly, the Rg value of both free HSA and HSA-

piperine complex was 2.64 nm. The unligand HSA and HSA-piperine complex were 

stabilized at 2.57 ± 0.03 nm (Fig.4.10.i. B). The Rg value of HSA, which is shown 

experimentally by neutron scattering in aqueous solution, was 2.74 ± 0.35 nm (Kiselev 

et al., 2001) which showed that it is synchronizing with the experimental data. The 

previous reports showed that the Rg of HSA determined experimentally from neutron 

scattering in aqueous solution 2.74±0.035 nm, which indicates that the simulations 

performed are identical to the experimental values (Kiselev et al., 2001). 

 Also, the present result is closely matching with our previous reports that β-

sitosterol and Asiatic acid stabilizes from 2.59+0.03 nm to 2.40+0.031 nm; 2.42±0.03 

nm to 2.45±0.01 nm for free HSA and HSA-with complexes, respectively (Sudhamalla 

et al., 2010; Gokara et al., 2014). As seen in the Fig.4.11 B, the Rg of piperine-HSA 

decrease upon binding, this implies a compact structure of HSA. However, the protein 

microenvironment of HSA is changed upon binding leading to the structural changes of 

HSA. These results are concomitant with the CD data that upon binding of piperine 

with HSA, there is a considerable conformational change of secondary structure of 

protein.  



 
In silico Binding Studies of Bioactive  Compounds with Plasma Proteins| Chapter 4 

 

110 

             

Fig.4.12. (A) The RMSF values against residue numbers. The RMSF values of unligand HSA and 

HSA-piperine complex were plotted against residue numbers (B) The profile of atomic fluctuations. 

Atomic fluctuations of unliganded HSA and HSA-piperine complex to the active site amino acid residues 

present in the IIB subdomain of HSA which is Site I. 

 

In MD simulation is an interesting phenomenon that the local protein mobility 

which is analyzed by calculating the RMSF value of HSA alone and HSA-piperine 

complex. The RMSF were plotted against residue numbers based on the 10000ps 

trajectory (Fig.4.12). The profile atomic fluctuations were found to be very similar to 

those of HSA and HSA-piperine complex. Here, the results show that except 
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subdomain IIA, rest all domains IA, IB, IIB, and IIIA of HSA are showing high 

fluctuation which indicates that piperine is more rigid at the site I, particularly IIA. This 

rigidity was located to individual residues of LYS351, GLU354, ALA213, VAL216, 

and ASP324 of HSA-piperine (Fig.4.12B). The specific binding was also confirmed 

from the site-specific markers showed that piperine binds to IIA domain (Fig. 3.15). 

 

Fig.4.13. Showing hydrophobic interaction with subdomain IIA at different nanoseconds, using Ligplot 

for HSA-piperine complex. 

 

In order to know the mobility, stability, and flexibility of least energy 

conformer, we investigated the docked conformer at different intervals of 1–10 ns 

(Fig.4.13). From these results, it clearly implies that during the period of 4ns, the 

flexibility of the piperine in the binding pocket of subdomain IIA of HSA is not much 

fluctuated. Further, slight structural rearrangement of amino residues till 6 ns and then 

it got stabilized at 10 ns upon binding of piperine with HSA.  

The rigidity of binding site is not varied much even in the case of RMSD as 

whole, indicate that piperine binding is stable enough, which is very well supported by 

the rigidity of subdomain IIA (Fig.4.12 A and B). Here the structural arrangement and 

the variation are firmly supported by Rg (Fig.4.13). This study gives that there is a 
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conformational rearrangement of protein structure which implies the piperine binds 

with the site I (subdomain IIA) of HSA. The above results are very much supported by 

our previous experimental and simulation reports on chitosan oligomers and Asiatic 

acid (Gokara et al., 2014; Gokara et al., 2015).  

4.2.E. 7-Hydroxy coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) 

In this study, we used molecular dynamics accession to measure the stability of 

the HSA, and HSA+7HC derivative complex equilibrium. The rigidity, 

microenvironment of protein and stability of complex in the presence of 7HC 

derivatives have been discussed from MD simulation based on RMS deviations, rms 

fluctuations (rmsf’s) and the radius of gyration (Rg) of protein and its complexes results 

have been analyzed. In addition, the stability of system proved the authenticity of the 

docking results and other experimental data, where the 7HC derivatives bound to HSA 

at subdomains IIIA and IIIB were used for MD simulations. The rmsd values of atoms 

in fat-free HSA and HSA-7HC derivatives complexes were plotted from 0 to 10ns as 

shown in Fig.4.11. Analysis of the rmsd values indicates that the rmsd of both systems 

reaches equilibration and oscillates around in average value after 5ns simulation. The 

rmsd values of atoms in HSA and HSA-7HC derivatives complexes were calculated 

from a 0-10ns  trajectory, where the data points were fluctuated for HSA, 

0.73±0.035nm; HSA-7HC1, 1.25 ± 0.056 nm; HSA-7HC2, 0.82 ± 0.32 nm; HSA-

7HC3, 0.8 ± 0.39 nm, respectively.  It is interesting that our data is almost agreement 

with our previous report on different 4-methyl umbelliferone coumarin derivatives, 

where the data points fluctuated for HSA, 0.72 ± 0.036 nm, HSA-CD enamide, 0.85 ± 

0.056 nm, HSA-CD enoate, 1.18 ± 0.32 nm, HSA-CDM enamide, 0.82 ± 0.39 nm, 

respectively (Garg et al., 2013).
 
Similar reports were observed from our group that 

0.72+0.036 nm, 0.85+0.023 nm, and 0.81±0.032 nm for free HSA, HSA-β-sitosterol, 

and HSA-betulinic acid, respectively (Sudhamalla et al., 2010; Malleda et al., 2012),
 

The integrity of the protein is analyzed by plotting the radius of gyration values against 

time. The radius of gyration describes the overall spread of the molecule and is defined 

as the root mean square distance of the collection of atoms from their common center 

of gravity. In the present MD studies, we determined the Rg values of free HSA and 

HSA-7HC derivatives complexes as shown in Fig.4.14. The Rg values were stabilized 

at about 3.5ns in all the three derivatives of 7HC, indicating that the MD simulation 
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achieved equilibrium after 5ns. Initially, the Rg values of free HSA, HSA-7HC-1, 

HSA-7HC-2, and HSA-7HC-3 complexes were 2.7 nm. The free HSA, HSA-7HC-1, 

HSA-7HC-2 and HSA-7HC-3 complexes were stabilized at 2.52±0.03 and 2.45±0.031, 

2.45 ±0.031 nm, respectively (Fig.4.14i).  Our previous report on free HSA, HSA-CD 

enamide, HSA-CD enoate and HSA-CDM enamide complexes were stabilized at 2.39 

± 0.03, 2.54 ± 0.04, 2.45 ± 0.03, and 2.51 ± 0.04 nm, respectively (Garg et al., 2013)
 

which is very close to the present results. This indicates the stabilization of the 

coumarin-HSA complex is based on the functional groups of the 7HCderivatives.                                        

The previous report showed the Rg value of HSA by experimentally from 

neutron scattering in aqueous solution was 2.74+0.035 nm indicated that our MD 

simulations are identical to the experimental values (Kiselev et al., 2001). Also, the 

present result is close agreement with our previous report that β-sitosterol and beutilinic 

acid stabilizes from 2.59+0.03 nm to 2.40+0.031 nm; 2.59±0.03 nm to 2.51±0.01 nm 

for free HSA and HSA-with complexes, respectively (Sudhamalla et al., 2010; Malleda 

et al., 2012).
 
These results suggest that the radius of gyration value marginally 

increased upon binding of 7HC derivatives. The above results emphasize that the 7HC 

derivatives bind to HSA in MD simulations due to the change in the microenvironment 

of HSA which leads to the conformational changes of protein. The increase in Rg 

values is strongly supported by the experimental CD data that upon binding of 7HC 

derivatives to HSA, the protein gets partially unfolded (Fig. 4.14). Thus, the MD 

simulation data clearly showed that HSA-7HC complexes were stabilized due to 

conformational rearrangements. The similar reports were shown by our group that the 

conformational changes may occur upon binding of ligands during MD simulation 

(Sudhamalla et al., 2010; Garg et al., 2013). 

The flexibility of local protein was investigated  by calculated RMSF values of 

free HSA and HSA–7HC derivative complexes were plotted on the 10ns trajectory 

against residue numbers and data shown in our results distinctly indicate that sub-

domain IIIA in HSA-7HC-1, subdomains IIIB in HSA-7HC-2 complexes and IIIB in 

HSA-7HC-3 complex have lower fluctuations as compared to all other domains (IA, 

IB, IIA, and IIB) which have high fluctuations. Results suggested that the structure of 

drug binding sites IIIA and IIIB remains rigid during simulation (Fig.4.14). The 

analysis provides an indication that HSA binding site IIIA interacts clearly with 7HC-1 
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and IIIB with 7HC-2 and 7HC-3 through remodeling of 7HC derivatives to the specific 

sites of HSA, which results in structural alteration of the protein.  These results suggest 

that the structure of primary drug binding site I (IIIA) remains rigid during simulation 

of all the three 7HC derivatives. The binding of 7HC derivatives to HSA mainly affects 

the loop regions connecting the helices. This study provides evidence that HSA binding 

site II (IIIA subdomain) interact specifically with 7HC derivatives through 

conformational adjustments of the protein structure, in conjunction with ligand 

conformational adaptation to these sites. It clearly indicates that the 7HC derivatives 

change the microenvironment of HSA leads to the conformational changes in the HSA 

during MD simulation. This Rg value is strongly supported by the experimental CD 

data. Thus, our experimental data (CD) fully supports the MD simulation in which 

protein conformational changes occur during coumarin derivatives binding to HSA. 

 

Fig.4.14. (i) The plot of HSA-Coumarin derivatives (7HC-1, 7HC-2 and 7HC-3) RMSD. (A, B and C) 

Cα rmsd values for free HSA and HSA-7HC-1, 2 and 3 complexes during 10ns MD simulation.  ( i i )  (A, 

B and C) the radius of gyration (Rg) values during 10ns of MD simulation of HSA and7HC-1,2 and 3 

during 10ns of MD simulation. (iii) (A, B and C) the RMSF values of free HSA and HSA-7HC-1,2 and 

3 complexes were plotted against residue numbers.  
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4.3. Conclusion 

Docking studies showed that docking conformer is close and consistent with the 

binding constants and free energy values determined by fluorescence studies. 

Apparently, the docking studies revealed that bioactive compounds bind within known 

binding sites i.e., Sudlow site 1 and Sudlow site 2 and third major subdomain IB. 

Therefore, the location and the nature of interactions based on the docking studies 

suggest that the decrease in the emission intensity of HSA is due to the complexation 

of bioactive compounds in subdomains IIA, IIIA, and IB (Table 4.1). In addition, 

the results that I have mentioned shown that bioactive compounds bind with HSA 

mainly by hydrophobic interactions and for few compounds with hydrogen bond 

interactions which even few bioactive compounds showed interaction with AGP as well. 

  These results are in harmonizing with the binding constants and free energy 

calculations which were derived from fluorescence quenching and SPR. This proves 

that bioactive compounds are robust enough to bind with HSA which may 

increase the efficacy of therapeutic action and half-life in vivo. Furthermore, MD 

simulations of selected bioactive compounds showed the changes in the parameters 

of  RMSD and Rg indicating the conformational changes with respective to HSA 

alone, which are consistent with the circular dichroism spectra. These changes are 

due to the changes in the interior flexibility of the subdomains IIA, IIIA, and IB 

domain of HSA which are evident from the RMSF studies. Rg data indicated that 

HSA-bioactive complexes are stable and compact with respect to HSA crystal 

structure. With the CD data and MD studies, I analyzed that the changes in  the  

secondary structure are altered upon formation of HSA-bioactive complexes which is 

not due to the destabilization.  
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Table. 4.1. In silico binding constants, free energy, and binding sites 

S.No Drug Binding constant 

(M
-1

) 

Free energy 

(ΔG
0
) 

(Kcal/mol) 

Binding 

site 

1 Artemisinin 3.8 × 10
4
 -6.2 IIA 

2 Ar-tumarone 1.2 × 10
4
 -5.6 IIIA 

3 Apocyanin 3.8× 10
3
 -4.89 IIA 

4 Andrographalide 1.2 × 10
4
 -5.6 IIA 

5 Bacosine 2.6 × 10
4
 -6.05 IIA 

6 Corilagin 1.5 × 10
 4
 -5.7 IIA 

7 Chebulinic acid -------- -------- IIA 

8 Chebulagic acid -------- -------- IIA 

9 De Andrographalide 1.3 × 10
4
 -5.6 IIA 

10 deForskolin 1.6 × 10
4
 -5.73 IIA 

11 Embelin 4.1 × 10
3
 -4.9 IB 

12 L-dopa 3.5 × 10
3
 -4.9 IIIA 

13 Menthol 2.95 × 10
4
 -4.73 IIA 

14 Piperine 3.3 ×10
5
 -6.8 IIA 

15 psoralen 2.2 × 10
4
 -5.9 IIIA 

16 Pterostiblene 4.0 × 10
4
 -6.2 IB 

17 Rosmaric Acid 1.6 × 10
4
 -5.8 IIA 

18 Stigmasterol 4.1 × 10
5
 -7.26 IIIA 

19 6-shagoal 2.24 ×10
4
 -5.91 IIA 

20 Umb-1 9.2 × 10
3
 -5.4 IIIA 

Umb-2 1.2× 10
5
 -6.9 IIIA 

21 7HC-1 3.6 × 10
4
 -6.15 IIIA 

7HC-2 1.2 × 10
4
 -6.2 IIIB 

7HC-3 4.6 × 10
4
 -5.5 IIIB 

 



 
 

 

 

 

 

 

 

 

 

 
 

 
 

CHAPTER 5 

COMPARATIVE BINDING ANALYSIS OF BIOACTIVE 

COMPOUNDS WITH HSA AND AGP 
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5.1. Introduction 

Human serum albumin and α-1 acid glycoprotein (AGP) are the most important drug 

binding proteins in plasma that can have important pharmacokinetic implications. 

Since plasma concentration of AGP may change under various physiological and 

pathological conditions (such as during the acute-phase reaction), resulting in 

alteration of the binding of various drugs and other ligands (Kremer et al., 1988; 

Fournier et al., 2000). Changes in drug binding and, consequently, alteration in the levels 

of the unbound (free) drug can have a significant effect on both the pharmacokinetics 

and pharmacodynamics of drugs. Although the contribution of AGP in the 

pharmacokinetics of drugs is less when compared with HSA, recently binding studies 

with AGP is also paid attention (Otagiri et al.,2009). It has been reported that there 

are few drugs which bind equally to both HSA and AGP, furthermore from the 

literature, it appeared that there is only one binding site on AGP for acidic drugs (Kalra 

et al., 2003) excepted for phenobarbital for which two sites have been described 

( Zsila et al., 2013) . In view of the considerable impact of AGP in the binding of 

drugs, we are interested to know whether the bioactive compounds have any binding 

with AGP and how it will be comparable with the similar plasma protein like HSA. 

Here, we examined the binding of selected bioactive compounds (ANDR, COR, 

EMB, PIP and 7-Hydroxy coumarin derivatives and other bioactive compounds are not 

binding to AGP) using fluorescence and docking studies. 

5.2. Results and Discussion 

Fluorescence studies used to characterize the binding constants, free energy and a 

number of binding sites according to the procedures given in chapter 3. From the 

fluorescence studies, the mechanism of quenching is found to be a static mechanism 

which is evident from the bimolecular quenching constants of  ANDR, COR and PIP 

are 5.27×10
13

, 
 
5.3×10

13

, 5.5×10
1  M

-1 s
-1  and respectively (See Chapter 3, Table 3.4). It 

is observed that quenching of emission maximum at 340 nm of AGP was observed with 

CHN, CHG, COR and PIP (Fig. 5 .1, to Fig. 5.6) whereas with 7-Hydroxy coumarin 

derivatives (7HC-1, 7HC-2 and 7HC-3) and EMB, there is no quenching was 

observed. Interestingly blue shift and red shifts were observed in the peaks of AGP- 

ANDR (Fig.3.3 .B) and AGP-PIP (Fig.5.4) respectively, whereas with HSA there is 

no shift in the peaks of these two compounds. This phenomenon might be due to 

the unfolding of the protein after the binding. The possible explanation for the shift 
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might be due to the differential exposure of tryptophan residues at various positions 

in the protein, which may be exposed differentially to the polar environment 

leading to the shift in the emission maximum at 340 nm, whereas with ANDR, COR 

and PIP the binding constants are 10 times lesser then HSA. All the compounds 

(ANDR, COR and PIP) binds with AGP in 1:1 ratio indicating that only one 

molecule is bound with AGP, similarly with HSA. The negative free energy of all 

these bioactive compounds is less than the values obtained with HSA (See Table 5.1). 

There are several studies showed that AGP have moderate to high affinity (10
3

-10
6 

M
-1

) with several drugs (Urien et al., 1986; Morin et al., 1997; Israili & Dayton 2001), 

some drugs showed equal binding with both HSA and AGP (Kumar et al., 1993) and 

few drugs like acetaminophen, phenobarbital, theophylline, and valproic acid showed 

negligible binding to AGP (Bailey & Briggs 2004). Not all bioactive compounds binds 

to AGP and even in my case only specified compounds bound to AGP. The detailed 

binding analysis has been discussed below. 

5.2.A.  Binding Analysis of ANDR with AGP using Surface Plasmon Resonance  

 

 

Fig.5.1. Sensorgram of binding of ANDR to AGP immobilized on CM 5 sensor chip (top) and Req values 

fitted to the steady state isotherm binding model (bottom) for ANDR binding to the AGP chip surface. 
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In this study, the interaction between ANDR and HSA and AGP was studied by 

means of above-mentioned techniques. The results showed that ANDR can be bound to 

HSA to form a complex. The association constants obtained from the fluorescence and 

SPR experiments were very close namely, 1.85 ± 0.02×10
4 

M
-1 

(fluorescence) and 3.1 ± 

0.04×10
3 

M
-1 

(SPR),  respectively. 

However, I have even performed SPR by immobilized AGP as well to 

investigate the interaction of ANDR to AGP under flow conditions. Binding affinity 

obtained from this fluorescence and SPR spectroscopy were in good agreement with 

each other with, 1.5 ± 0.03×10
3 

M
-1

 and 1.39 ± 0.06×10
3 

M
-1

, respectively (Fig.3.3.B 

and Fig.5.1). Steady state analysis (weak and moderate interactions) data initially 

extracted using Biacore X100 Control Software, version 2.0.1. Hence, the binding 

constants obtained from the fluorescence and SPR are almost similar. 

5.2.B.  Binding analysis of Corilagin  

          

 

Fig.5.2. Fluorescence emission spectra was measured for AGP along with corilagin  in 0.1 M phosphate 

buffer with pH 7.4, λex = 285 nm, and temperature = 25 °C. Free AGP (0.001 mM) and free AGP with 

different concentrations of corilagin, 0.001- 0.009 mM. Inset: Plot of log (dF/F) against log [Q]. λex = 

285 nm and λem = 340 nm. 
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Interestingly, the binding of corilagin with AGP was also stronger like HSA 

(4.2 ± .03 × 10
5
 M

-1 
 ) and the binding constant was found to be 1.5 ± .01 × 10

4
 M

-1 

which is in the range of food and drug administration (FDA) (Fig.5.2). Further, the 

computational calculated binding constant as 1.0 × 10
 3

 M
-1 

obtained as lowest free 

energy. However, corilagin have good interactions with HSA and AGP, in fact, binding 

constants with AGP are falling in the range of known FDA approved drugs like 

furosenamide, imipramine, and benzylpenicillin which are having binding constants 2.6 

×10
4
, 2.5 ×10

4
, and 1.2 ×10

3
 M

-1
 respectively (Varshney et al., 2010). Since these 

derivatives possess binding constants in the range of 10
3
-10

4 
suggesting that corilagin 

binds strongly with HSA and AGP which has importance in the disposition of these 

molecules.  It is known that most of the normal cases HSA acts a carrier for various 

drug molecules, however, in pathological conditions, the AGP also plays a major role 

in transporting the drug molecules. Recently, we have also reported that chitosan 

oligomers were strongly bound to AGP, whereas other molecules like 7-

hydroxycoumarin derivatives have shown weak binding to AGP (Yeggoni et al., 2014a; 

Gokara et al., 2015). Thus, corilagin is a potent phytochemical and can bind to both 

HSA and AGP which are pharmacologically important proteins. In the case of AGP the 

free energy calculated from experimental and computational to be -5.6 and -3.83 kcal 

M
-1

, respectively. The difference in free energy and binding constants from 

experimental and computational may be due to differences in arrangement solution and 

crystal structural. Hence, it is a validation of both the experimental and computationally 

calculated free energies. 
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5.2.C.  Binding analysis of Chebulinic and Chebulagic acid 

               

Fig.5.3. Fluorescence emission spectra was measured for AGP along with chebulinic and chebulangic 

acid  in 0.1 M phosphate buffer with pH 7.4, λex = 285 nm, and temperature = 25 °C. Free AGP (0.001 

mM) and free AGP with different concentrations of chebulinic and chebulangic acid  0.001, 0.002, 0.003, 

0.004, 0.005, 0.006, 0.007, 0.008, and 0.009  mM. Inset: Plot of log (dF/F) against log [Q]. λex = 285 nm 

and λem = 340 nm. 
 

The binding constants of Chebulinic acid and Chebulagic acid with AGP were good 

and found to be KCHN-AGP = 7.8 ±0.01× 10
4
 M

−1 
and KCHG-AGP = 9.6± 0.01 × 10

4
 M

−1
.  

These results indicate that the binding of CHN and CHG are specific to plasma proteins 

where binding constants of HSA are KCHN-HSA = 1.2 ±0.01× 10
5
 M

−1 
and KCHG-HSA = 

3.7± 0.01 × 10
5
 M

−1
 (Fig.5.3). Since CHN and CHG are binding to AGP, which is over 

expressed in pathological conditions and might help in transport of the compounds. 
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5.2.E. Binding analysis of Piperine  

 

Fig.5.. Fluorescence emission spectra was measured for AGP along with piperine  in 0.1 M phosphate 

buffer with pH 7.4, λex = 285 nm, and temperature = 25 °C. Free AGP (0.001 mM) and free AGP with 

different concentrations of piperine, 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, and 0.009 

mM. Inset: Plot of log (dF/F) against log [Q]. λex = 285 nm and λem = 340 nm. Inset: Plot of log (dF/F) 

against log [Q]. λex = 285 nm and λem = 340 nm. 

 

The binding of piperine with AGP was also stronger and the binding constant 

was found to be 9.3× 10
4
 M

-1 
which is in the range of FDA (Fig.5.4) indicating that 

during acute conditions piperine derived molecules can use a  potential drug molecule.  

 

5.2.F.  Binding analysis of  7-Hydroxy coumarin derivatives  

The binding of 7-hydroxycoumarin derivatives is marginal with AGP in comparison 

with HSA and their binding constants found to be in the range of K7HC1= 9 ×10
2 

M
-1

 

,K7HC2  =9×10
2 

M
-1

 and  K7HC3 = 5 ×10
2 

M
-1 

which is not in the limitation of drug 

binding (Fig.5.5). Also, indicates that the binding of coumarin derivatives are specific 

to serum albumin proteins because all drugs won’t bind to AGP and thus, we may not 

predict the coumarin derivatives binding to AGP because AGP is a positive acute-phase 

protein.
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Fig.5.5. Fluorescence emission spectra of AGP-Coumarin derivatives (7HC-1,7HC-2 and 7HC-3) in 

0.1M phosphate buffer pH 7.4, λex = 285 nm. λem = 340 nm. Inset: Plot of log (dF/F) against log [Q]. λex 

= 285 nm and λem = 340 nm. 
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5.2.G. Binding analysis of novel 8-substituted coumarin derivatives  

 

Fig.5.6. Fluorescence emission spectra of AGP-Coumarin derivatives (Umb-1 and Umb-2) in 0.1M 

phosphate buffer pH 7.4, λex = 285 nm. λem = 340 nm . Inset: Plot of log (dF/F) against log [Q]. λex = 

285 nm and λem = 340 nm. 

 

The binding constants of Umb-1 and 2 derivatives with AGP were slightly less 

when compared with HSA, and their binding constants were found to be Kumb-1-AGP = 

3.1 ±0.01× 10
3
 M

−1 
and Kumb-2-AGP = 4.6± 0.01 × 10

3
 M

−1 
(Fig.5.6). We also have 

calculated the binding constant by using a different computational technique, which 

shows K to be  3.0 × 10
3 

 and 4.3 × 10
3
 M

-1
, thus these results were in reasonable 

agreement with the experimental data. These results indicate that the binding of Umb-1 

and Umb-2 are specific to serum proteins like HSA and AGP. Since Umb-1 and 2 are 

binding to AGP, which is overexpressed in pathological conditions, like renal failure, 

hepatic, pregnant conditions etc. Thus, we could infer that these molecules can be 

potential therapeutic candidates.  However in the case of Umb-1/Umb-2– with AGP, 

the free energy calculated from experiments and computations were found to be –4.7, -

4.9 and -4.74, -4.75 kcal M
-1

, respectively. Experimentally and computationally 

calculated values of free energies are in corroboration, therefore we conclude that our 

results are more authentic. Thus, both proteins HSA and AGP interact with Umb-

coumarin derivatives by hydrophobic forces. 



 
Comparative Binding Analysis of Bioactive Compounds with HSA and AGP| Chapter 5 

 

125 

It is known that most of the cases HSA are a vehicle to carry the drug 

molecules, however, in chronic disease conditions, the AGP also play a major role in 

transporting the drug molecules (Gokara et al., 2010; Gokara et al., 2014; Gokara et al., 

2015; Yeggoni et al., 2015 a & b; Yeggoni et al., 2015 a; Yeggoni et al., 2016 a). 

Acute-phase proteins are proteins whose plasma concentrations increase in response to 

inflammation like AGP. The abundance of plasma protein levels follows the impact on 

drug binding extent, cause modifications in the mode of drug action, distribution, 

disposition, and elimination. Thus, AGP is one of the most important acute phase 

proteins influences the principal binding proteins for basic drugs. 

5.3. Docking studies of the selected bioactive compounds with AGP 

5.3.A. Docking analysis of Andrographolide (ANDR) 

                                             

Fig.5.7. Docking conformation of AGP-ANDR complex obtained from Autodock v 4.2. (A) ANDR 

bound to AGP (Protein represented in ribbon model and ligand represented in stick model). (B) 

Stereo view of ANDR bound to AGP (prepared by using pymol v 1.5) in surrounding residues is 

represented as lines (Three hydrogen bonds are Pro 131, Lys 135, Thr 158 ). (C) The binding pocket 

surrounding the ANDR. 
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Whereas, AGP and ANDR interaction was computationally calculated and was found 

that their interaction was stabilized in ANDR-AGP complex by formation of 3 H-bonds 

with Pro 131, Lys 135, Thr 158 with a distance of 2.1 Å,  3.2 Å and 3.12 Å, 

respectively (Fig.5.7.A, B , and C). Further the binding constant (KANDR) is 

7.7±0.05×10
4
 M

-1
 and free energy change (ΔG˚ANDR) is -6.67±0.21 kcal/mol. These 

results support the experimental results (KANDR =1.5±0.03×10
3
 M

-1
and ΔG˚ANDR =-

4.31±0.031 kcal/mol) found in intrinsic fluorescence of AGP and ANDR interaction. 

ANDR with HSA is mainly stabilized by hydrophobic interactions along with two 

hydrogen bonds, whereas with AGP, the main forces involved are three hydrogen 

bonds.  ANDR can show a robust binding to both HSA and AGP. Since AGP is an 

acute phase protein expressed in pathological conditions hence, binding of ANDR to 

the AGP warrant in drug binding studies.   

5.3.B.Docking analysis of Corilagin  

 

Fig.5.8. Docking conformation of AGP- corilagin complex obtained from Auto dock v 4.2. (A) Pymol 

Stereo view of corilagin bound to AGP in which corilagin is rendered as capped sticks and surrounding 

residues as lines (GLY93, GLU96, VAL116, HIS97, and GLN95). (B) Ligplot analysis of AGP with 

corilagin to show the hydrophobic interactions and The binding pocket showing hydrophobic and 

hydrophilic amino acid residues surrounding the probe corilagin, (C) corilagin bound to IIA domain on 

AGP (protein and ligand colored blue, red, yellow and green, respectively. (D) The hydrophobic and 

hydrophilic amino acid residues surrounding the corilagin. 
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Interestingly, docking studies revealed that corilagin, interacts with AGP with 

binding constants of 1.0 × 10
 3

 M
-1  

and free energy was found to be -3.83  kcal M
-1 

which is nearer to the experimental, 1.5± .01 × 10
4
 M

-1
, and -5.6 kcal M

-1
 values 

(Fig.5.8). The corilagin -AGP complex is stabilized by hydrophobic amino acids and 

with 8 hydrogen bonds between the compound and GLY93, GLU96, VAL116, HIS97 

and GLN95 with a bond length of 2.74, 2.91, 2.71, 2.14, 2.65, 2.84 and 3.20 Å. Over 

all the interactions of corilagin are varied between HSA and AGP, but the binding 

constants and free energy of experimental and computational are comparatively less 

than HSA suggesting that HSA- corilagin complex are more stable than AGP- corilagin 

complex. The results of docking studies indicate that the interaction between corilagin 

and HSA, AGP are dominated by hydrogen and hydrophobic interactions, which is in 

excellent agreement with free energies that are obtained from fluorescence data. 

However, the pharmacological behavior could change differently in diseased conditions 

and thus, corilagin binding to plasma protein of AGP would certainly an important 

process. Particularly, AGP is acute phase protein, hence, there were differential 

interactions were observed for the corilagin molecule with HSA and AGP. 

5.3.C. Docking analysis of Piperine  

A B

C
D

 

Fig.5.9. Docking conformation of AGP-piperine complex obtained from Auto dock v 4.2. (A) Piperine 

bound to AGP (Protein represented in ribbon model and ligand represented in stick model) (B) The 

binding pocket showing hydrophobic and hydrophilic amino acid residues surrounding the probe 

piperine, (C) Ligplot analysis of AGP with piperine to show the hydrophobic interactions and (D) Pymol 

Stereo view of piperine bound to AGP in which piperine is rendered as capped sticks and surrounding 

residues as lines (Lys5, Ile2, Arg149, Lys147, Arg33, Leu8, Pro10, Val9, Leu4 and Asp115). 
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Docking studies revealed that piperine interacts with AGP with binding 

constants of 1.2 × 10
4
 M

-1 
and free energy was found to be -6.71 kcal M

-1
 which is 

nearer to the experimental, 9.3× 10
4
 M

-1
, and -6.71  kcal M

-1
 values (Fig.5.9). The 

Piperine-AGP complex is stabilized by hydrophobic amino acids and with one 

hydrogen bond between the compound and Arg 33 with a bond length of 2.89 Å. 

However, piperine-HSA complex is stabilized by hydrophobic interactions along with 

one hydrogen bond between the piperine and Lys212 with a bond length of 2.98 Å. 

Overall the interactions of piperine are varied between HSA and AGP, but the binding 

constants and free energy of experimental and computational are comparatively less 

than HSA suggesting that HSA-piperine complex is more stable than AGP-piperine 

complex. However, the pharmacological behavior could change differently in diseased 

conditions and thus, piperine binding to plasma protein of AGP would certainly an 

important process. Particularly, AGP is acute phase protein, hence, there were 

differential interactions were observed for the piperine molecule with HSA and AGP. 

5.3.D. Docking analysis of Novel 8-substituted coumarin derivatives  

 

Fig.5.10. Different views of Umb-1 docked in the binding pocket AGP using Autodock 4.2. (A) 

Showing the hydrophobic cavity region of AGP with Umb-1. Pymol is used to generate the images. (B) 

The hydrophobic and hydrophilic amino acid residues surrounding the probe. (C) Overview of cartoon 

model of Umb-1 binding to AGP. (D) Showing the hydrophobic cavity region of AGP with Umb-2. 

Pymol is used to generate the images. (E) The hydrophobic and hydrophilic amino acid residues 

surrounding the probe. (F) Overview of cartoon model of Umb-2 binding to AGP.   
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Interestingly, molecular docking studies revealed that these Umb-1/Umb-2 

showed interaction with AGP with binding constants of 3.0 × 10
3
 M

-1 
and 4.3 × 10

3
 M

-1 

and free energies are found to be -4.74 and -4.75 kcal M
-1

 (Fig.5.10). Furthermore, 

these values seem to be close to the experimental binding constants and free energy 

values Kumb-1-AGP = 3.1 ± 0.01× 10
3
 M

−1
, Kumb-2-AGP = 4.6± 0.01 × 10

3
 M

−1 
and -4.74, -

4.9 kcal M
-1

, respectively. In this study difference between experimental and 

computational results may be due to the differential arrangement of crystal and aqueous 

conditions. The obtained docking results are in good agreement with the above 

experimental data.  Overall when we compare the binding and free energy values of 

both HSA and AGP, it indicates that Umb-coumarin derivatives- HSA complexes are 

more stable and has greater stability than AGP 

Docking studies revealed that ANDR, COR, PIP,  CHG, and CHN interacts 

with AGP with a binding constant and free energy near to the experimental values 

which reassure that the interactions of bioactive compounds with AGP which mimic 

the actual binding in vitro. These bioactive compounds interact with AGP by 

hydrogen bonds (see Table. 5.1 for amino acids, for COR in contrast with HSA, it is 

stabilized by hydrogen bonds with AGP, whereas with HSA it is stabilized by 

hydrophobic interactions and for other compounds (ANDR, PIP, UMB-1, and UMB-

2) it is observed that these compounds are stabilized by hydrogen bonds with AGP 

and HSA. Whereas, with HSA the interactions between these compounds are varied 

and this might be the possible reason for the variation in the binding constants of these 

compounds with HSA and AGP. ADG with HSA is mainly stabilized by hydrophobic 

interactions along with two hydrogen bonds, whereas with AGP the main forces 

involved are three hydrogen bonds. PIP with HSA is stabilized by hydrophobic 

interactions with only one H-bond, PIP-AGP is stabilized by one H-bonds; HSA-COR 

is stabilized by eight hydrogen bonds the overall binding constants and free energy 

of both in vitro and in silico are comparatively less than the HSA suggesting that 

HSA-bioactive complexes are stable than AGP-bioactive complexes. 
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5.4. Conclusion 

As observed from the binding studies of selected bioactive compounds with 

HSA from chapter 3, AGP (acute phase protein) indicated that only ADG, COR, CHN, 

CHG, PIP, Umb-1 and Umb-2 coumarin derivatives showed binding with AGP. 

Interestingly, these molecules bind almost equally to the HSA indicating that both 

proteins are very important in delivering these drug molecules. As AGP 

concentration increases in many diseases, which, effects the binding of certain drugs 

and their kinetics. Hence, this study will be helpful and play a pivotal role in 

pharmacology and clinical medicine as well as methodology. Hence, it is important 

to study the interaction of bioactive compounds with AGP along with HSA which 

may have a role in the disposition of drugs in pathological conditions, where HSA 

concentration is less in hepatic and renal- related diseases. I assume that our results 

will give a road map to develop inspired drugs to chronic diseases where AGP play a 

major role in drug transport.  

Table 5.1. Comparative chart of binding constants, free energies, number of binding sites (n), type 

of interactions of selected bioactive compounds with HSA and AGP 

S.No Drug HSA 

Binding 

constant (M
-1

) 

HSA 

Free energy 

(Kcal/mol) 

AGP 

Binding 

constant 

(M
-1

) 

AGP 

Free energy 

(Kcal/mol) 

1 PIP 5.7 × 10
5
 -7.8 9.3 × 10

4
 -6.71 

2 7HC-1 4.6 × 10
4
 -6.34  

    No binding 

 

No binding 
7HC-2 1.3 × 10

4
 -5.58 

7HC-3 7.9 × 10
4
 -6.65 

3 BAC 2.9 × 10
4
 -6.07 1.8 × 10

3
 -4.4 

4 ANDR 1.85 × 10
4
 -5.79 1.5 × 10

3
 -4.31 

5 EMB 5.9 × 10
4
 -5.0 No binding No binding 

6 CHC 1.2 × 10
5
 -6.90 7.8 × 10

4
 -6.64 

7 CHG 6.8 × 10
5
 -7.57 9.6 × 10

4
 -6.77 

8 Umb-1 3.1 × 10
4
 -6.1 3.1 × 10

3
 -4.7 

Umb-2 7.0 × 10
4
 -6.5 4.6 × 10

3
 -4.9 

 



 

 

 

 

 

 

 

 

 

 

 
 

CHAPTER 6 

INTERACTION OF BIODEGRADABLE NANOCARRIERS 

WITH HUMAN SERUM ALBUMIN 
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6. 1 Introduction 

Nanocarriers are materials which are nanoparticulate in size. These are able to 

encapsulate nano-sized substances to protect and bind, transport and sustain release at 

the specific site. These nanocarriers (1-100 nm in size) have been made up of a range of 

polymers and inorganic materials. Nanocarriers can transport a variety of guest 

materials, such as imaging agent nanoparticles, drugs, enzymes etc. However, most of 

the research works have been done in this field was focused on the medical application 

such as diagnostic and drug delivery purposes (Mura et al.,2013; Ang et al., 2014). 

Soluble macromolecules have an advantage over other biomolecules because of their 

flexible chains which can accommodate as well as adopt guest molecules. 

Encapsulation with an appropriate nanocarrier can protect the properties of guest 

particles against the environment and also from degradation. Hydrophobic drugs can be 

solubilized and transported in the water and carrier might even be able to transport the 

drug to the targeted site in the body where it can release and cure by acting on it. 

Encapsulation, not only protects the drug from the environment but also the system to 

the drug applied. Further, advantages of macromolecular nanocarriers are their ability 

to enhance the uptake of drugs or imaging agents by passive and active targeting 

(Svenson et al., 2012). 

For the formation of nanocarriers, there are two main approaches followed such 

as (1) formation of micelles by self-assembly of block copolymers (amphiphilic) and 

(2) formation of the multifunctional hydrophobic core molecules surrounded by a 

functional hydrophilic shell. Dendritic polymers are divided into two major classes one 

is perfect dendrimers and another is hyperbranched polymers. Dendrimers are perfectly 

branched architecture with a degree of branching 100% and with a polydispersity index 

of 1 which indicates that they are monodisperse (Schlüter & Rabe 2000; Newkome et 

al.,2001). Another so-called hyperbranched are obtained one step reaction of 

polymerization exhibit similarity as that of perfect dendrimers analogs. Therefore, 

polymers that are hyperbranched are considered to be a better alternative for perfect 

dendrimers.  

Available hyperbranched polymers are outlined as polyamides, polyamines, 

polyethers and polyesters (Yan et al.,2011). Nanocarriers are based on the dendritic 

polymers exhibit an excellent (in vivo) stability. However, desirable aspect is to release 

encapsulated guest for many biological applications. 
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6.2. Hyperbranched polyglycerols (hPGs)  

The hPGs are synthesized by ring-opening multi-branching polymerization of 

glycidol (Tokar et al., 1994; Sunder et al., 2000)   with exclusive properties 

associated with their nanometer size range. Additionally, hPGs are biocompatible, 

soluble in water and possessed low viscosity (Kainthan & Brooks 2007; Kainthan et 

al., 2008). Recently, unimolecular core–shell nanoparticles have attracted interest 

because of their unique property not fall apart on dilution.  Haag’s group developed 

an efficient unimolecular core–shell nanocarrier with a dendritic hydrophobic poly 

(ethylene) core and a grafted, dendritic, hydrophilic polyglycerol (hPG) shell 

(Popeney et al., 2012). Furthermore, a new type of unimolecular liposome-like 

multishell system has developed in the group based on a hydrophilic hPG core, a 

hydrophobic inner alkyl shell, and a hydrophilic outer mPEG shell. The nanocarriers 

which are having hPGs (hPG10-A-C18-mPEG350 and hPG10-E-C15-mPEG350) 

core with the composition of the nanocarriers are same, expect the C18: alkyl chain 

with 18 Carbon atoms C15: alkyl chain with 15 Carbon atoms (Fig.6.1)   is used for 

my study. (Fleige et al., 2014a; Fleige et al., 2014b). 

 

 

 

 

                                                                                   

                                                                       

Fig.6.1. Schematic structure of a core–multishell nanoparticle based on a dendritic polyglycerol core 

(hPG, gray), an inner hydrophobic alkyl shell (green), and an outer hydrophilic shell made of 

poly(ethylene glycol)methyl ether with an average number averaged molecular weight of 350 g/mol 

(mPEG350, blue). But differ in the alkyl chain with 15 Carbon and 18 Carbon atoms. 

C15 (E: ester bond) C18 (A: Amide bond) 

OCL
n 
n: 5, 10, 20 

hPG10-A-C18-mPEG350  

hPG10-E-C15-mPEG350  

mPEG  
MW:  350 Da 

 2000 Da 

hPG 

MW= 10 kDa 

C15 C18 
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6.3. Hyperbranched polyesters (hPEGs)  

 The hPEGs nondegradable drug carrier systems may accumulate in different organs, 

thus causing inflammation and toxic effects. The desirable property of unimolecular 

micelles for delivery of drugs is biodegradability. Hyperbranched poly esters are one of 

the biodegradable drug carriers. Additionally, they are nonionic, nonimmunogenic and 

low in toxicity. The mainstream of reported work focused on solubilizing the drugs 

with hydrophilic nanocarriers. The water solubility occurred in the branched 

nanocarrier by covalently attaching biocompatible poly (ethylene glycol) (PEG), which 

formed the outer shell of the nanocarrier (Kadajji & Betageri 2011). Whereas 

hyperbranched polyester, hPES32-E-CL8-mPEG2000, CL8: 8 repeating units of 

caprolactone and mPEG MW 2000 g/mol (Fig.6.2) (Walker et al., 2016). 

. 

 

                                                 

  

 

Fig. 6.2. Schematic structure of a core–multishell nanoparticle based on a dendritic polyester core (hPE, 

gray), an inner hydrophobic alkyl shell (green), and an outer hydrophilic shell made of poly(ethylene 

glycol)methyl ether with an average number averaged molecular weight of 2000 g/mol (mPEG2000, 

blue). CL8: 8 repeating units of caprolactone.  

 

HSA acts as a carrier several endogenous and exogenous compounds including 

fatty acids (Sugio et al., 1999). HSA has long been a major attention of pharmaceutical 

company due to its ability to bind various ligands and alters their pharmacokinetic 

properties (Kratochwil et al., 2002). However, the study of nanocarriers is not been 

adequately studied. Therefore it was of present interest to study the binding of 

nanocarriers with HSA in aqueous solution in order to evaluate the effect of nanocarrier 

on HSA secondary structure element, conformation, and stability. In this report, I 

encapsulated piperine which is a bioactive hydrophobic drug which is highly insoluble 

hPES32-E-CL8-mPEG2000  

hPES MW = 2 kDa  
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in water with biodegradable CMS nanocarriers.Later carried out the interaction 

between biodegradable nanocarriers with HSA by the biophysical approach.  

Also, I carried out cell viability and in vitro cellular uptake of piperine 

nanoformulation. Nevertheless, I have presented a spectroscopic analysis of the 

interaction of HSA with nanocarrier at physiological conditions, using protein as a 

constant concentration and various nanocarrier compositions. Structural information 

regarding complexation of nanocarrier-HSA is reported here. Further, conventional 

CMS nanocarrier readily interacts with plasma proteins. The surface properties of 

nanocarrier remain a major factor that can improve half-life, which is likely to be used 

for the therapeutic purpose. Therefore, the aim of this study was to examine the 

interaction of CMS nanocarrier with HSA and as a result, predict the implications of 

their biological features for in vivo application. 

6.4. Results and Discussions 

6.4.A. Cell viability, cellular uptake, and association of CMS nanocarriers  

As per the literature, the nanoparticles of size <200nm can be up taken via endo-cytosis 

through the process of diffusion into cancer cells (Panyam & Labhasetwar 2003; Vasir 

& Labhasetwar 2007). Therefore, the present study, I have carried out the feasibility of 

three different CMS nanocarriers for cancer cell uptake, as well as interaction with 

HSA. CMS nanocarriers have variable particle sizes and morphology (Fig.6.3). hPG10-

E-C15-mPEG350, hPG10-A-C18-mPEG350, and hPES32-E-CL8-mPEG2000 

nanocarriers have particle sizes of about 18.2±1.3, 25.9±0.6 and 18.7±0.2nm 

respectively. When nanocarrier incubated with HSA, the morphology of nanocarriers 

was distinctive in AFM, i.e, HSA corona might have formed or it has shown a 

behavioral change in their aggregation pattern (Fig.6.4). The change in the morphology 

of nanocarriers is similar to that caused by the formation of loosely bound proteins on 

metal or polymer nanoparticle surfaces or soft corona (Monopoli et al., 2011). The 

observed spot showed a high accumulation in the hPES32-E-CL8-mPEG2000 

nanocarrier after HSA incubation is not the nanoparticle aggregation. This might be due 

to the higher rate of adsorption of HSA and hPES32-E-CL8-mPEG2000 exists through 

ionic bonding or an inclusion complex. In the case of the hPG10-E-C15-mPEG350, 

hPG10-A-C18-mPEG350, as HSA is interacting an aligned network was observed in 

the sample (Fig.6.4, white arrows). 
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Fig.6.3. Hydrodynamic radii of CMS nanocarriers in PBS, analyzed using DLS. 
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Fig.6.4. Atomic force microscopy images of the CMS nanocarriers (1 mg/mL) before and after 

incubation with human serum albumin (100 μg). Incubation with human serum albumin was performed 

for 2 h, after which the CMS nanocarriers were deposited on mica glass slides, and imaged under AFM. 

White arrows indicate aligned HSA networks. 

 

6.4.B. Stability and release 

The stability of pH-CMS nanocarriers loaded with piperine was studied under both i.e, 

acidic and physiological conditions and loaded piperine pH-CMS-C18-mPEG-350 

nanocarriers at pH 5 & pH 7.4 at 37 °C till 48 h. After sample preparation, after 1-48 h, 

the samples were placed in small SEC columns. Sample at pH 7.4 has shown release 

about 15 -20% piperine over 48 h (Fig.6.5).  Under physiological conditions, the loaded 

piperine-CMS nanocarriers can consider as relatively stable. The pH-CMS nanocarriers 

at pH 5 released piperine with time (Fig.6.5). This proves that under slightly acidic 

conditions piperine-loaded-CMS-C18-mPEG-350 efficiently release piperine. 

Interestingly, the other bioactive molecules loaded with CMS nanocarriers but 

encapsulation efficacy is less when compare to piperine which indicates only piperine 

is a right molecule for this study.  
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Fig.6.5. The release of piperine loaded CMS-C15-mPEG nanocarrier at a pH 5  and pH 7.4 over 48 h. 

 

6.4.C. In vitro studies 

The advantage of CMS nanocarriers overstable CMS nanocarriers wherein it lies the 

possibility to initiate and control the release of piperine.   To confirm this advantage in 

vitro real-time cell analysis experiments were performed. The cell viability of unloaded 

CMS nanocarriers has studied over a period of 48h. Fig.6.6 shows that unloaded CMS 

nanocarriers are not toxic in nature. Thus at high concentrations (1 mg/mL) 

nanocarriers showed no toxic effects. Real-time cell analysis of piperine-loaded CMS 

nanocarriers showed a marginally higher toxicity of CMS nanocarriers compares to 

unloaded-CMS nanocarriers after 48 h. However, the cleavable systems of nanocarrier 

showed significantly high toxicity after 48h.  
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Fig.6.6. Real-time cell analysis of A549 cancer cells that were treated with different concentrations of 

unloaded and piperine loaded, taken Doxorubicin and piperine alone as control after 48h.  Samples were 

calibrated on the piperine concentrations. 

 

6.4D. Cellular Uptake 

I have performed confocal microscopy in order to estimate the cellular uptake of CMS 

hPG10-A-C18-mPEG350-ICC nanocarrier. As it is seen in the Fig.6.7 the nanocarriers 

were up taken by A549 cell lines. The ICC fluorescence clearly indicated that there is 

the localization of the dye in the cytoplasm as well as in nuclei. 
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Fig.6.7. Confocal fluorescence microscopy picture of piperine-loaded CMS C-18-mPEG-ICC 

nanocarrier as well as cell light lyso for comparison, taken up by A549 lung cancer cells after 5 and 24h 

incubation. The cell nucleus is stained with Hoechst (blue).The CMS C-18-mPEG-ICC is shown in red 

due to the presence of ICC dye. 

 

6.4.E. Fluorescence Spectra and Stability of CMS nanocarriers-HSA Complexes. 

The fluorescence spectroscopy is the best method to calculate the binding 

constant, free energy of different CMS nanocarriers and also a number of binding sites 

with HSA. The fluorescence emission of HSA comes from aromatic amino acids of 

tryptophan, tyrosine, and phenylalanine. The emission spectrum of HSA is mainly from 

a single tryptophan residue located at the 214 position in subdomain IIA (Il'ichev et al., 

2002; Sułkowska et al., 2002). Different concentrations of CMS nanocarriers hPG10-E-

C15-mPEG350, hPG10-A-C18-mPEG350 and hPES32-E-CL8-mPEG2000 were used 

to study the fluorescence emission properties with HSA. Our results have shown that 

hPG10-E-C15-mPEG350, hPG10-A-C18-mPEG350, and hPES32-E-CL8-mPEG2000 

molecules have a very little fluorescence and the addition of increasing concentrations 

(0.001-0.009 mM) of CMS nanocarriers hPG10-E-C15-mPEG350, hPG10-A-C18-

mPEG350 and hPES32-E-CL8-mPEG2000 resulted in a decrease in the maximum 

emission at 360 nm (Fig.6.8). Hence, the quenching of the fluorescence is concentration 
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dependent. Decrease in fluorescence intensity may be due to the interaction of excited 

state of the fluorophore with its surrounding protein molecules (Lakowicz et al., 2009).  

An increasing concentration of CMS nanocarriers hPG10-E-C15-mPEG350, 

hPG10-A-C18-mPEG350 and hPES32-E-CL8-mPEG2000 with HSA, the number of 

binding ligands were calculated to be 0.89, 0.53 and 0.9 for CMS nanocarriers hPG10-

E-C15-mPEG350, hPG10-A-C18-mPEG350 and hPES32-E-CL8-mPEG2000 

suggesting that HSA interacts with different CMS nanocarriers hPG10-E-C15-

mPEG350, hPG10-A-C18-mPEG350 and hPES32-E-CL8-mPEG2000 in about one-to-

one ratio (Fig.6.8). The binding constants of CMS nanocarriers hPG10-E-C15-

mPEG350, hPG10-A-C18-mPEG350 and hPES32-E-CL8-mPEG2000 were calculated 

from the intercept as 1.7 ± 0.6×10
5
 M

-1
, 3.0 ± 0.4×10

5
M

-1, 
and 1.8 ± 0.3×10

 4
 M

-1
 

respectively. Thus, the free energy change calculated upon binding of CMS 

nanocarriers hPG10-E-C15-mPEG350, hPG10-A-C18-mPEG350 and hPES32-E-CL8-

mPEG2000 to HSA were -6.34, -7.14 and -5.8 Kcal M
-1

 respectively at 25 ºC. This 

indicates that the free energy of HSA- CMS nanocarriers complexes are derived mainly 

from hydrophobic and possibly hydrogen bond interactions.  

To authenticate the presence of static or dynamic quenching in drug-protein 

complexes have plotted Fo/F against Q and the results are shown in Fig.6.9. (Kq) were 

calculated to be 5.0 ± 0.03 ×10
13 

M
-1 

s
-1 

for CMS nanocarriers hPG10-E-C15-mPEG350 

-HSA and 5.4 ± 0.02 ×10
13 

M
-1 

s
-1 

for, hPG10-A-C18-mPEG350 -HSA and  4.3 ± 0.05 

×10
13 

M
-1 

s
-1 

for hPES32-E-CL8-mPEG2000 -HSA, respectively (Fig.6.9). Since these 

values obtained were far greater than the maximum collisional quenching constant 

(2.0×10
10

M
-1

s
-1

) (Agudelo et al., 2012; Zhang et al., 2012), thus the static quenching 

prevails between CMS nanocarrier-HSA complexes. Further, ITC experiments consist 

of a number of equal volumes of injections of mPEG-2000 solution from the syringe 

into HSA solution contained in the sample cell. The results obtained for an exothermic 

binding process are shown in the upper frame of Fig.6.10, where each peak is the result 

of the single injection, it can be seen that in the early injections the peaks are of an 

almost equal size, which indicates that nearly all of the injected ligand is bound by the 

HSA. The last injections, of very small size, show that saturation is virtually complete 

by the end of ITC experiment. The figure inset has the best value for stoichiometry 

n=1, binding constant Ka= 3.03 ± 4 × 10
4
 M

-1
 , ∆H= -18.5 ± 49.6 and ∆S= 18.8.  The 
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injection point of this curve indicates that the mPEG-2000 binds to HSA in the sample 

cell with a 1:1 stoichiometry and binding constant obtained from ITC are close the 

binding constant obtained from fluorescence spectroscopy Ka=1.8 ± 0.3×10
4
 M

-1
. 

These results are mainly derived from the nanocarrier-induced quenching of intrinsic 

fluorescence of the HSA. The case of C15-mPEG350 and C18-mPEG350 at higher 

concentrations they are forming aggregates.  

 

 Fig.6.8. Fluorescence emission spectra of CMS nanocarrier-HSA systems in 10 mM PBS buffer pH 7.4 

at 25 °C for (A) C-15-mPEG-350-HSA (B) C-18-mPEG-350 HSA and  (C) mPEG-2000-HSA: (a) free 

HSA (0.001mM);  CMS nanocarrier ranging from 0.001mM-0.009mM. The plot of log (dF/F) as a 

function of 1/CMS nanocarriers concentration.Inset: The binding constant K being the ratio of the 

intercept and the slope for (a) C-15-mPEG-350-HSA (b) C-18-mPEG-350 HSA and  (c) mPEG-2000-

HSA complexes. 

 

A 

B 

C 

a 

b 

c 
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Fig.6.9. Stern volmer plots of fluorescence quenching constants (kq) for CMS nanocarriers-HSA 

complexes at different concentrations to determine dynamic and static quenching  

 

Fig.6.10. Isothermal titration calorimetric (ITC) profile for the titration of HSA in the presence  of 

mPEG-2000 at 293 K. (A) Shows the heat change of dilution  as a function of time per injection of the 

mPEG2000 at 298 K. (B) Shows the heat evolved against the molar ratio of (mPEG2000: HSA) at 293 K 

(black dots). The solid line is the fitted curve. 
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6.4.F. CD Spectra and Protein Conformation 

CD spectroscopy is one of the best methods to identify the alterations in HSA 

secondary structure upon additions of different concentrations of hPG10-E-C15-

mPEG350, hPG10-A-C18-mPEG350, and hPES32-E-CL8-mPEG2000 nanocarriers in 

accordance with their sensitivity to the change in the structure of protein.  Secondary-

structural elements were calculated by using CDNN 2.2 software program.  CD 

spectroscopic results are shown in (Fig 6.11). Secondary structure calculations based on 

CD data suggest that free HSA has a high α-helix content, 57%, β-sheet 25.9% turn, 

and random coil  16.6%, which is consistent with the literature report. Upon CMS 

nanocarriers complexation, a major reduction of α -helix was observed from 57% free 

HSA to 44.8% in hPG10-E-C15-mPEG350, 43.7%, hPG10-A-C18-mPEG350, and 

50.9% hPES32-E-CL8-mPEG2000 (Fig.6.11). The major decrease in α-helix was 

accompanied by an increase in the β-sheet and random coil structures. The major 

reduction of the α -helix with an increase in the β-sheet and random is consistent and 

results that showed a reduction of α -helix and an increase of random coil and turn 

structure due to a partial protein unfolding. This is very common that protein gets 

unfold during protein-ligand interactions particularly HSA-ligand complex, where our 

group have extensively studied (Gokara et al., 2010; Yeggoni et al., 2014 a; Gokara et 

al., 2015; Yeggoni et al., 2015 a & b; Yeggoni et al., 2016 a &b). These results are in 

agreement with the AFM pictures that the conformational change attributes to the 

nanoparticle aggregation and adsorption mechanism.  
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Fig.6.11. Circular dichroism of free HSA and its CMS nanocarriers complexes in aqueous solution with 

a protein concentration of 0.001mM and CMS nanocarrier concentrations of 0.001, 0.005, and 0.009 mM 

in PBS buffer, pH 7.4, at 25 °C. 

6.5. Conclusion 

CMS nanocarriers enabled the versatile nanocarriers to become pH responsive. The 

ester linkage used was rapidly cleaved at a pH 5. Piperine loaded C15-mPEG350 CMS 

nanocarrier was stable at pH 7.4 and showed sustained release of the drug. I am able to 

demonstrate that CMS-C-15-mPEG350 nanocarriers could release piperine more 

efficiently under the acidic conditions of intracellular compartments and therefore 

showed higher cell viability in comparison to the stable CMS nanocarrier. Real-time 

cell analysis C18-mPEG350-ICC were able to demonstrate that nanocarrier could 

release piperine more efficiently under acidic conditions in intracellular compartments, 

therefore showed little cell viability due to less encapsulation of piperine in comparison 

to CMS nanocarrier alone. On the basis of the spectroscopic analysis, CMS 

nanocarriers bind to HSA with the order of KC18-350  > KC15-350 > K2000.  



 
Interaction of Biodegradable Nanocarriers with Human Serum Albumin| Chapter 6 

 

145 

The interaction of CMS nanocarriers leads to a secondary structural change of 

HSA indicating partial unfolding of protein with an increase in the concentration of 

CMS nanocarriers. This work clearly demonstrates that CMS nanocarriers interact with 

HSA. These interactions and secondary structural changes were confirmed using 

biophysical techniques. High binding of C-15mPEG 350 and C-18 m-PEG350 with 

HSA which results in the form of aligned networks are observed through AFM images, 

thus it can be the limiting factor in biological applications. Further extensive research is 

required for confirming our results. 
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Summary 

We examined the cytotoxicity of the selected bioactive compounds by MTT assay 

method for their anti-cancer and anti-inflammatory properties by performing cytotoxic 

studies on HepG2, MCF-7, HeLa, Raw mouse macrophages and A549 cell lines. 

Using these cell lines are appropriate in vitro model system for studying cancer and 

inflammatory diseases. The bioactive compounds of Apocynin, Andrographolide, 

Bacosine, 7-Hydroxy coumarin derivatives, Corilagin, Embelin, Piperine, Stigmasterol, 

Rosmarinic acid, Menthol, and 6-Shagoal decreased the cell viability of specific cell 

lines in a dose- dependent manner by significant IC50 values (Chapter 3,  Fig 3.1). 

These result clearly indicated the cytotoxic activity of these bioactive compounds, 

showed a decrease in the viability of particular cell lines. From this study, we concluded 

that these compounds are having potent cytotoxic activity and thus, these compounds 

can be used as a therapeutic agent for hepatic diseases. 

Consequently, Binding constants and free energy determined by using plasma 

proteins. All the selected bioactive compounds showed static quenching phenomenon 

by quenching intrinsic fluorescence of HSA which is apparent from Stern-Volmer 

plot, where the values are higher than the given collisional quenching constant (Chapter 

3, Table. 3.4). Further, binding constants of all the selected bioactive from fluorescence 

studies are in the range of 103-106 M-1 which are in corroboration with the binding 

constants of well-known drugs. All the compounds binds with HSA in 1:1 ratio 

indicating that only one molecule is bound with HSA. The negative free energy of all 

the selected bioactive compounds indicated that HSA-bioactive complexes are stable 

with hydrophobic interaction. The conformational changes were obtained from CD 

spectra of HSA exhibiting two negative bands in the ultraviolet region at 208 and 222 

nm. Percentages of α-helix, β-turns and random coils were calculated from the graphs 

by using CDNN 2.1 software. Change in secondary structure of HSA was 

observed with an increasing concentration of bioactive compounds. The intensities at 

208 and 222 nm decreased in a concentration-dependent manner upon binding of 

bioactive compounds to HSA. These studies revealed that there is a clear decrease in 

the α-helical content and an increase in the β-turns and random coils. Specifically, it 

suggested the loss of helical stability, which may be the result of the formation of a 

complex between HSA and bioactive compounds. This suggests that the secondary 
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structure of HSA became partially unfolded due to the HSA-bioactive complex 

formation. These conformational changes may be due to changes in the interior 

flexibility of the subdomains IIA, IIIA and IB domain of HSA upon binding of 

bioactive compounds (Chapter 3). Further, molecular docking studies indicate that all 

the bioactive compounds under study bind within known binding sites i.e., Sudlow 

site 1 and Sudlow site 2 and subdomain IB ( Chapter 4). The binding constants and 

free energy of the best docking conformer are close and consistent with the 

binding constants and free energy values determined by fluorescence studies. 

Therefore, the location and the nature of interactions based on the docking studies 

suggest that the decrease in the emission intensity of HSA is due to the complexation 

of active compounds in subdomains IIA, IIIA, and IB. In addition, our results have 

shown that bioactive compounds bind/stabilize with HSA mainly by hydrophobic 

interactions and for few compounds with hydrogen bond were observed.  Thus, these 

interactions (hydrophobic or hydrogen) may be due to the different functional groups 

attached to the bioactive compounds. These results are in concurrence with the free 

energy calculations obtained from binding constant which was derived from in 

vitro fluorescence experiments. This indicates that bioactive compounds are good 

enough to bind with HSA which may increase the efficacy and half-life for therapeutic 

action ( Chapter 3). 

Furthermore, the stability of the HSA-bioactive compounds was examined 

by performing molecular dynamic simulations by using GROMACS 4.5.6. We 

analyzed the stability of HSA-bioactive complexes by considering the RMSD, Rg, and 

RMSF with respect to the initial structure of HSA crystal structure. From which we 

found that RMSD and Rg of HSA- bioactive compounds have fewer fluctuations with 

respect to the RMSD and Rg of HSA, which are well validated with the CD studies. The 

rigidity of the binding sites from RMSF studies indicated that bioactive compounds 

binds within the subdomain IIA, IIIA, and IB which are in good agreement with the 

docking studies. These results indicate that bioactive compounds bind specifically to the 

respective domains, suggesting that binding sites are very specific for each bioactive 

compound. Thus, during the simulation the HSA-bioactive complexes are stable after 4 

ns. Nonetheless, the changes in the secondary structure were observed that many be 

due to partial unfolding of HSA. The unfolding of protein structure may be due to 
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orientation changes or partial destabilization of the protein upon binding of bioactive 

compounds to HSA (Chapter 3). 

In the 5th chapter, we discussed the comparison of binding studies of selected 

bioactive compounds with AGP (acute phase protein) and HSA. From which we 

found that few bioactive compounds (bacosine, andrographolide, piperine, Umb 

derivatives, corilagin and chebulinic acid and chebulagic acid) showed less binding 

with AGP than HSA and few compounds (7-Hydroxy coumarin derivatives, embelin, 

pterostiblene, L-dopa, psoralen, and artemisinin) showed no binding with AGP. 

Interestingly, some selected bioactive compounds (piperine, bacosine, menthol, 

andrographolide, corilagin, chebulinic acid and chebulagic acid) showed a strong 

affinity with AGP like in HSA. Furthermore, from the docking studies found that 

whatever bioactive compounds bound to AGP were having hydrogen bond interactions 

and of course, they also stabilized by hydrophobic bonds. Whereas HSA- bioactive 

complexes are stabilized by both the hydrogen bonds and hydrophobic interactions 

but it is not particularly having hydrogen bonds like in AGP. From these studies, it is 

clearly evident that HSA plays a major role in binding of all these bioactive 

compounds. This explains the versatility of the HSA in carrying and proper 

disposition of these bioactive compounds.  

In the 6th chapter, we carried out the interaction studies of biodegradable CMS 

nanocarriers with HSA, this versatile nanocarrier to become pH responsive. The ester 

linkage used was rapidly cleaved at a pH 5. Piperine loaded C15-mPEG350 CMS 

nanocarrier were stable at pH 7.4 and showed sustained release of the drug. We were 

able to demonstrate that CMS-C-15-mPEG350 nanocarriers could release piperine 

more efficiently under the acidic conditions of intracellular compartments and therefore 

showed higher cell viability in comparison to the stable CMS nanocarrier. Real-time 

cell analysis C18-mPEG350-ICC were able to demonstrate that nanocarrier could 

release piperine more efficiently under acidic conditions of intracellular compartments, 

therefore, showed little cell viability due to less encapsulation of piperine in 

comparison to CMS nanocarrier alone.   On the basis of spectroscopic analysis, CMS 

nanocarriers bind to HSA with the order of  KC18-350  > KC15-350 > K2000.  The interaction 

of CMS nanocarriers leads to a secondary structural change of HSA indicating partial 

unfolding of protein at the increase in the concentration of CMS nanocarriers. This 
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work clearly demonstrates that CMS nanocarriers interact with HSA. These interactions 

were confirmed using fluorescence, ITC, and CD techniques, but also change the 

secondary structure of protein molecules through CD. Stronger binding of C-15mPEG 

350 and C-18 m-PEG350 with HSA and from aligned networks through AFM could be 

a factor excluding the application of this type of nanocarriers in medicine. So obtained 

results should be taken into the note in the future studies concerning the use of these 

nanocarriers for medical use.  

In summary, the therapeutic significance of this work was evident since HSA 

serves as a carrier molecule for multiple drugs and the interaction of bioactive 

compounds with HSA. In addition to HSA binding analysis of bioactive compounds, 

the AGP is also crucial since AGP is an acute-phase protein. In many diseases like 

chronic renal failure, hepatic and pregnancy the AGP content increases in blood, 

which in turn, influences the binding of certain drugs and their pharmacokinetics. In 

view of the evidence presented, it is imperative to assign a greater role of HSA as a 

carrier molecule for many bioactive compounds rather than AGP in normal and 

pathological conditions. It is our hope that the results presented in this thesis may 

provide new grounds for further investigations of the pharmaceutical potential of these 

bioactive compounds, and will be useful for monitoring it's biological functions in 

vivo. Based on this study one can think of designing new therapeutic compounds to 

cure life-threatening diseases. 
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