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Thanks to the particular molecular and biological characteristics that the human serum 

albumin (HSA) has, developing strategies to design HSA-based drugs have been extensively 

evolved. Whether conjugation of these drugs with HSA is through non-covalent, covalent or 

genetic engineering, the ultimate purpose is to enhance the pharmacokinetic profile of the 

compound. HSA is the major circulating protein in the blood which has a long half-life of about 

three weeks. HSA also has a great ability to carry various types of endogenous and exogenous 

compounds in the blood, including different drugs. Thereby, affecting their distribution, 

absorption, metabolism and excretion profile. In a vast variety of disorders such as tumor 

tissues and inflamed sites. On the other hand, among the therapeutic compounds, proteins and 

peptides are very promising due to their selectivity, efficacy, and safety. However, their rapid 

elimination by enzymatic degradation or renal clearance has hindered their usage. To address 

this issue and to utilize the benefits of HSA, development of a more general and simpler 

delivery system based on HSA is required. In this thesis, I approached this goal through two 

methods. 

In chapter 2, I could successfully enhance the blood circulation ability of a small 

fluorescent probe by modification of a palmitoyl group on a folate-fluorophore conjugate in 



 
 

mice model. The alkylated probe maintained its specificity for binding to folate receptors which 

are overexpressed in many cancer cell types. Meanwhile, it induced an extended blood 

circulation through non-covalent binding to mouse serum albumin, compared with the probe 

lacking the alkyl group. It is supposed that this modified alkyl group could make non-covalent 

binding to the hydrophobic pockets of albumin. As a result, retaining the fluorescent probe for 

an extended time in the blood and higher accumulation in the tumor region. This result can be 

promising for the development of small fluorescent probes in near-infrared imaging used in the 

intraoperative imaging.  

In chapter 3, I reported a novel design of peptide-based ligand with a strong binding 

affinity to human serum albumin (HSA), which can be used as a tag to extend the blood 

circulation of the small size molecules. I designed these ligands with dual alkyl groups 

connected with a negatively charged spacer. By a competitive binding technique, it was found 

out that the designed dual alkylated peptides with the tuned and shorter spacer were able to 

specifically share the HSA's binding pockets 4 and 6 for fatty acids, with a significantly higher 

binding affinity than that of the single alkylated peptide. Additionally, Cy7 modified dual 

alkylated peptide showed higher retention in the mice blood circulation than that of a single 

alkylated peptide, suggesting higher binding affinity of the former type of peptide to mouse 

serum albumin. No crystal structure of mouse serum albumin has so far been reported. But 

based on amino acid sequential studies, essential residues for the binding of fatty acids are 

nearly entirely conserved among all species. Thus, we can expect a similar binding behavior 

from human serum albumin and mouse serum albumin. 

The novel approaches and findings in this research, may provide new insights into the 

development of more straightforward methods to utilize the unique advantages of HSA. And 

in a broader sense, they can lead realizing of more efficient and cheaper medications for severe 

diseases. 
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CHAPTER 1 Introduction 
 

The effectiveness of a drug is dependent on its bioavailability and sufficient 

accumulation in the target site. It is crucial to reach desired concentration of a diagnostic or 

therapeutic drug in systemic circulation for pharmaceutical response to be shown whilst 

minimizing its side effects [1-5]. However, a large group of diagnostic and therapeutic agents 

has low-molecular-weight, a size below the renal clearance threshold, causing them to suffer 

from short plasma circulatory time besides non-specific accumulation [6, 7]. In the case of 

peptide or protein therapeutics, they also suffer from the proteolytic degradation. The short 

terminal half-life of these small drugs results in the requirement for a frequent dosing to 

maintain the therapeutic effects. It means an increase in the burden of medical expense and 

pain for the patients. To improve the pharmacokinetics parameters of peptide drugs, including 

their absorption, biodistribution, metabolism, and elimination, there is an enormous ongoing 

effort to implement half-life extension strategies [8, 9]. Depending on the endogenous 

clearance mechanism, several strategies have been introduced to increase the circulatory half-

life of therapeutic peptides or proteins. These strategies include increasing the hydrodynamic 

volume/molecular mass (PEGylation), modification of N- and C-terminus or utilizing the 

neonatal Fc receptor recycling [5, 10, 11]. Among these strategies, human serum albumin 

(HSA) has emerged as one of the most important drug carriers for therapeutic active drugs and 

peptides thanks to being the most abundant natural carrier protein in the serum whilst having a 

long blood half-life of about 19 days [12-15].  

In the path to reach a more general, stable and simpler delivery system based on HSA, 

in this thesis, I approached this objective using two methods. In the second chapter, I used a 

palmitoyl modification on a folate-fluorophore conjugate that besides targeting ability to tumor 

cells overexpressing folate receptor, it could induce long blood circulation through non-

covalent binding to mouse serum albumin [16]. In the third chapter, I introduced a dual 

alkylated peptide which showed a higher binding affinity to its control, single alkylated peptide, 

which finally resulted in a longer blood circulation time in mice [17].  
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1.1 Unique characteristics of HSA for being a natural drug 

carrier 
 

1.1.1 Abundance and substance-carrier ability  
 

HSA (66.5 kDa) is the most abundant multifunctional plasma protein in the human 

bloodstream and tissue fluids. It is synthesized in the liver, exported as a non-glycosylated 

protein, and is present in the blood around 35-50 g/L (0.6 mM), comprising 60-65 % of the 

total plasma protein in humans (Table 1.1). Despite many other proteins, HSA is exceptionally 

robust towards pH, temperature, and organic solvents and can be stored as a 5 or 20% solution 

for many years [19, 20]. HSA’s abundance, makes it an essential factor for the determination 

of drugs pharmacokinetics behavior, such as volume of distribution, as it binds to different 

varieties of drugs [21, 22]. Among its important functions are being responsible for 80% of the 

colloid osmotic pressure of blood and the transportation of various endogenous and exogenous 

compounds. These compounds range from long-chain fatty acids, metals, bilirubin, amino 

acids, vitamins to range of bioactive small molecule drugs. Typically, HSA ligands are 

accommodated primarily to one of the two high- affinity sites with typical binding association 

constants in the range of 104−106 M−1 (Table 1.2) [23, 24].  

  

Table 1.1. Major circulating proteins and their concentration in the human blood. Albumin is 

the most abundant circulating protein with a long half-life [18,25]. 
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1.1.2 Long circulatory half-life 
 

As it was mentioned in the introduction, HSA has a long blood half-life of about 19 

days (Table 1.1) and the secret behind this uniquely long half-life is its salvage from lysosomal 

degradation by neonatal Fc receptor (FcRn) mediated recycling [26]. This major 

histocompatibility complex-related Fc receptor protects HSA and IgG, from catabolic 

degradation fate by binding both proteins with high affinity in a pH-dependent fashion only at 

a low pH (pH < 6.5) in acidic endosomes, preventing their degradation via the lysosomal 

pathway and returning them to the extracellular space (pH 7.4) [28]. HSA is taken up by 

pinocytosis nonspecifically along with IgG from the extracellular milieu to be transported to 

acidic endosomes. In these early endosomes, acidic milieu facilitates binding of HSA to FcRn.  

Table 1.2. Some groups of endogenous substances that bind to albumin [23].  
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Therefore, HSA or any compound bound to it escapes the late endosome and the 

subsequent degradation in the lysosome. The complex is then recycled to the cell surface, 

where progressively reaching to the neutral pH triggers release of intact HSA out of the cell 

and back to the circulation [28, 29] (Figure 1.1).  

This mechanism consequently extends the half-life of HSA. For desiging FcRn is 

widely distributed in many tissues and cell types including vascular endothelial cells, gut, 

antigen presenting cells, upper airway, renal, colorectal, mammary and brain endothelial cells. 

It has also been suggested that this albumin protection mechanism is widespread among 

animals from three species of human, rat and mouse [29]. Therefore, the unique ability of this 

receptor to prolong the half-life of albumin and its widespread existence in many cell types a 

have guided engineering of novel therapeutics [27, 30, 31]. 

    

Figure 1.1. FcRn-mediated transport pathways. A schematic illustration of the model of FcRn-

mediated recycling pathway of its two ligands in an endothelial cell lining the vascular space. 

(1) IgG and albumin are taken up from the blood by pinocytosis in early endosomes. (2) FcRn, 

predominantly localized to acidified endosomes, binds the ligands (3) The ternary complex is 

recycled to the cell surface as which results in exocytosis of the ligands. (4) The neutral pH of 

the bloodstream leads to release of the ligands. (5) Proteins that do not bind to the receptor will 

be sorted to late endosomes and further to lysosomes for degradation [27]. 
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1.1.3 High accumulation in tumor tissues and inflamed sites 
 

Studies have demonstrated that albumin has a shorter half-life and a higher rate of 

accumulation in tumor-bearing mice, despite a compensatory increase in hepatic albumin 

synthesis, compared to non-tumor-bearing mice. Investigations have shown that tumors 

metabolize substantial amounts of albumin, using it as a source of nitrogen and energy. 

Therefore, it has been suggested that tumors utilize albumin as a source of energy, by breaking 

down albumin into its component amino acids that are subsequently used by cancer cells for 

their accelerated growth [25, 32]. Moreover, studies have suggested that the hypoalbuminemia 

evident in cancer patients is a result of albumin catabolism by the tumor. Due to lacking a 

functional lymphatic system and the leakiness of tumor vessels, the rate of albumin 

extravasation and its accumulation in tumor tissues are noticeably increased [33, 34]. The 

uptake of albumin in tumor cells itself occurs by fluid phase endocytosis followed by lysosomal 

breakdown [25, 35]. Therefore, HSA-based nanoparticles or tumor imaging agents can 

accumulate more efficiently in the tumor site by this effect of enhanced permeability and 

retention (EPR). The tumor-targeting properties of HSA-based nanoparticles is also attributed 

to the transcytosis mediated by albumin receptors such as the 60-kDa glycoprotein pg60, 

located on endothelial cell surface, which leads to increased drug transport directly into tumor 

cells [36]. Albumin binds to gp60 with a high binding affinity of nanomolar range and it is 

followed by transcytosis of both gp-60-bound and fluid phase albumin through the tumor 

endothelium into the subendothelial space. Upon entering the tumor interstitium, SPARC 

protein (Secreted Protein Acidic and Rich in Cysteine), a 43-kDa secreted matricellular 

glycoprotein with high binding affinity to albumin and significant homology to gp60 traps 

albumin [37, 38]. It is followed by lysosomal degradation inside the cell to provide the energy 

source for tumor proliferation. Thus, albumin-coupled drugs are released within the tumor cells 

[39]. Over-expression of SPARC as a critical modulator of extracellular matrix proliferation, 

and cell migration correlates with an increased tumor invasion, metastasis, and poor prognosis 

in multiple tumor types [40]. Therefore, targeting SPARC protein can enhance tumor targeting 

of albumin-binding nanoparticles [41].  

Similar to tumor cells, HSA is also well-known as having a relatively high uptake in 

inflamed tissue. Under cellular stress-inducing conditions, cells preferentially take up HSA as 

the main energy source for growth and maintenance. In patients with rheumatoid arthritis, the 

permeability of the blood-joint barrier for albumin in markedly increased, and they frequently 
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develop hypoalbuminemia due to increased albumin turnover [42]. Therefore, by utilizing this 

high uptake of albumin in inflamed tissues and the long half-life of albumin, new conjugates 

of antiproliferative drugs like methotrexate to albumin has been developed, which results in 

lower dosage frequencies and side effects [34].  

Due to high plasma concentration of HSA and its multifunctionality, e.g., serving as a 

transport protein for numerous compounds, HSA is closely-involved in an extensive variety of 

diseases. Besides cancer and inflammation, involvement of HSA in diseases such as 

amyloidotic polyneuropathy or Alzheimer's disease is well-documented as well [43]. Therefore, 

based on the molecular pathologies of such conditions, a variety of safe and novel HSA-based 

therapeutic strategies can be developed. 

 

1.2 Structural and ligand-binding properties of HSA 
 

1.2.1 Structure of HSA and drug binding sites  
 

Human serum albumin can bind a remarkable variety of drugs impacting their delivery 

and efficacy and ultimately altering the distribution and the free, active concentration of many 

administrated drugs. HSA is a monomeric protein of 585 amino acids organized into three 

homologous helical domains (I-III), that assemble to form a heart-shaped molecule. Each 

domain is comprised of two subdomains (A and B); I (residues 1-195), II (196-383), and III 

(384-585), respectively (Figure 1.2).  Each domain possesses common structural motifs. 

However, the whole protein is highly asymmetric in structure and binding properties. The 

principal regions of ligand binding to HSA are located in hydrophobic cavities in subdomains 

IIA and IIIA, which exhibit similar chemistry. Although helices are often considered to be rigid 

units of construction, the interdomain helices in HSA allow for considerable movement. This 

movement is particularly evident upon fatty acid binding but may also occur as part of 

albumin's breathing motion in solution. [44, 45].  

The structure is stabilized by 17 disulphide bonds, which are all intra-subdomain and 

follow a nearly perfectly repeated pattern within each domain. These disulphide bonds are 

involved in locking together helices within the same sub-domain and it is believed that they 

contribute to the remarkable thermal stability of HSA [23, 44]. There is only one free, unpaired 

Cys located in the subdomain IA, which makes it a potentially important circulatory 
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antioxidant. This free thiol functional group in HSA has been exploited to develop in situ 

coupling of thiol-reactive prodrugs, such as acid-sensitive hydrazine derivative of doxorubicin 

[14, 46]. 

The structure explains numerous physical phenomena and should provide insight into 

future pharmacokinetic and genetically engineered therapeutic applications of serum albumin. 

HSA binds a great number of therapeutic drugs such as antibiotics, anticoagulants, anti-

inflammatory drugs, anesthetics and benzodiazepines to name just a few. It acts as a 

detoxifying protein binding for bilirubin, the breakdown product of heme, and heavy metal 

ions such as lead(II) and platinum(II). Though diverse in structure, these ligands bind to 

albumin because it is selective for hydrophobic molecules that have electronegative or 

 

Figure 1.2. 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 (hemin, thyroxin) 

and drugs are colored dark-grey, light grey and orange, respectively. Warfarin, an anti-

coagulant drug, and ibuprofen, a non-steroidal anti-inflammatory agent, are considered as 

stereotypical ligands for Sudlow’s site I and Sudlow’s site II, respectively [47]. 



8 
 

negatively charged features [23]. It is well-documented that two primary, non-overlapping 

drug-binding sites exist on the domain IIA and IIIA of HSA. These two sites are referred to 

Sudlow’s site I and II or drug site 1and site 2, respectively [48]. Bulky heterocyclic anions bind 

to drug site 1, whereas drug site 2 is preferred by aromatic carboxylates with an extended 

conformation (Figure 1.2). All of the compounds bound to drug site 1, are positioned to make 

a hydrogen bond interaction with the hydroxyl group of Y150, located in subdomain IIA. Drug 

site 2 is composed of all six helices of subdomain IIIA and is therefore topologically similar to 

site 1 (subdomain IIA). Drug site 2 is smaller than site 1, however, the entrance to site 2 is not 

obstructed, as it does in the site 1 entrance. Even though subdomain IIIA is followed by IIIB, 

this subdomain is rotated further away from the drug site entrance (in comparison to drug site 

1, domain II) and leaves the pocket entrance more exposed to solvent [48], therefore more 

accessible for interaction with hydrophobic compounds. The interior of the binding pocket in 

site 2 is hydrophobic, with a single polar patch near to the entrance centered on Arg410 and 

Tyr411 but also including Lys414 and Ser489. In spite of its relative rigidity, site 2 also 

possesses a degree of conformational adaptability by its capacity to bind two molecules of long-

chain fatty acids simultaneously [49].  

In short, the binding specificities of the pockets are determined by their shapes and the 

particular distributions of basic and polar residues on the largely hydrophobic interior walls 

that are involved in charge neutralization and hydrogen bonding interactions with acidic or 

electronegative small molecule ligands [47]. 
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1.2.2 Fatty acid binding 
 

HSA is also the primary binding protein in the trafficking of fatty acids and is able to 

bind fatty acids (FAs) at multiple binding sites with different affinities. The structure of HSA 

in complex with medium and long-chain saturated fatty acids (C10, C12, C16 and C18) have 

been reported [50]. For these fatty acids seven common binding sites have been identified, 

distributed across the protein [50]. These seven common sites exhibit substantial structural 

differences from one another despite the repeating domain structure of the protein (Figure 1.3). 

The fatty acid sites are variously contained entirely within one subdomain (site 1, 4, 5 and 7), 

at a domain interface (site 2 and 3), or at the interface between two subdomains belonging to 

the same domain (site 6).  

In sites FA1-5 the carboxylate moiety of fatty acids is anchored by electrostatic/polar 

interactions [51].  FA5 is located within subdomain IIIB with the polar head orientated towards 

subdomain IIIA and establishes both salt bridges and hydrogen bond with Tyr401 and Lys525. 

On the contrary, sites FA6 and FA7 do not display a clear evidence of polar interactions that 

keep in place the carboxylate head of the fatty acid, thus suggesting that sites FA6 and FA7 are 

low-affinity FA binding sites [51, 52]. Under physiological conditions, HSA normally binds 

up to two moles of unesterified fatty acids, although it may accommodate up to six moles under 

certain disease states [53]. It is considered that most reactive species toward albumin is 

carboxyl group which is agreement with the drugs and endogenous substances that contain –

Figure 1.3. Crystal structure of myristic acid bound to HSA (PBD: 1E7G). Seven binding sites 

for fatty acid ligands are described in black digits. Pocket number with underbar are strong 

binding pockets for hydrophobic compounds.  
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COOH groups [48, 54]. In essence the three domains are each adapted differently for fatty acid 

binding and no two binding sites are alike in detail, although each comprises a hydrophobic 

pocket capped at one end with basic or polar side chains. [55].  

 

1.3 HSA-based drug delivery 
 

As described previously, HSA has particular features such as, having a size above the 

renal filtration threshold, being able to escapes the lysosomal degradation by FcRn recycling 

while it is involved in many disorders. In order to employ these advantages, various molecules 

have been joined to albumin either non-covalently (specific binding to albumin) or covalently 

(conjugation and direct genetic fusion) to improve their pharmacokinetic profile [15]. In Table 

1.3. Some of small therapeutic molecules are summarized based on their method of attachment 

to albumin, along with their calculated circulatory half-time improvement from the animal 

model system.  

Non-covalent binding of an insulin detemir (Levemir®) binds to HSA after its slow 

diffusion into the injection site and entering to the systemic circulation, significantly has 

prolonged its half-life [14, 57, 58]. The former is an insulin analog in which a fatty acid 

(myristic acid, C14) is bound to the recombinant lysine amino acid at insulin position B29. 

However, binding affinity of this insulin detemir had been determined as 2.4 x 105 M-1, which 

is at least one magnitude lower than that of the free myristic acid [57, 58]. The ability of 

albumin to bind endogenous ligands such as fatty acids had been also exploited in the 

development of glucagon-like-1 peptide derivative (Victoza®, Table 1.4) with a myristoyl at its 

-amino position of the N-terminal lysine. Victoza® is also administrated for the treatment of 

diabetes and obesity [59, 60]. 

HSA also had been utilized to overcome the solubility problem of some highly 

hydrophobic drugs such as anticancer paclitaxel [61]. Albumin-bound paclitaxel (Abraxane®), 

is prepared by mixing the drug with HSA in an aqueous solution, and passing the mixture 

through a high-pressure homogenizer to form drug-loaded albumin nanoparticles. This 

nanoparticle shows much lower side effects, higher tolerance of higher drug dosage with a 

more efficient accumulation in tumor sites utilizing the gp60 receptor of albumin [38, 62].  

  Albumin has been extensively explored for improvement of the pharmacokinetic and 

blood circulation time of many antibodies and therapeutic peptide [5], as they exhibit short 
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plasma half-lives due to e.g. proteolytic elimination [6]. Albumin-binding domain bound to 

antibodies or albumin fusion antibody are profoundly explored methods to utilize the long 

circulation ability of HSA [ 63, 64]. For this purpose, it is of great importance to consider the 

complex structure of FcRn with HSA and avoid modification or hindering the FcRn binding 

region of HSA (Figure 1.4). The main areas of application for exploring albumin-based drugs 

are diabetes, oncology, rheumatology, vascular and imaging. Table 1.4 shows an overview on 

some ongoing clinical trials or approved albumin-based drug delivery systems [14, 15]. 

 

 

 

 

Table 1.3. Improvement of the pharmacokinetic profile of various molecules joined to 

albumin using different modes of interaction [15]. 
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Considering the high selectiveness and efficacious of peptides and, at the same time 

their safety, there is an increased interest in development of therapeutic peptides. Despite this 

potency, peptide’ clinical use is still limited due to the insufficient delivery and systemic 

stability. Also, no generalizable strategy for the delivery of peptide therapeutics has been found 

[10, 65]. That being said, designing of more general molecular strategies that can take 

advantage of HSA binding properties may lead in improve the pharmacokinetic profile of 

higher number of potential peptide.  

 

 

 

  

 

Figure 1.4. Human FcRn complexed with HSA (PDB: 4N0F). The figure was designed using 

PyMol software. FcRn, recycling receptor of HSA, is a major histocompatibility complex 

(MHC) class I. FcRn’s extracellular domains are described in red (1, 2, 3 and 2m). Seven 

binding sites for fatty acid ligands are described in black digits.   
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Table 1.4. Overview of albumin-based drugs that have reached market approval or are in 

different stages of clinical development [2, 15]. 
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1.4 Overview of this thesis 
 

In the path to reach a more general, stable and simpler HSA-based delivery of small 

therapeutic compounds, I used two types of approaches.  

In the first approach, I tried to enhance the blood circulation ability of a small 

fluorescent probe by modification of a palmitoyl group on a folate-fluorophore conjugate. This 

single alkylated probe, could maintain its show specificity for binding to folate receptors which 

are overexpressed on many cancer cell types. Meanwhile, it induced long blood circulation 

through non-covalent binding to mouse serum albumin. This result can be promising for 

development of small fluorescent probes in near-infrared imaging used in the intraoperative 

imaging.  

In the second approach, mainly I investigated the modification of two alkyl chains on a 

peptide ligand and its effect on binding affinity to the HSA. The peptide itself was designed 

negatively-charged so it can make electrostatic interaction with the basic-capped pockets of 

HSA. I found out that the dual alkylated peptides showed higher binding affinities to HSA 

compared to their control, single alkylated peptide. Eventually, I could observe the impact of 

this dual alkylation in vivo, in which dual alkylated peptide resulted in a longer blood 

circulation time in mice compared with that of the single alkylated peptide. 

Thereby, finding new and straightforward methods to utilize the unique advantages of 

HSA can be promising to realize more efficient and cheaper medications for severe diseases. 
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CHAPTER 2 

Design of a ligand for cancer imaging with long blood circulation 

and enhanced accumulation ability in tumors 
 

2.1 Introduction 
 

Tumor imaging has become an important technology in cancer diagnostics and 

prognosis. Many types of imaging molecular probe for various modalities, such as positron 

emitting tomography (PET), magnetic resonance imaging (MRI), and computed tomography 

(CT) have been successfully introduced into clinical practice [1, 2]. Intra-operative diagnosis 

is another promising technique to visualize tumor regions in tissue. This technique should 

improve the efficiency of removal of tumor tissues during surgery, as it assists real-time 

feedback in monitoring residual malignant tissues, thus contributing to improved overall 

survival [3-5].   

In the development of intra-operative imaging techniques, fluorescence detection is one 

of the most promising modalities due to its high sensitivity and resolution. However, a 

fluorescence probe for intra-operative use has not been fully developed. The molecular probes 

should have some essential characteristics, such as high specificity against target cancer cells 

and sufficient accumulation and retention in the tumor tissue.  

To ensure cancer specificity, tumor cell-specific targeting ligands are usually used [5-7]. Thus, 

certain receptors, such as glutamine transporter, EGFR or folate receptor, that are 

overexpressed in various cancer cells have emerged as optimal targets for imaging (Figure 2.1) 

[8-11]. However, imaging probes using targeting ligands are in general rapidly excreted from 

kidneys during systemic application due to their small size [3, 8, 12, 13]. This results in a 

demand for a higher dose of the probe and limited intraoperative surgery, as the surgery 

requires several hours.  Thus, the size of the probe may be one of the critical factors for long 

circulation in the blood. Probes smaller than 5 nm are easily excreted through renal clearance, 

while probes larger than 500 nm are captured by liver and spleen [13, 14].  Therefore, 

fluorescence imaging probes should range in size between 5 to 500 nm. The size of probe is 

also a key point for its specific accumulation and retention in the tumor. In normal tissues, 

well-organized blood vessels have regular and integrated structure. However, in tumor tissues, 

the neovasculature enhances extravasation of macromolecules that are smaller than 100 nm, 

and incomplete lymph duct also contributes to the retention of such macromolecules in tumor 
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tissue. This effect is known as the enhanced permeability and retention effect and has been 

used in many types of tumor delivery methods as a gold standard [15, 16]. However, from the 

practical viewpoint, such probes may have some drawbacks, such as difficulty with production 

and regulation of its characteristics.  

This study focused on the improvement of the circulation ability and accumulation of a 

targeted fluorescent molecular probe for tumor imaging by using a small molecule. Human 

serum albumin (HSA; 66.5 kDa) is the most abundant plasma protein in the blood (ca. 0.6 mM, 

~ 42 g/L) and tissue fluids, with an average half-life of 19 days in blood circulation; HSA can 

also strongly bind various small molecules [17, 18]. This binding property of HSA has resulted 

in research efforts to design and develop drugs with high binding affinity against HSA to either 

improve the pharmacokinetics profile or bioavailability of drugs [19-21]. HSA also shows 

relatively high uptake in tumor and inflamed tissues [22, 23]. Under cellular stress-inducing 

conditions, such as fast-growing tumors, cells preferentially take up HSA as the main energy 

source for growth and maintenance [24].  

Considering these features of HSA, it was hypothesized that long blood circulation time 

and effective accumulation and retention in cancer would be rendered to a small fluorescence 

probe molecule that could bind HSA [25-28]. A long alkyl chain, which is a good ligand for 

HSA, was incorporated into a tumor-specific fluorescence small molecule. The probe also 

contains a folate (folic acid, FA) derivative to secure tumor specificity. Among the targeting 

Figure 2.1. (A). View of localized region in peritoneal cavity of an ovarian cancer patient  

as seen with the aid of a folate-FITC conjugate (B). 
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ligands folate (folic acid) targeted drug delivery has emerged as a highly selective tumor 

marker for the treatment and imaging of many cancers and inflammatory [9-11]. The 

expression of folate receptors is largely restricted to cells important for embryonic development 

and folate resorption (kidney) and is overexpressed in greater than 90% of ovarian carcinomas, 

as folate is needed in the synthesis of nucleotide bases. Among the three FR isoforms, FR is 

the most widely expressed, with very low levels in normal tissues, but high expression levels 

in many tumors, though with a wide range [9, 29]. FR has a dissociation constant (Kd) for 

folate of ~ 0.1 nM, which is approximately 10-fold lower than its Kd. for reduced folates which 

are the substrate for normal cells. As such, FR has become the molecular target for the 

development of many cancer targeting compounds [10-12]. The structure of FR contains a 

long and open folate binding pocket, which is formed by the amino-terminal loop. Folate is 

oriented with its basic pteroate moiety docked deep inside of the negatively charged pocket 

and the two negatively charged carboxyl groups of its glutamate moiety solvent-exposed 

sticking out of the positively charged entrance of the ligand-binding pocket (Figure 2.2). The 

interactions around the pteroate moiety contain both hydrogen bonds and hydrophobic 

interactions [30]. Based on these characteristics I decided to design and evaluate the fluorescent 

imaging probe by applying targeting the folate receptor system.   
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Figure 2.2. Structure of folate receptor (FR) bound to folate, with a close-up view of 

ligand bindinig positively charged pocket entrance. Folate carbon atoms are coloured grey, 

nitrogen atoms blue, and oxygen atoms red. A colour-code bar (bottom) shows an 

electrostatic scale from -3 to +3 eV.  
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2.2 Results and discussion 
 

2.2.1 Design and synthesis of the fluorescence probe interacting 

with HSA for cancer imaging 
 

Structures of the synthesized probes are shown in Figure 2.3. It was hypothesized that 

introduction of a natural ligand for HSA to a fluorescence probe molecule would result in an 

enhancement of blood circulation ability from the reversible interaction with HSA. This may 

be advantageous for in vivo stability compared with covalent bonding of the probe to HSA due 

to the lack of any denaturation or introduction of a non-natural structure, which may be 

recognized by the immune system. The C-terminus of the probe was modified with a palmitoyl 

group.  Palmitic acid is naturally carried by HSA in the blood circulation with a strong affinity 

[31]. For tumor targeting, I used the folate moiety, as various cancers show overexpression of 

folate receptor. Between the folate moiety and the palmitoyl group, hydrophilic oligo-ethylene 

glycol was also incorporated to increase solubility and help the binding of the folate moiety 

with its receptor on cancer cells. The molecule was successfully synthesized by solid phase 

synthesis with standard Fmoc chemistry.  

For in vivo assays, the amine-reactive succinimide ester of Cy7 was incorporated in the 

probe. Cy7 has a high quantum yield of 20% and high photostability and is especially useful 

for near infra-red (NIR) imaging. NIR Cy7 fluorescent imaging takes advantage of the 

transparency of biological tissues with the maximum excitation wavelength of 740 nm and a 

maximum emission wavelength of 773 nm. The obtained probe 2 and the control probe 3 were 

identified by MALDI-TOF-MS (Figure 2.4). I synthesized the Rhodamine-conjugated probe 

(probe 1) for the in vitro experiments in the same manner. 
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Figure 2.3. Chemical structure of the synthesized fluorescent probes 1, 2 and 3. The R1 and 

R2 substituents in each probe are described in the inset table. Probe 1 was used in in vitro 

experiments and probes 2 and 3 were used in in vivo experiments. To introduce. To introduce 

the palmitoyl group (pal) on the probe, the probe was modified on the side chain of a lysine. 
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2.2.2 Specific binding of the folate-NIR probe with confocal laser 

scanning microscopy 
 

First in vitro experiments were performed to confirm the ability of the probe to 

specifically bind FR-expressing cells. FR (+) KB cells and FR (-) A549 cells were incubated 

with probe 1. As shown in Figure 2.5, red fluorescence was only observed on the surface of FR 

(+) KB cells,  A549 confirming the successful binding of the probe to FR. No fluorescence was 

observed on FR (-)cells, which confirms specific binding of the probe through the folate ligand 

to FR. These findings confirm that introduction of the fluorophore and palmitoyl groups did 

not hamper the recognition of the folate moiety against its receptor on the cell. 

Figure 2.4. MALDI-TOF mass spectrum of the purified probes. (A) Probe 1 (B) Probe 2 

 (C) Probe 3 
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2.2.3 In vivo tumor-targeted imaging 
 

Mice models bearing with FR (+) KB or FR (-) A549 tumors were intravenously 

injected with 1.5 nmol of probe 2 in the presence or absence of a 100-fold molar excess of free 

folate [29]. Images were acquired at various time points post-injection (p.i.) (Figure 2.6). The 

fluorescence intensity in the tumor as a function of time is plotted in Figure 2.6B and Figure 

2.6D for KB and A549 tumor bearing mice, respectively.  As shown in Figure 2.6A, FR (+) 

KB tumor-bearing mice that were injected only with probe 2 initially showed biodistribution 

of the probe in the whole body and then showed tumor accumulation at 1 h after the injection. 

After 6 h, probe 2 kept accumulating only in the tumor and liver, while it cleared from other 

parts of the body. After 12 h, accumulation of the probe with a high contrast was only observed 

in FR-expressing tumors, while the signal in liver disappeared. However, in FR (+) KB tumor-

bearing mice in which the probe was co-injected with an excess amount of free folate, 

biodistribution and tumor accumulation of the probe was significantly suppressed. As shown 

in Figure 2.6A, co-presence of an excess amount of free folate largely inhibited specific binding 

of probe 2 to FR-expressing tumor cells. The probe also showed poor biodistribution in A549 

tumor cells lacking FR (Figure 2.6C). Quantified data of the probe accumulation in tumor also 

established the probe specificity via the folate ligand-receptor interaction. As shown in Figure 

Figure 2.5. Specific binding of the folate-NIR probe to FR (+) KB cells. (A) Specific binding 

of the synthesized probe 1 to the folate receptor on FR (+) KB cells. (B) Absence of binding of 

probe 1 to FR (-) A549 cells. The scale bar represents 10 m. 
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2.6B, the tumor-to-normal tissue (T/N) ratio was reduced more than 75% by co-injection of 

excess folate.  

Figure 2.6. In vivo study of probe specificity. (A) Whole-body NIR fluorescence imaging of 

FR (+) KB tumor-bearing mice injected with 1.5 nmol of probe 2 in the absence (upper panel) 

or presence (lower panel) of 100-fold molar excess of free folate at 30 min, 1, 2, 6, and 12 h 

p.i. (B) ROI fluorescence intensity of the tumor as a function of time after injection of 1.5 

nmol of probe 2 in the absence or presence of 100-fold of excess amount of free folate. Results 

are expressed as mean ± SD (n = 3). **P < 0.01, compared with no treatment. (C) Whole-

body NIR fluorescence imaging of FR (-) A549 tumor-bearing mice injected with 1.5 nmol 

of probe 2 in the absence (upper panel) or presence (lower panel) of 100-fold molar excess of 

free folate at 30 min, 1, 2, 6, and 12 h p.i. (D) ROI fluorescence intensity of the tumor as a 

function of time after injection of 1.5 nmol of probe 2 in the absence or presence of 100-fold 

of excess amount of free folate. Results are expressed as mean ± SD (n = 3). Statistical results 

were in comparison with no treatment. N.S.: not significant. Arrows in each panel show liver 

and the tumor, respectively. (C) and (D) are continued on the following page. 
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Figure 2.6. continued 
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Organ distribution of the probe also indicated the high specificity of the probe to the FR (+) 

KB tumor (Figure. 2.7). Three out of four mice in each group were sacrificed 6 h post injection 

(p.i). Only one mouse was kept until 12 h for imaging. Tumor, organs, and tissues including 

liver, lung, kidneys, spleen, heart, and blood were excised from mice. Ex vivo imaging and 

evaluation of dissected tissues from mice with probe 2 with or without co-injection of free 

folate revealed that the probe mainly distributed in tumor and kidney. A lesser extent of 

distribution was observed in liver, and the probe was detected at very low levels in other tissues. 

Quantification of fluorescence confirmed that in FR-expressing KB tumor-bearing mice, a high 

intensity of probe fluorescence could be detected in the tumor, while co-injection of free folate 

significantly attenuated probe accumulation in the same type of tumor (Figure. 2.7B). 

The obtained results also showed that in addition to the accumulation of probe 2 in the 

tumor, probe 2 also distributed in kidney and liver. Accumulation of probe in the liver is 

possibly due to the large fenestrations of liver’s capillary epithelium (size of 100 to 150 nm 

depending on the animal species), which allows almost unrestricted passage of plasma 

components to the perisinusoidal space of liver [13, 32]. Considerable high probe accumulation 

in kidneys also could have been caused by the presence of high-affinity folate receptors in 

proximal tube cells of kidneys [33-35].  
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Figure 2.7. Representative fluorescence images of dissected KB and A549 tumors and major 

organs after noninvasive imaging at 6 h p.i. (A) Fluorescence image of dissected organs. B = 

blood, Li = liver, Lu = lungs, K = kidney, S = spleen, H = heart, T = tumor. KB tumor-bearing 

mice injected with 1.5 nmol of probe 2 in the absence (upper panel) or presence (middle) of 

100-fold molar excess of free folate at 30 min, 1, 2, 6, and 12 h p.i. Lower panel indicates same 

image of organs from FR (-) A549 tumor-bearing mice. (B) ROI fluorescence analysis of 

dissected tumors and major organs after noninvasive imaging at 6 hours p.i. in FR (+) KB tumor-

bearing mice in the absence or presence of excess folate. Results are expressed as mean ± SD 

(n = 3). **P < 0.01, compared with no treatment. 
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2.2.4 Effect of the alkyl chain moiety of the probe on blood 

circulation 
 

In this study, I designed the probe based on the high binding affinity of the free fatty 

acid to the hydrophobic pockets of HSA. To examine whether the introduced palmitoyl in the 

probe molecule can serve as ligand against circulating HSA, 1.5 nmol of probe 2 or probe 3 

(without palmitoyl) were injected in FR (+) KB-tumor bearing mice (Figure. 2.8). Fluorescence 

images were acquired at 30 min, 1, 2, 6, 18 and 24 h post-injection. Results indicated that probe 

2 accumulated and had long retention in tumor likely through the ligand-receptor interaction. 

Probe 3 also accumulated in the tumor, but retention and accumulation in the tumor were 

shorter than that of probe 2 (Figure 2.8). Although the long retention of the probe in tumor may 

be caused by the effective binding of the folate ligand to its receptor on KB cells, obtained long 

circulation also contribute due to the efficient supply of the probe to the tumor with keeping 

high concentration of the probe in blood. In fact, the control probe without the palmitoyl group 

(probe 3), showed poor circulation in mice, with a decreased retention of the fluorescent signal 

in the tumor compared with probe 2. Together, the obtained results suggest that the design of 

the imaging probe with reversible binding to HSA that was introduced in this study may be an 

effective tool for cancer imaging.  
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Figure 2.8. Biodistribution of probe 2 and probe 3 in time-course imaging. (A) Whole-body 

NIR fluorescence imaging of FR (+) KB tumor-bearing mice injected with 1.5 nmol of probe 

2 (upper panel) or probe 3 (lower panel) 30 min, 1, 2, 6, 18, and 24 h p.i. (B) ROI 

fluorescence intensity analysis of the whole body of mouse as a function of time after 

injection of probe 2 or probe 3 into FR (+) KB tumor-bearing mice. Results are expressed 

as mean ± SD (n = 3). ***P < 0.001, **P < 0.01, *P < 0.05, compared to no treatment. 

Arrows in each panel show liver and the tumor, respectively. 
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2.3 Summary 
 

Development of improved tumor imaging probes is clinically desirable with the purpose of 

detecting presence of tumor lesions, monitoring tumor response to treatment or tumor staging. 

Using these improved imaging agents to localize tumor cells is an advantageous technique for 

surgeons to achieve a more efficient intraoperative diagnosis and debulking operation. In line 

with this, targeting certain receptors which are overexpressed in cancer cells is a potential 

strategy. By now, some imaging agents had been introduced. However, mainly these imaging 

agents suffer from short circulation half-life because of their small size. In my research, I will 

address this problem and seek to enhance circulation time of the probe and reaching to more 

efficient tumor imaging. Thus, I synthesized the probe with a simple synthesis scheme, in 

which folic acid (folate) at the N terminus and alkyl chain (palmitoyl) at the C terminus are 

considered. Folate moiety of the probe is expected to selectively bind to overexpressed folate 

receptor in cancer cells. On the other hand, it is hypothesized that via palmitoyl moiety of this 

synthesized probe, it can reversibly interact with hydrophobic pocket of serum albumin. This 

probe, being carried by serum albumin in the blood circulation would result in escaping from 

an early renal clearance and having high circulation half-life. It is protected from elimination 

via recognition by the neonatal Fc receptors (FcRn), which prevent its catabolism in endothelial 

cells and ensures protein reabsorption in kidneys by proximal tubules after glomerular filtration. 

The incorporation of a long fatty acid in the design of folate-targeted fluorescence 

imaging molecules showed longer blood circulation and bioavailability in mice bearing folate 

receptor-positive tumors. This result can be explained by the reversible binding of this probe 

(probe 2) to hydrophobic pockets of endogenous serum albumin. This approach is attractive to 

generate small fluorescence imaging probes with a better bioavailability and longer blood 

circulation, that can result in an improved imaging or therapy. 
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2.4 Experimental section 
 

Materials  

 

NovaSyn TGR resin (amine density of 0.24 mmol/g) and all Fmoc-protected amino 

acids were obtained from Novabiochem, Merck (Tokyo, Japan). 1-hydroxy-1H-benzotriazole 

hydrate (HOBt⋅H2O), O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate (HBTU), diisopropylethylamine (DIPEA), dichloromethane (DCM), 1-

methyl-2-pyrrolidone (NMP), N--(9-fluorenylmethoxycarbonyl)-L-glutamic acid -t-butyl 

ester (Fmoc-Glu-OtBu), N--(9-fluorenylmethoxycarbonyl)-N--palmitoyl-L-lysine (Fmoc-

Lys(Pal)-OH), and piperidine were obtained from Watanabe Chemical (Hiroshima, Japan). 

N,N-Dimethylformamide (DMF) was purchased from Kanto Chemical (Tokyo, Japan). 

Dimethyl sulfoxide (DMSO), ethanol and E-MEM and D-MEM mediums were purchased from 

Wako Pure Chemicals (Osaka, Japan). RPMI 1640 (folate-free) medium was purchased from 

Life Technologies. 11-bromoundecanoic acid, 5-chloro-1-pentyne and 1, 8-diazabicyclo 

[5,4,0]-7-undecene (DBU) were obtained from Tokyo Kasei Industry (Tokyo, Japan), and 5-

(and 6)-carboxytetramethylrhodamine succinimidyl ester (NHS-Rhodamine) from Thermo 

Scientific. Sulfo-Cyanine7 NHS ester was obtained from Lumiprobe and Fmoc-8-amino-3, 6 

dioxaoctanoic acid (Fmoc-miniPEG) was obtained from Peptides International. N10-

(Trifluoroacetyl) pteroic acid, human serum albumin and folate (folic acid) were purchased 

from Sigma-Aldrich. All reagents were used without further purification.  

 

Synthesis of the folate conjugates 

 

Probes were synthesized by standard Fmoc-chemistry using the NovaSyn TGR resin 

(amine density of 0.24 mmol/g), DIPEA as a base, HOBt/HBTU as coupling reagents, and a 

20% solution of piperidine in DMF for deprotection of the Fmoc group. First, Fmoc-

Lys(Palmitoyl)-OH was coupled onto the resin. Next, two miniPEG and a Lys-(Boc) were 

modified as spacer and fluorophore modification sites, respectively. The folate moiety was 

modified with two-step introduction of glutamic acid and N10-(trifluoroacetyl) pteroic acid. 

Since trifluoroacetyl, the protecting group of pteroic acid, is resistant to general deprotection 

with trifluoroacetic acid (TFA), one additional deprotection step was conducted; resin was 
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washed with DMF five times and with DCM five times and then it was incubated with 1 mol/L 

ammonium hydroxide solution/DMF (1:1, vol/vol) for 30 min for four times to cleave the 

trifluoroacetyl protecting group. The resin was washed three times with DCM and three times 

with n-hexane, and then dried in vacuum. Afterward, the conventional deprotection and 

cleavage from resin solution were done by TFA. To introduce the fluorescent group residue 

onto the lysine of the folate conjugate, Cy7-NHS ester in anhydrous DMSO (10 mg/ml) was 

added to a peptide solution of 11.6 mg/ml in DMSO at a 1.2:1 dye to peptide molar ratio. Next, 

1.2 molar ratio of DIEA was added and the solution was mildly shaken overnight. 

For the in vitro study, carboxytetramethyl rhodamine-NHS ester was used instead of 

Cy-7-NHS. Purification of the solid-phase synthesized peptides was carried out on an 

analytical reversed-phase high performance liquid chromatography (HPLC) system using C18 

RP (250 × 4.6 mm 5 μm) column using a linear A-B gradient at a flow rate of 1.16 mL/min, 

where eluent A was 0.1% TFA in water and eluent B was 0.1% TFA in acetonitrile. UV 

absorbance at 220 nm, 552 nm, and 740 nm was monitored. Purity analysis of the purified 

probes was carried out on an analytical reversed-phase high performance liquid 

chromatography (HPLC) system using C18 RP (100 × 4.6 mm 5 μm) column using a linear A-

B gradient at a flow rate of 1 mL/min, where eluent A was 0.1% TFA in water and eluent B 

was 0.1% TFA in acetonitrile. B eluent with gradient of 25-70 in 45 minutes, 40-70% in 30 

minutes and 20-50% in 30 minutes was run for the probe 1, 2 and 3, respectively. UV 

absorbance at 220, 552 nm and 740 nm was monitored. Calculated purity for the probes 1, 2 

and 3 are 78%, 80% and 81%, respectively. 

 

Cell lines and cell culture 

 

The epidermal mouth carcinoma HeLa-contaminated KB cell line that overexpresses 

folate receptor (FR- (+)) was cultured in E-MEM. The A549 cell line, which is negative for 

folate receptor (FR- (-)) was cultured in D-MEM. Mediums contained 10% fetal bovine serum 

(FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 g/mL amphotericin B (all from 

Gibco Invitrogen Co., Grand Island, NY, USA). Cells were cultured in a humidified 

atmosphere containing 5% CO2 and 95% air at 37°C. 
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Probe binding assays 

 

KB and A549 cells were seeded at a density of 5000 cells per well in a 96 well glass 

plate in 100 μl of RPMI 1640 (folate-free) medium. After 24 h, wells were washed twice with 

100 μl DPBS. Next, 100 nM of probe 1 in 100 μl medium was added to wells. The plate was 

incubated on ice for 30 min. The solution was removed and cells were washed twice with 100 

μl DPBS. Next, 100 μl of medium was added and the nuclei were stained with Hoechst 33342. 

After washing, cells were observed by fluorescence microscopy. Images were obtained by 

using manufacturer-specified laser excitation wavelengths and emission filter sets. 

 

In vivo mouse model 

 

Animal studies were performed in accordance with the Guidelines for Animal Care and 

Use Committee at Kyushu University (Fukuoka, Japan). Female 5-week-old BALB/c nude 

mice were inoculated with a dorsal, subcutaneous injection of 1.6 × 107 KB cells and 6.5 × 107 

A549 cells in 50 μL of Matrigel (BD Biosciences, Bedford, MA, USA) and 50 μL of PBS per 

animal. Tumors were allowed to grow for about two weeks to a mean diameter of 

approximately 10 mm.  

 

Fluorescent imaging of tumor inoculated mice 

 

Fluorescence imaging was performed using a cooled IVIS® CCD camera (Xenogen, 

Alameda, CA, USA) and analyzed with Living Image software. All fluorescence images were 

acquired with a 2 sec exposure. For quantitative comparison, regions of interests (ROIs) were 

drawn over the tumor or whole body and the results are presented as the mean ± standard 

deviation (SD) for a group of three animals. Excitation and emission maximum wavelengths 

of Cy7 are 740 nm and 773 nm, respectively. The most suitable filter in the IVIS® Imaging 

System covered the excitation passband of 710–760 nm and emission passband of 810–875 nm. 
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CHAPTER 3 

Enhancement of peptide-based ligands affinity to human serum 

albumin 
 

3.1 Introduction 
 

Strategies to improve the blood half-life of peptide or protein drugs are highly 

demanded because they often display a half-life of a few minutes, mainly due to their low 

molecular mass or enzymatic degradation which results in a rapid clearance by renal filtration. 

Such strategies can minimize the dosage frequency of the peptide drugs. Conjugation of 

peptides to polyethylene glycol (PEG) has been used conventionally for this purpose [1-3]. 

However, repeated administration of PEGylated peptides is known to be associated with 

immunogenicity against PEG [4]. Newer strategies include genetically fusion of peptides and 

proteins to Fc-domain of immunoglobulin G (IgG), as this domain mediates the recycling 

through FcRn. As a result, it exhibits longer long half-lives close to the original IgG, which is 

about 3-4 weeks [5, 6]. Nonetheless, the analyzed Fc-fusion proteins (abatacept, alefacept, and 

etanercept) exhibited a 2–3-fold lower affinity for FcRn than various humanized antibodies, 

which was also reflected by a shorter half-life. It is speculated that the fused receptor domains 

interfere with the FcRn-binding site [7]. 

Human serum albumin (HSA), the most abundant protein in the blood (0.6 mM), has a 

long serum half-life of 19 days. This long half-life is due to the avoidance of lysosomal 

degradation via the endocytic salvage pathway [8, 9]. HSA is the natural carrier for many 

exogenous and endogenous substances [10]. Owing to these unique features, HSA has recently 

been utilized to improve the blood half-life of peptide drugs [11, 12]. As shown in Figure 3.1A, 

HSA is composed of three homologous domains I-III and each one divided into subdomains A 

and B. As HSA possesses seven hydrophobic pockets against relatively long fatty acids [13-

15], alkyl modification of peptide drugs enables reversible binding with HSA to enhance the 

blood half-life. Clinically used insuline detemir (Levemir®), insulin (Degludec), and 

Liraglutide (Victoza®) are based on a single alkylation on the peptide sequence of human 

insulin or glucagon-like-1 peptide (Figure 3.2A and 3.2B) [16, 17]. This modification has 

extended these therapeutic peptides half-life from few minutes to hours and consequently 

reduced the dosage frequency [11, 17, 18]. However, generally, the binding affinity of 

alkylated peptides to HSA is attenuated by at least one order of magnitude comparing with the 
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original free fatty acid, probably due to the increase in overall hydrophilicity of the fatty acid 

and/or steric repulsion associated with the rest of peptides [16]. 

 

 

 

 

Figure 3.1. (A)  Crystal structure of myristate bound HSA (PDB: 1eg7). Pocket number with 

underbar are strong binding pockets for hydrophobic compounds. (B) and (C) show cross-

linkable pockets. Residues shown in blue and cyan indicate arginine and lysine residues, 

respectively. The distance between two pockets is almost equal and is about 2.2 nm. 
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Figure 3.2. (A) Single alkylated insulin degludec (B) Single alkylated liraglutide. 
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In this chapter, I proposed a design of peptide-based ligands to HSA, in which two alkyl 

chains are introduced on to an appropriate spacer, expecting to enhance the binding affinity to 

HSA. Among the seven pockets of HSA against fatty acids, pockets 2, 4, and 5 are reported to 

be relatively strong [14]. As shown in Figure 3.1B and C, combinations of pockets 4 and 6 or 

4 and 5 are expected to be cross-linkable by two alkyl groups because their entrance confronts 

a same face of HSA with similar close proximity (~2 nm). There is a cleft connecting two 

pockets in both combinations, which seems to be preferable to crosslink the pockets. Based on 

these structural features of HSA, I designed four kinds of peptide-based ligands shown in 

Figure 3.3. Here, binding affinity and blood circulation property of the peptides were examined 

to show the validity of the dual alkylation design for the stronger binding to HSA. 
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3.2 Results and discussion 
 

3.2.1 Design and synthesis of the albumin-binding peptide 
 

Four kinds of peptides were designed as shown in Figure 3.3. Peptide 1 and 3 have two 

alkyl groups (C14 or C16) which are connected with a linker possessing four ionizable carboxyl 

groups. These four carboxyl groups are expected to interact with cationic residues (Lys and 

Arg) existing in the connecting cleft of the binding pockets (Figure 3.1B and C), which are 

known to enhance the binding affinity against fatty acids [19]. The length of the peptide linker 

with extended conformation is 2.4 nm, which will be enough to crosslink the hydrophobic 

pockets. Peptide 2 is a control peptide possessing one alkyl group. Peptide 2 is a control peptide 

possessing one alkyl group. Peptide 4 is another control peptide whose linker includes flexible 

oligoethyelene glycol units with two-times longer length than that of all other peptides. For in 

vivo evaluation, Cyanine7 modified peptide 1 and 2 were also synthesized. All peptides were 

synthesized by solid-phase peptide synthesis with Fmoc chemistry. Chemical structures of 

peptide 1, 2, 3, 4, 1-Cy7 and 2-Cy7 are (11-amino-3,6,9-trioxyundecanyl)-

E(myristoyl)DEADE(myristoyl)-OH and (11-amino-3,6,9-trioxyundecanyl)-GD

EADE(myristoyl)-OH, (11-amino-3,6,9-trioxyundecanyl)-

E(palmitoyl)DEADE(palmitoyl)-OH, (11-amino-3,6,9-trioxyundecanyl)-

E(palmitoyl)DE(miniPEG3)2DE(palmitoyl)-OH, Cy7-(11-amino-3,6,9-trioxyundecanyl)-

E(myristoyl)DEADE(myristoyl)-OH, Cy7-(11-amino-3,6,9-trioxyundecanyl)-

E(palmitoyl)DEADE(palmitoyl)-OH, respectively. 
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Figure 3.3. Chemical structure of the synthesized peptides. 
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3.2.2 Binding affinity determination by using fluorescence 

titration 
 

To evaluate binding affinity of the synthesized peptides to HSA, I utilized a competitive 

replacement, using 8-Anilino-1-nephthalenesulfonic (ANS) fluorescence probe. As it can be 

seen in the Figure 3.4, ANS is basically non-fluorescent in aqueous media but shows strong 

fluorescence upon binding to the hydrophobic pocket of HSA  or nonpolar solvents [20-22]. 

Thus, the replacement of ANS bound to HSA with ligands causes quenching of the ANS 

fluorescence. It has been reported that subdomain IIIA and IIA of HSA have the binding 

pockets of ANS to provide fluorescent property to ANS [23, 24]. Therefore, the fluorescence 

quenching is caused mainly by the competition between binding of the ligands with the ANS 

bound to the IIIA/IIA subdomain. Figure 3.5A shows results of competitive titration of 

HSA/ANS complex with the peptides or myristic acid. Figure 3.5A was converted to Figure. 

3.5B, in which the replaced fraction of ANS () was plotted as a function of the free ligand 

concentration. It is assumed that the decrease in the fluorescence intensity is a direct 

consequence of the release of ANS from its fluorescence-sensitive binding sites in HSA. The 

results on Figure 3.5B were fitted based on the Langmuir binding isotherm [25],  

 

in which and Kd(rel) are the replaced fraction of ANS and the relative dissociation constant of 

each ligand against ANS, respectively. Binding parameters of ligands are summarized in the 

Table 3.1. Absolute Kd value of each ligand is calculated from the Eq. (2), in which Kd(ANS) was 

determined experimentally by titration of HSA solution with ANS to be 2.7 x 10-7 M. As shown 

in Figure. 3.5A and 3.5B, myristic acid almost completely replaced to ANS bound to HSA and 

its Kd is calculated to be 1.7 x 10-7 M, which these calculated Kd values are in agreement with 

reported values [21, 26, 27]. Peptide 2 which has a single alkyl group was found to have Kd of 

8.9 x 10-6 and induced only ca. 30%  quenching of ANS even at its 

(2) 


d (rel)[Ligand

free
] 

d (rel)[Ligand
free

] 
 

d  
d (rel) x d (ANS) 

[ANS] 
  

(1) 
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maximum concentration (200 μM). The weak binding affinity of peptide 2 is probably due to 

the solubility increase of the alkyl group resulted from the modification of hydrophilic linker 

or the steric hindrance caused by the linker. Kd value of dual alkylated peptide 1 and 3 greatly 

improved the binding affinity to HSA which are calculated to be 4.0 x 10-8 M and 1.4 x 10-7 M, 

respectively. The improved binding affinity of peptide 1 and 3 will be explained by their 

simultaneous binding to two pockets of HSA. It is interesting to note that the quenching of 

ANS by 1 and 3 was saturated around 60%. Reported numbers of bound ANS to the HSA 

subdomain IIIA and IIA are one and two, respectively [23, 28]. Assuming that the quantum 

yields of these three ANSs are equivalent, 60% quenching shows dissociation of two out of the 

three bound ANSs from HSA. The binding of peptide 1 and 3 to the pockets of 4 and 5 results 

in dissociation of only one ANS at IIIA, which cannot explain 60% quenching. While the 

binding of the peptides to the pockets 4 and 6 results in dissociation of one ANS in IIIA and 

one of two ANSs in IIA, which is matched with 60% quenching. Thus, peptide 1 and 3 will 

specifically bind to pocket 4 and 6. Incomplete quenching by peptide 1 and 3 shows that their 

binding affinity to the other pocket in IIA domain is not enough to replace the remaining ANS. 

It is a sharp contrast with the simple fatty acids like myristic acid, which can replace all the 

three fluorescent ANSs. I concluded that peptide 1 and 3 gained specificity in the binding 

pockets. 

 

Figure 3.4. Fluorescence spectra of ANS in different conditions: red solid-curve; ANS bound 

to HSA in phosphate buffer, blue solid-curve; ANS in HSA-free phosphate buffer, black dot-

line; ANS in HSA-free methanol.  
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Figure 3.5. Competitive binding assay. (A) Inhibition of the ANS fluorescence intensity by 

each ligand. (B) Fraction of released ANS () was plotted against the concentration of free 

ligand. The solid lines are the nonlinear least-squares fitted curve based on Langmuir binding 

isotherm. Concentrations of   ANS and HSA were 15 and 2 M, respectively. 
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Despite having a longer alkyl chain (C16), peptide 3 showed a similar binding affinity 

towards HSA with that of the peptide 1 (C14). This result is in agreement with previous results 

that the binding affinity of alkyl group to HSA does not increase when its length is more than 

14 carbon atoms [16]. As in the case of peptide 4, its flexible and two-times longer spacer 

completely spoiled its binding affinity towards HSA, indicating that designing the linker being 

complementary to the cleft connecting the pockets is crucial for the high binding affinity of the 

peptides to HSA.  
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3.2.3 Effect of peptide ligand on the fluorescence of ANS 
 

In order to study the effect of peptide ligands on the fluorescence of ANS, I performed 

a titration of 15 M free ANS solution (in the absence of HSA) with different concentrations 

of peptide 2. As it can be seen in the Figure 3.6, interaction of the peptide with ANS and the 

following enhancement of fluorescence intensity is negligible even at the highest concentration 

of peptide (210 mM) (2% of total fluorescence intensity). Thus, the effect of peptide 2 on the 

fluorescence of ANS is negligible.  

 

 

 

 

 

 

 

 

 

Figure 3.6. Change of ANS fluorescence intensity by addition of different concentration of 

peptide 2, in the presence or absence of HSA. Concentrations of ANS and HSA were 15 and 

2 M, respectively. 
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3.2.4 Retention ability of dual alkylated peptide in the mice blood 

circulation 
 

Retention ability of peptides 1 and 2 in the blood circulation of mice was examined by 

using the Cy7 modified peptides 1-Cy7 and 2-Cy7. Each peptide (2.1 nmol) dissolved in PBS 

was intravenously injected through the tail vein (4 mice per group). Blood samples were 

collected at 6 h post-injection. Protein fractions of the plasma were precipitated with 

acetonitrile to extract the peptides. Extracted peptides were redissolved in methanol. As shown 

in Figure 3.7, measured fluorescence intensity from extracted plasma samples showed a 3-fold 

higher fluorescence intensity of dual alkylated 1-Cy7 compared to the single alkylated 2-Cy7. 

This difference can be explained by a stronger binding ability of 1-Cy7 to the serum albumin. 

No crystal structure of mouse serum albumin has so far been reported. But based on amino acid 

sequential studies, important residues for the binding of fatty acids are nearly completely 

conserved among all species, a similar binding behavior from human serum albumin and mouse 

serum albumin can be expected [29]. 

 

 

 

 

Figure 3.7. Retention of single and dual alkylated albumin binding peptides. Six hours after 

i.v. injection, fluorescence of the remaining peptide was measured.  n = 4 for each group. *: p< 

0.05 
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3.3 Summary 
 

Therapeutic peptides and diagnostic agents with their molecular size below the renal 

clearance threshold suffer from a poor bioavailability and short blood circulation time. This 

results in an insufficient accumulation in the target site and a demand for higher dosage 

frequency. In this chapter, I reported a novel design of peptide-based ligand with a strong 

binding affinity to human serum albumin (HSA), which can be used as a tag to extend the blood 

circulation of the small size molecules. I designed these ligands with dual alkyl groups 

connected with a negatively charged spacer. By a competitive binding technique, it was found 

out that the designed dual alkylated peptides with the tuned and shorter spacer were able to 

specifically share the HSA's binding pockets 4 and 6 for fatty acids, with a significantly higher 

binding affinity than that of the single alkylated peptide. Additionally, Cy7 modified dual 

alkylated peptide showed higher retention in the mice blood circulation than that of a single 

alkylated peptide, suggesting higher binding affinity of the former type of peptide to mouse 

serum albumin. No crystal structure of mouse serum albumin has so far been reported. But 

based on amino acid sequential studies, important residues for the binding of fatty acids are 

nearly completely conserved among all species. Thus, a similar binding behavior from human 

serum albumin and mouse serum albumin is expected. 

 

 

 

 
 

Figure 3.8. A new peptide-based ligand with two alkyl groups and appropriate peptide 

backbone showed much higher affinity than a ligand with a single alkyl group to human serum 

albumin. 
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3.4 Experimental section 
 

Materials 
 

NovaSyn TGA resin (amine density of 0.2 mmol/g), Fmoc-Glu(Odmab)-OH, Fmoc-

Asp(OtBu)-OH and Fmoc-Gly-OH were obtained from Novabiochem, Merck (Tokyo, Japan). 

N-[1-(Cyano-2-ethoxy-2-oxoethylideneaminooxy) dimethylamino (morpholino)] uronium 

hexafluorophosphate (COMU), Fmoc--Ala-OH, Fmoc-Glu-OtBu, diisopropylethylamine 

(DIPEA), dichloromethane (DCM), 1-methyl-2-pyrrolidone (NMP), and piperidine were 

purchased from Watanabe Chemical (Tokyo, Japan). Pyridine, N,N-dimethyl-4-aminopyridine 

benzoic anhydride (DMAP) and N,N-diisopropylcarbodiimide (DIC) were obtained from 

Wako Pure Chemicals (Osaka, Japan). Boc-11-amino-3,6,9-trioxaundecanoic acid•DCHA 

(Boc-mini-PEG3) and Fmoc-11-3,6,9-trioxaundecanoic acid (Fmoc-mini-PEG3) were 

purchased from Peptides International (Kentucky, USA). N,N-dimethylformamide (DMF) was 

purchased from Kanto Chemical (Tokyo, Japan). All reagents were used without further 

purification. Fatty acid free human serum albumin and myristic acid were purchased from 

Sigma-Aldrich. Tetradecylamine, triisopropylsilane (TIS), hexadecylamine and sodium salt of 

8-Anilino-1-naphthalenesulfonate (ANS•Na) were purchased from Tokyo Chemical Industry 

(Tokyo, Japan). Sample solutions were prepared using the water purified by Direct-Q® Water 

Purification System.  

 

Synthesis of peptides 1-4, 1-Cy7, 2-Cy7 

 

The peptides were synthesized manually by standard Fmoc chemistry using NovaSyn 

TGA resin (density of 0.2 mmol/g), DIEA as a base and COMU as coupling reagents. 

Deprotection of the N-Fmoc was carried out in 20% piperidine/DMF, followed by washings 

with dichloromethane (DCM) and dimethylformamide (DMF). Modification of peptides with 

tetradecylamine or hexadecylamine were conducted after deprotection of Dmab group of Glu 

in two steps; treatment of the resin bound peptide with 2% hydrazine monohydrate in DMF for 

30 min followed by treatment of the resin with 5 mM sodium hydroxide in 1:1 v/v of 

methanol/water incubated for three hours [30]. After completion of the synthesis, the peptide 

was cleaved from the resin and was purified by reverse-phase liquid chromatography. The 
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obtained peptides were identified by MALDI-TOF-MS. Cy7-modified peptides were 

synthesized by modifying sulfo-Cy7-NHS on the N-terminus of peptide 1 and 2 in DFM.  

 

Preparation of HSA/ANS complex 

In order to calculate the binding affinity of ANS to HSA, first, titration of 2 M ANS 

was conducted with different concentrations of HSA to reach the saturation of ANS 

fluoerscence intensity. Fluorescence intensity of ANS versus the concentration of HSA is 

plotted in the Figure 3.8. For higher HSA concentrations of Figure 3.8, double reciprocal plot 

of the fluorescence intensity (FI) versus HSA concentration was plotted (Figure 3.9). 

Normalized fluorescence intensity (FInor) or the molar fluorescence intensity of bound ANS to 

HSA was defined as 

 

On the other hand, an HSA solution of  2 M was titrated with different concentrations of ANS 

and obtained fluorescence intensity is plotted in Figure 3.10. As it can be seen in the Figure 

3.10, at a concentration of about 15 M, fluorescence intensity becomes saturated and constant. 

Therefore, a concentration ratio of 1:7.5 M [HSA]:[ANS], was decided for preparation of the 

HSA solution saturated with bound ANS (HSA/ANS complex). 

The ANS concentration bound to HSA and the free ANS concentration were indicated as 
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Figure 3.8. Plotting of the fluorescence intensity of ANS 

versus concentration of HSA. 

Figure 3.9. Double reciprocal plot of the fluorescence intensity of 

ANS versus HSA concentration. 
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Fluorescence titrations 

 

Stock solutions of 40 M HSA and 100 M ANS were prepared by dissolving HSA 

and ANS•Na, respectively, into 10 mM sodium phosphate buffer (pH 7.4). The HSA solution 

saturated with bound ANS (HSA/ANS complex) was prepared by mixing the HSA and ANS 

solutions with their final concentration ratio of 1.0 and 7.5 M, respectively, followed by 

incubation at 25°C for an overnight for equilibration. The molar fluorescence intensity of the 

ANS bound to HSA was obtained by titration of ANS with HSA by changing the HSA 

concentration while maintaining the ANS concentration constant at 2 M. To examine the 

binding affinity of ligands (the synthesized peptides and myristic acid) to HSA and their effect 

on the replacement with the bound ANS, 2.97 ml of HSA/ANS solution was titrated with 0.03 

ml of ligand solutions with different concentrations. Sample solutions were mixed in a 1-cm 

path length fluorescence cell and let for equilibration for about 10 minutes at 25°C before the 

measurement. The fluorescence intensity of ANS was measured with an excitation and 

emission wavelength of 373 and 466 nm, respectively. The decrease of the fluorescence 

intensity caused by the addition of the ligands was extrapolated as the measure of the 

displacement of the bound ANS to HSA with the ligands. 

 

 

Figure 3.10. Titration of 2 M HSA solution with ANS. 
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Animal experiment 

 

Animal studies were performed in accordance with the Guidelines for Animal Care and 

Use Committee at Kyushu University (Fukuoka, Japan). Five-week-old ICR female mice (ca. 

25 g) were injected intravenously through the tail with 2.1 nmol of 1-Cy7 and 2-Cy7 in PBS. 

At 6 h after injection, mice blood was collected in heparinized tubes by cardiac puncture under 

anesthesia. Plasma was obtained centrifuging the blood samples at 1200 x g for 10 min at 4°C. 

Fluorescence intensities of the retained peptides in the plasma were measured. Results are 

expressed as mean ± SD (n = 4). 
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CHAPTER 4 

Conclusions  
 

Thanks to the particular molecular and biological characteristics that the human serum 

albumin (HSA) has, developing strategies to design HSA-based drugs have been extensively 

evolved. Whether conjugation of these drugs with HSA is through non-covalent, covalent or 

genetic engineering, the ultimate purpose is to enhance the pharmacokinetic profile of the 

compound. HSA is the major circulating protein in the blood which has a long half-life of about 

three weeks. HSA also has a great ability to carry various types of endogenous and exogenous 

compounds in the blood, including different drugs. Thereby, affecting their distribution, 

absorption, metabolism and excretion profile. In a vast variety of disorders such as tumor 

tissues and inflamed sites. On the other hand, among the therapeutic compounds, proteins and 

peptides are very promising due to their selectivity, efficacy, and safety. However, their rapid 

elimination by enzymatic degradation or renal clearance has hindered their usage. To address 

this issue and to utilize the benefits of HSA, development of a more general and simpler 

delivery system based on HSA is required. In this thesis, I approached this goal through two 

methods. 

In chapter 2, I could successfully enhance the blood circulation ability of a small 

fluorescent probe by modification of a palmitoyl group on a folate-fluorophore conjugate in 

mice model. The alkylated probe maintained its specificity for binding to folate receptors which 

are overexpressed in many cancer cell types. Meanwhile, it induced an extended blood 

circulation through non-covalent binding to mouse serum albumin, compared with the probe 

lacking the alkyl group. It is supposed that this modified alkyl group could make non-covalent 

binding to the hydrophobic pockets of albumin. As a result, retaining the fluorescent probe for 

an extended time in the blood and higher accumulation in the tumor region. This result can be 

promising for the development of small fluorescent probes in near-infrared imaging used in the 

intraoperative imaging.  

In chapter 3, I reported a novel design of peptide-based ligand with a strong binding 

affinity to human serum albumin (HSA), which can be used as a tag to extend the blood 

circulation of the small size molecules. I designed these ligands with dual alkyl groups 

connected with a negatively charged spacer. By a competitive binding technique, it was found 

out that the designed dual alkylated peptides with the tuned and shorter spacer were able to 
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specifically share the HSA's binding pockets 4 and 6 for fatty acids, with a significantly higher 

binding affinity than that of the single alkylated peptide. Additionally, Cy7 modified dual 

alkylated peptide showed higher retention in the mice blood circulation than that of a single 

alkylated peptide, suggesting higher binding affinity of the former type of peptide to mouse 

serum albumin. No crystal structure of mouse serum albumin has so far been reported. But 

based on amino acid sequential studies, essential residues for the binding of fatty acids are 

nearly entirely conserved among all species. Thus, a similar binding behavior from human 

serum albumin and mouse serum albumin is expected. 

The novel approaches and findings in this research, may provide new insights into the 

development of more straightforward methods to utilize the unique advantages of HSA. And 

in a broader sense, they can lead realizing of more efficient and cheaper medications for severe 

diseases. 
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