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  Pref ace   

 Human serum albumin (HSA) is the most extensively researched plasma protein to 
date. Technological advancements in genetic engineering and molecular and struc-
tural biology have progressed in tandem with albumin research, especially in the 
area of applications, where rapid progress and development have resulted in mas-
sive favorable outputs for which albumin has clearly been proven to be a robust 
biomaterial. 

 Owing to its relatively long in vivo half-life of approximately 19 days, albumin 
is an attractive recombinant genetic fusion partner for extending the half-life of 
peptides and small proteins. The genetic modifi cation of albumin also allows it to be 
applied to a wide variety of in vivo purposes including the targeting of specifi c types 
of cells or organs for the delivery of albumin-bound drugs. A recent landmark fi nd-
ing in the metabolism of HSA is the discovery of its pH-dependent interaction with 
the intracellular neonatal Fc receptor. The Fc receptor–albumin interaction can be 
intervened in a therapeutically useful manner to manipulate the half-life of albumin- 
bound drugs and albumin fusion proteins. The enormous ligand-binding properties 
of HSA can be applied in extracorporeal albumin dialysis, a procedure that involves 
the removal of toxins and drugs that are known to bind to albumin from the body via 
an external dialyzing solution that contains albumin. 

 This book summarizes medical and pharmaceutical applications of HSA in 
which current albumin-based products are presented in a signifi cant number of 
chapters. The book is intended for use by pharmaceutical and medical scientists 
including pharmaceutical chemists, pharmacokineticists, toxicologists, and bio-
chemists in both academia and the private sector. 

 We take this opportunity to thank all of the scientists who contributed to the suc-
cessful publication of this book, and we hope that this work will provide useful 
insights that will stimulate further progress in the fi eld of albumin research and 
development.  

    Kumamoto ,  Japan      Masaki     Otagiri    
   Perth ,  Australia      Victor     Tuan     Giam     Chuang   
     March 2016 
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    Chapter 1   
 Human Serum Albumin: A Multifunctional 
Protein                     

     Ulrich     Kragh-Hansen    

    Abstract     Human serum albumin is synthesized in the liver and continuously 
secreted into the bloodstream. Several receptors are strongly involved in the follow-
ing distribution and metabolism of the protein. The receptor-albumin interactions 
can be modifi ed by specifi c mutations, a fi nding which could be of pharmaceutical 
and medical interest. 

 The largest pool of albumin is found in the extravascular spaces although at a 
lower concentration than in the bloodstream. The higher concentration in the circu-
lation is the main contributor to plasma’s colloid osmotic pressure and to the Gibbs- 
Donnan effect in the capillaries. 

 Albumin seems to be the quantitatively most important circulating antioxidant, 
and it has enzymatic properties which are so pronounced that they most probably 
are of biological importance. The protein’s ability to bind ligands and thereby to 
serve as an important depot and transport protein for numerous endogenous and 
exogenous compounds is well studied. Recent work has given much new informa-
tion about the location and structure of binding sites and about potential ligand 
interactions. Structural information is also useful when designing new drugs 
whether the aim is to avoid binding or to make use of the protein’s depot function. 
Nonbinding therapeutics can get improved stability and benefi t from the long bio-
logical half-life of albumin by forming complexes with it. The complex formation 
can take place by enriching the therapeutic with an organic molecule which can 
bind reversibly or covalently to the protein. If the therapeutic is a polypeptide or 
protein, fusion proteins can be produced. 

 Albumin also shows promises for targeted drug delivery. This process can be 
passive and based on the enhanced permeability and retention effect. The effect can 
be increased by using dimers, polymers, or albumin-based nanoparticles. The 
 targeting process can also be active and based on an interaction between albumin 
carrying a targeting ligand and cellular receptors.  

  Keywords     Albumin-receptor interactions   •   Ligand binding   •   Stability   •   Half-life   • 
  Drug targeting  

        U.   Kragh-Hansen      (*) 
  Department of Biomedicine ,  University of Aarhus , 
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1.1       Introduction 

 Human serum albumin (HSA) is a multifunctional protein exclusively synthesized 
by liver hepatocytes and continuously secreted into the circulation. Here, it is the 
most abundant protein and comprises 60–65 % of total plasma protein. Many obser-
vations propose the existence of an important link between the concentration of 
HSA and health (Peters  1996 ). Due to a large number of acidic (98 Glu + Asp) and 
basic residues (83 Lys + Arg), the protein is highly soluble in aqueous media. Thus, 
its concentration in plasma is ca. 0.6 mM (4 % w/v), but solutions of 20 % can be 
made for clinical use. Actually, it is possible to make preparations of up to 50 % 
(Peters  1996 ). The presence of the many titratable amino acid residues also implies 
that HSA has an important buffering capacity. The uneven content of acidic and 
basic residues results in a net charge of ca. −15 at physiological pH, a fact that ren-
ders HSA important for the Donnan effect in the capillaries. Finally, under certain 
circumstances, the protein can serve as a source of amino acids or energy.  

1.2     Synthesis and Structure 

 HSA is a member of the albumin superfamily, which also includes the transport 
proteins α-fetoprotein, vitamin  D -binding protein (Gc-globulin), and afamin 
(α-albumin) (Kragh-Hansen et al.  2013 ). In addition, the superfamily includes the 
α-fetoprotein-related gene, but due to multiple mutations, this gene is an inactive 
pseudogene in humans. All the genes are single-copy genes, and the four active ones 
in the human are expressed in a codominant manner, ie, both alleles are translated. 
The genes lie on chromosome 4, near the centromere for the long arm, at position 
4q11−13. The albumin gene is 16,961 nucleotides long from the putative cap site to 
the fi rst poly(A) addition site. It is split into 15 exons that are symmetrically placed 
within the three domains thought to have arisen by triplication of a single primordial 
domain. 

 The mRNA for HSA encodes for a precursor protein (pre-pro-albumin) of 609 
amino acids. The N-terminal pre-peptide of 18 amino acids guides the nascent albu-
min peptide chain from the ribosome, where it was synthesized, through a receptor 
on the membrane of the endoplasmic reticulum into the lumen of the reticulum. 
Afterward, it is rapidly cleaved off. The N-terminal, basic pro-peptide of six amino 
acids, is cleaved in one of the last steps before secretion of the mature protein into 
the space of Disse and the hepatic sinusoid. Thus, HSA consists of 585 amino acids; 
the molecular mass is ca. 66.5 kDa. 

 Normally, wild-type pro-albumin is not secreted from the liver cells in a detect-
able amount. However, it can be found in the circulation in certain pathological 
conditions (Kragh-Hansen et al.  2013 ). 

U. Kragh-Hansen
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 HSA is produced as a simple, monomeric protein, ie, without prosthetic groups 
and covalently bound lipid or carbohydrate. The three-dimensional structure of the 
single polypeptide chain, and of its recombinant version (rHSA), has been deter-
mined crystallographically, and the structure is now known to a resolution of 2.3 Å 
(He and Carter  1992 ; Sugio et al.  1999 ; Hein et al.  2010 ). The polypeptide chain 
forms a heart-shaped protein with approximate dimensions of 80 × 80 × 80 Å and a 
thickness of 30 Å. It has about 67 % α-helix but no β-sheet and can be divided into 
three homologous domains (I–III). Each of these is comprised of two subdomains 
(A and B). The A and B subdomains have six and four α-helices, respectively, con-
nected by fl exible loops. All, but one, Cys34, of the 35 cysteine residues are involved 
in the formation of 17 stabilizing disulfi de bonds. Small-angle X-ray scattering 
studies of HSA in solution show general agreement with the crystal structure 
(Olivieri and Craievich  1995 ). Also, a combined phosphorescence depolarization- 
hydrodynamic modeling study has proposed that the overall conformation of 
HSA in neutral solution is very similar to that observed in crystal structures 
(Ferrer et al.  2001 ). 

 In addition to HSA, the crystal structure of albumin from cattle, horse, rabbit, 
and hare has been determined (Bujacz  2012 ; Majorek et al.  2012 ). Although a num-
ber of differences were found in the binding pockets, as well as variations in surface 
structure and charge distribution, structural alignments of the crystal structures with 
HSA showed strong structural similarities between the albumins. This fi nding is 
probably mainly due to a conserved set of disulfi de bridges. 

 At present, 70 mutations of the HSA gene are known which result in a circulating 
variant of pro-albumin or albumin (alloalbumins) (Kragh-Hansen et al.  2013 ;  The 
Albumin Website ). Because both alleles of the gene are translated, most genetic 
variants have been detected in heterozygotes, ie, in persons having both a variant 
and wild-type (normal) HSA. In addition to single-amino acid substitutions, glyco-
sylated variants, N-terminally and C-terminally modifi ed alloalbumins, have been 
found. Mutations can also compromise the protein synthesis to such an extent that 
HSA is completely absent or strongly decreased in affected individuals leading to 
the condition known as analbuminemia. To date, 22 such molecular defects have 
been reported (Minchiotti et al.  2013 ;  The Albumin Website ). 

 Because alloalbumins do not seem to be associated with disease, they can be 
used as markers of migration and provide a model for study of neutral molecular 
evolution. They can also give valuable molecular information about binding sites, 
antioxidant and enzymatic properties, as well as in vivo and in vitro stability. 
Mutants with increased affi nity for endogenous or exogenous ligands could be ther-
apeutically relevant as antidotes, both for in vivo and extracorporeal treatment. 
Variants with modifi ed biodistribution could be used for drug targeting. In most 
cases, the desired function can be further elaborated by producing site-directed, 
recombinant mutants.  

1 Human Serum Albumin: A Multifunctional Protein
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1.3        Distribution and Circulatory Half-Life 

 HSA is solely synthesized in the liver. By contrast, its sites of degradation are 
widespread. Most of the protein is hydrolyzed in the muscle and skin, but some 
leaks into the gut, some is taken up by Kupffer cells of the liver, and a small 
amount is degraded elsewhere or lost with shed dermis, saliva, sweat, tears, or milk 
(Fig.  1.1 ) (Peters  1996 ). 

 In healthy adults, ca. 13.8 g is made per day and secreted into the bloodstream. 
This amount corresponds to ca. 25 % of the protein synthesis activity of the liver. 
However, under physiological circumstances, only 20–30 % of the hepatocytes pro-
duce albumin, and synthesis can therefore be increased on demand by a factor of 
200–300 % (Evans  2002 ). From the liver, HSA is distributed in the bloodstream but 
also to several extravascular spaces, some of which are poorly accessible; these are 
mainly found in the skin (Fig.  1.1 ). The total amount of HSA in the body is ca. 360 
g, of which about two-thirds is outside the bloodstream and about one-third is in the 
bloodstream. However, the concentration of HSA is higher in the bloodstream, and 
that is why the protein can contribute with ca. 80 % of the colloid osmotic pressure 
of plasma (ca. 15 mm of Hg).

   HSA leaves the intravascular space in different ways. For example, fenestrated 
capillaries and, especially, sinusoidal capillaries allow the protein to pass. The latter 
are mainly found in the liver and spleen but also in bone marrow, lymph nodes, 
and adrenal glands. In other situations, the escape is transcellular and mediated by 
a receptor. 

TER

IV

120 g

4-5%/h

Synthesis
13.8 g/day
3.8%/day

Loss
0.3g/day
0.1%/day

180 g

Skin
41%

Muscle
40%

Gut
7%

Subc.
9%

Li
ve

r 3
%

EV

60 g

EV
Remote

Loss
13.5 g/day
3.7%/day

  Fig. 1.1    Distribution and dynamics of HSA in a healthy person of 70 kg.  IV  intravascular,  EV  
extravascular,  TER  transcapillary escape rate,  subc , subcutaneous (The illustration is based on 
information found in Peters ( 1996 ))       
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 Thus, the protein can interact with the receptor gp60 (60-kDa glycoprotein), also 
called albondin, situated in the plasma membrane of continuous endothelium 
(except for the brain) and alveolar epithelium (Sleep  2014 ; Merlot et al.  2014 ). 
Binding results in internalization of the complex by a caveolin-dependent endocy-
totic process and ultimately to transcytosis of albumin. It has been proposed that ca. 
50 % of albumin leaves the capillary lumen in this way. Despite extensive studies, 
the gene for and the structure of gp60 are still unknown, and the molecular mecha-
nisms of this transcytosis are still poorly understood. 

 HSA can most probably also leave the bloodstream by a process involving the 
intracellular receptor FcRn (neonatal Fc receptor) (Fig.  1.2a ). This type of trans-
cytosis is initiated by pinocytosis of HSA at the luminal membrane of the endothe-
lial or epithelial cell (Bern et al.  2015 ). FcRn is placed in the membrane, but at 
physiological pH, there is no signifi cant interaction between receptor and protein. 
After being taken up, HSA enters early endosomes. From there, the protein is trans-
ferred to acidifi ed endosomes which have FcRn in their membrane, and at that pH 
(5–6), HSA binds strongly to FcRn. The endosomes with the protein-receptor com-
plexes can now fuse with the basolateral side. This event results in exocytosis of 
HSA, because the pH of the cellular surroundings is neutral. Interestingly, IgG can 
be transcytosed by the same mechanism (Bern et al.  2015 ).

   When albumin is saturated with fatty acids, transcytosis is two to three times 
higher than that of defatted albumin (Galis et al.  1988 ). The preferential transcytosis 
of cargo-carrying albumin is an interesting aspect, because it could help albumin to 
transport cargo into extravascular compartments. 

 HSA has an approximate plasma half-life of 19 days (Peters  1996 ). This half-life 
is extraordinary long for a circulating protein and is partly due to a return from the 
extravascular space to the circulation via the lymphatic system. The return amounts 
to 4–5 % of intravascular albumin per hour (Fig.  1.1 ), and the protein makes ca. 28 
“trips” in and out of the lymphatic system during its lifetime (Peters  1996 ). Another 
contributing factor to the long circulatory half-life is that normally HSA is not lost 
in the urine. One reason for this is that, due to its size and charge, the fi ltration of 
HSA in the glomeruli is low. In addition, any protein fi ltered is reabsorbed in the 
proximal tubuli and transferred to the bloodstream via endocytosis by a receptor 
complex formed by cubilin and megalin (Merlot et al.  2014 ; Bern et al.  2015 ). 
Interestingly, results of animal studies have suggested an important role of FcRn for 
the renal retrieval of albumin (Sand et al.  2015 ; Bern et al.  2015 ). 

 FcRn is expressed in multiple cell types and tissues and is most important for the 
half-life of HSA, because it protects the protein (and IgG) from degradation in the 
lysosomes. Actually, FcRn rescues as much albumin as the liver produces (Bern 
et al.  2015 ). The initial steps in the protection are similar to those leading to trans-
cytosis (Fig.  1.2a ): the protein is taken up by the cell in question by pinocytosis and 
ends up as FcRn-bound in acidifi ed endosomes. Now, in the present situation, the 
endosomes migrate to the membrane, where HSA originally was taken up, and 
release it by exocytosis. Thus, HSA is recycled back to the circulation. Albumin that 
does not bind to FcRn in the acidifi ed endosomes, because it is conformationally 

1 Human Serum Albumin: A Multifunctional Protein
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  Fig. 1.2    ( a ) pH-dependent, FcRn-mediated cellular transport of HSA (and IgG). Initially, HSA is 
taken up by pinocytosis from the blood or luminal space of the cell and enters early endosomes 
(step  1 ). From there it is transferred to acidifi ed endosomes having FcRn in the membrane. At 
this pH of 5–6, the protein binds strongly to the receptor at a 1:1 stoichiometry (step  2 ). At this 
point, three possible fates seem to exist for HSA. First, it can be exocytosed back to the blood or 
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modifi ed or in surplus, will neither be transcytosed nor recycled but will be destined 
for lysosomal degradation. 

 In contrast to the other receptors interacting with albumin, the crystal structure of 
FcRn, and of its complex with HSA, is known (Fig.  1.2b ). This detailed information 
is of great pharmaceutical and pharmacological interest, because on the basis of this 
knowledge, it is possible to construct albumin mutants with modifi ed affi nities for 
the receptor (Sand et al.  2015 ; Bern et al.  2015 ). Thus, it should be possible, for 
example, to design albumins with improved recycling and thereby increased circu-
latory half-life. Such a possibility is of great clinical impact, because in addition to 
increase the half-life of albumin itself, it should also increase very much the half- 
life of any bound cargo. An increased affi nity for FcRn could perhaps also facilitate 
transcytosis of HSA with or without bound drugs or therapeutics. These possibili-
ties are increasingly explored, but the infl uence of other factors has to be addressed. 
For example, the affi nity of albumin for FcRn is strongly species dependent, a fact 
that has to be taken into account when using laboratory animals in preclinical inves-
tigations. In addition, engineered HSA mutants may become immunogenic, and the 
albumin-FcRn interaction could be infl uenced by protein-bound drugs or therapeu-
tics. Thus, although very promising, there is still a long way to go before manipulat-
ing the interaction with FcRn can be used in the clinic.  

1.4      Binding to Other Receptors 

 Several types of cancer secrete a glycoprotein known as secreted protein acidic and 
rich in cysteine (SPARC). Among its functions is albumin binding, a function which 
results in enhanced accumulation of albumin in the tumors, but apparently not in 
increased uptake of the protein into the tumor cells (Merlot et al.  2014 ). The 
albumin- receptor binding could also result in accumulation of albumin-bound drugs 
and therapeutics in the tumors and thereby result in better therapeutic effects. For 
example, the response of human head and neck cancers to nab-paclitaxel (nanopar-
ticle albumin-bound paclitaxel) was reported to correlate with SPARC expression 
(Desai et al.  2009 ). 

Fig. 1.2 (continued) luminal space from where it was taken up. Such an event results in recycling 
of the protein (steps  3  and  5 ). Second, the exocytosis can take place at the basolateral membrane 
resulting in transcytosis (steps  4  and  5 ). Finally, HSA which does not bind to FcRn in the acidifi ed 
endosomes goes to degradation in the lysosomes (step  6 ). Whether the HSA-FcRn complexes go 
to the luminal or to the basolateral membrane depends on, among other factors, binding of intracel-
lular proteins such as adaptor protein-2 and calmodulin to sorting motifs of the cytoplasmic tail of 
the α-3 subunit (Sand et al.  2015 ). Principally the same mechanisms exist for IgG. IgG and HSA 
bind independently and noncooperatively to FcRn (The illustration is a modifi cation of Fig. 2 in 
Bern et al. ( 2015 ).). ( b ) Crystal structure of the HSA-FcRn complex (Oganesyan et al.  2014 ). The 
domains (I–III) of HSA are indicated. FcRn is composed of a long α-chain of 44 kDa (domains 
α1–α3) and a short β2-microglobulin unit of 12 kDa (β2m). Of these structures, only α3 has a 
transmembrane fragment and a cytosolic part. Domain III of HSA plays the essential role for bind-
ing, but domain I is also necessary. The fi gure was made with PyMOL on the basis of the atomic 
coordinates (PDB ID: 4N0F) available at the RCSB Protein Data Bank       

1 Human Serum Albumin: A Multifunctional Protein
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 The membrane-bound receptors gp18 (18-kDa glycoprotein) and gp30 (30-kDa 
glycoprotein) are widely distributed scavenger receptors which bind and internalize 
chemically modifi ed albumin. Thus, the receptors recognize damaged or changed 
albumin and target it for lysosomal degradation (Merlot et al.  2014 ).  

1.5     Clinical and Pharmaceutical Uses 

 Huge amounts of HSA, ca. 500 ton per year worldwide, are used for improving 
clinical conditions such as shock, burns, trauma, surgical blood loss, hypoalbumin-
emia, decompensated cirrhosis, cardiopulmonary bypass, and acute respiratory 
distress (Mendez et al.  2005 ). HSA can also be used as a part of a hemodialysis 
regimen especially in patients with hepatic failure. Several such systems exist, but 
the molecular adsorbent recirculating system (MARS) is currently the most effective 
liver support device and can effectively remove protein-bound and water-soluble 
substances (Mitzner  2011 ). The effi ciency of the system can most probably be 
increased by using tailor-made mutants of HSA itself or of one of its domains 
(Minomo et al.  2013 ). 

 HSA is also widely used as a stabilizing agent in pharmaceutical and biological 
products like vaccines, recombinant therapies, drug formulations, and coatings for 
medical devices (Chuang et al.  2002 ). Furthermore, the protein is used as a compo-
nent in serum-free cell culture media, as a component for imaging agents, and, pos-
sibly, for therapeutic apheresis where plasma exchange might be desirable (Chuang 
et al.  2002 ). 

 Traditionally, HSA is obtained by fractionating human plasma. The risk by using 
this approach is that such preparations can be contaminated with blood-derived 
pathogens, for which reason the preparations have to be heated at 60 °C for 10 h in 
the presence of sodium octanoate and N-acetyl- L -tryptophanate. Of these ligands, 
octanoate has the greatest stabilizing effect against heat, whereas the presence of 
N-acetyl- L -tryptophanate diminishes oxidation of the protein (Anraku et al.  2004 ). 
However, recent studies have revealed that N-acetyl- L -tryptophanate should be 
replaced by N-acetyl- L -methionine, because the latter is a superior antioxidant and 
protects HSA against light and thereby photo-irradiation (Kouno et al.  2014 ). 
Although this pasteurization procedure is very effective, the potential risk of the 
presence of pathogens still exists, and the associated screening costs are substantial. 
In addition, in several countries, supplies of human plasma are limited. Therefore, 
many and large efforts are being made to produce rHSA as a substitute. rHSA can 
be highly expressed in various hosts including bacteria, yeast, and transgenic ani-
mals and plants (Chen et al.  2013 ). Of these, yeast ( Pichia pastoris ) and plants 
(Asian rice) seem to be the most promising for large-scale production. However, 
challenges like purity and production costs have to be met. For example, HSA 
expressed in rice has extensive glycation which showed supplier-to-supplier and 
lot-to-lot variability (Frahm et al.  2014 ). Therefore, it has not yet been possible to 
do large-scale production for clinical uses. Nevertheless, rHSA is currently used for 
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different pharmaceutical purposes. This is the case with, for example, Recombumin ®  
from Novozymes Biopharma, Albagen™ from New Century Pharmaceuticals, and 
recombinant human albumin from Akron Biotech and Sigma-Aldrich.  

1.6     Ligand Binding 

 HSA serves as a depot protein and transport protein for numerous endogenous and 
exogenous compounds. In this way, the protein has a major impact on the pharma-
cokinetics and pharmacological effects of drugs (Yamasaki et al.  2013 ). Albumin 
binding can also affect the ligands in a more individual manner. Thus, binding can 
result in an increased solubility in plasma of the compound, in a reduced toxicity, or 
in protection of the ligand against oxidizing agents. 

 Although the ligand-binding properties of HSA are very versatile, it mainly 
binds organic anions and inorganic cations. This unique ability of the protein is due 
to a favorable combination of hydrophobic pockets and side-chain charges and to a 
pronounced fl exibility, which, to a large degree, is caused by fairly long interdomain 
and intradomain polypeptide linkers and fl exible loops. 

 Detailed molecular information about the binding sites is very helpful in the 
assessment of displacement effects. However, it should be born in mind that dis-
placement effects may as well be caused by ligand-induced conformational changes 
of the protein. Structural information is also useful when designing new drugs 
whether the aim is to avoid binding or to make use of the protein’s depot function. 

 For comprehensive tabulations of ligands, see the reviews of, for example, 
Kragh-Hansen ( 1981 ), Peters ( 1996 ), Kragh-Hansen et al. ( 2002 ), and Fanali et al. 
( 2012 ). In the following, the known binding sites and regions for high-affi nity bind-
ing will be presented. 

1.6.1     N-terminal End 

 Cu 2+  and Ni 2+  are strongly bound in a square-planar ligand arrangement formed by 
the three N-terminal amino acids Asp1, Ala2 and His3. The metal ions are held 
tightly in a chelate ring involving the α-amino nitrogen of Asp1, the fi rst two pep-
tide nitrogens, and the N 1  imidazole nitrogen of His3. Co 2+  binds with a lower affi n-
ity to principally the same site in an octahedral environment but with the 
β-COO –  group of Asp1 and the ε-group of Lys4 axially contributing to the metal ion 
coordination sphere (Fanali et al.  2012 ; Bal et al.  2013 ). 

 Co 2+  binding to HSA from patients with cardiac ischemia is diminished. Perhaps 
it is not the site at the N-terminal end but other sites which are affected (Bal et al. 
 2013 ). Anyway, the observation has led to the development of assays for the condi-
tion. However, albumin’s affi nity for Co 2+  can also be affected by several other 
conditions (Gaze  2009 ).  

1 Human Serum Albumin: A Multifunctional Protein



10

1.6.2      Cys34 

 Cys34 in subdomain IA (Fig.  1.3a ) is located in a crevice on the surface of the pro-
tein and does not participate in any disulfi de bridges. Despite a limited accessibility, 
the sulfhydryl group can bind Hg 2+ , Ag + , Au + , and Pt 2+  (Fanali et al.  2012 ). The resi-
due can also interact with nitric oxide and 8-nitro-cGMP and thereby form 
 S -nitrosothiol and  S -cGMP-HSA, respectively (Ishima et al.  2012a ,  b ). In the circu-
lation, about half of HSA has Cys34 coupled to low molecular weight thiols such as 
cysteine, glutathione, and homocysteine. The thiol group can also interact with 

  Fig. 1.3    ( a ) Crystal structure of HSA with the position of Cys34 indicated in  red  and the 17 disul-
fi de bridges marked in  yellow . The subdivision of the protein into domains (I–III) and subdomains 
( a ,  b ) is shown.  N  and  C  represent the N-terminal and C-terminal ends, respectively. PDB ID: 
1BM0. ( b ) Locations of the seven binding sites common to fatty acid anions using palmitate as an 
example ( red ). PDB ID: 1e7h.  (c ) Binding site for warfarin (PDB ID: 2bxd) in site I ( yellow ) and 
for diazepam (PDB ID: 2bxf) in site II ( green ). ( d ) Lidocaine binding ( magenta ) in the central, 
interdomain crevice. PDB ID: 3JQZ       
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several drugs such as bucillamine derivatives,  D -penicillamine, captopril, meso- 2,3- 
dimercaptosuccinate, N-acetyl- L -cysteine, aurothiomalate, auranofi n, and ethacrynate 
(Kragh-Hansen et al.  2002 ).

1.6.3        Subdomains IA and IIA 

 Palmitate has been reported to bind with a high affi nity to an enclosed site located 
between subdomains IA and IIA (Simard et al.  2006 ). The methylene tail of the 
fatty acid anion binds in a nearly linear conformation within a narrow hydrophobic 
cavity formed by residues of the two subdomains, while the carboxyl forms specifi c 
salt bridge interactions with Tyr150, Arg257, and Ser287 (site 2 in Fig.  1.3b ). 
Apparently, no other ligands, with the exception of other medium- and long-chain 
fatty acid anions, bind in this site. 

 HSA is the major Zn 2+  transporter in plasma, and in the fatty acid-free protein, 
the metal ion binds primarily to an essentially preformed, 5-coordinate site located 
at the interface of domains I and II involving His67 and Asn99 from the former and 
His247 and Asp249 from the latter domain (Blindauer et al.  2009 ). The site is also 
a primary binding site for Cd 2+  and a weak site for Cu 2+  and Ni 2+ . Therefore, the site 
is often called the multi-metal-binding site (Bal et al.  2013 ). Binding of a fatty acid 
to site 2 results in conformational changes which disrupt the site.  

1.6.4     Subdomain IB 

 This subdomain houses a fairly large,  L -shaped cavity with charged residues such as 
Arg117 and Arg186, capable of making hydrogen bondings, at its entrance (Zunszain 
et al.  2008 ). High-affi nity binding of bilirubin and fusidic acid within this pocket 
causes only minor conformational changes in the site. By contrast, high-affi nity 
binding of hemin and low-affi nity binding of a fatty acid anion (site 1 in Fig.  1.3b ) 
induce a signifi cant conformational rearrangement of the subdomain. Wang et al. 
( 2013 ) found that the subdomain is a major binding site for complex heterocyclic 
molecules such as the oncology agents camptothecin, 9-amino-camptothecin, eto-
poside, teniposide, bicalutamide, and idarubicin. The authors also observed that the 
large binding cavity has two access sites.  

1.6.5     Subdomain IIA 

 The pioneering work of Sudlow et al. ( 1975 ), which was based on displacement of 
fl uorescent probes, revealed that most drugs bind with a high affi nity to one of two 
sites, called site I and site II. Of these, site I is placed in subdomain IIA (Fig.  1.3c ). 
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The site is adaptable, because it can bind structurally very diverse ligands. However, 
usually they are dicarboxylic acids and/or bulky heterocyclic molecules with a 
negative charge localized in the middle of the molecule. The site is also large, 
because several examples have been found of independent binding of two different 
compounds (Kragh-Hansen et al.  2002 ). Several studies have shown that the site is 
composed of fl exible subsites. Thus, Yamasaki et al. ( 1996 ) reported independent, 
high-affi nity binding of acenocoumarol, dansyl- L -asparagine, and n-butyl 
p- aminobenzoate to three subsites which were named Ia, Ib, and Ic, respectively. 
Of these, Ia and Ib correspond to the warfarin and azapropazone binding regions, 
respectively. 

 X-ray crystallography has revealed many details about the site. Ghuman et al. 
( 2005 ) found that it was a preformed binding pocket within the core of the subdo-
main including the lone tryptophan residue of the protein (Trp214). In the defatted 
protein, the interior of the pocket is predominantly apolar but contains two impor-
tant clusters of polar residues, an inner one toward the bottom of the pocket (Tyr150, 
His242, and Arg257) and an outer cluster at the pocket entrance (Lys195, Lys199, 
Arg218, and Arg222). The large binding cavity is comprised of a central zone from 
which extend three distinct compartments. Warfarin, phenylbutazone, oxyphenbuta-
zone, and the renal toxin 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid bind 
in the center of the pocket and partly into the compartments. Iophenoxic acid binds 
with a high affi nity in the main chamber (central zone) and makes crucial hydrogen 
bonds to the side chains of Tyr150 and Arg257 (Ryan et al.  2011a ). The ligand binds 
in a similar position and orientation to other compounds that are composed primar-
ily of iodinated aromatic rings such as triiodobenzoic acid, diiodosalicylic acid, and 
iodipamide. The dansylated forms of  L -asparagine,  L -arginine, and  L -glutamate are 
fl uorescent marker ligands for the site, and they make essentially the same set of 
interactions with the binding pocket (Ryan et al.  2011b ).  

1.6.6     Subdomain IIIA 

 Sudlow’s site II, also called the indole-benzodiazepine site, is situated in subdomain 
IIIA (Fig.  1.3c ). Ligands binding to the site are often aliphatic or aromatic carbox-
ylic acids with a negatively charged acidic group at one end of the molecule away 
from a hydrophobic center. Site II seems to be smaller, more selective, and less fl ex-
ible than site I (Kragh-Hansen et al.  2002 ). Among the ligands known to bind to the 
site with a high affi nity are  L -tryptophan, diazepam, and several nonsteroidal antiin-
fl ammatory drugs. Octanoate and fatty acids with a longer chain length also bind to 
site II with a high affi nity (Kragh-Hansen et al.  2006 ; Simard et al.  2006 ). 

 Crystallographic analyses have shown that, like site I, site II comprises a largely 
preformed hydrophobic cavity with distinct polar features in defatted HSA (Ghuman 
et al.  2005 ). However, differences between the sites also exist, among them being 
that site II is smaller than site I and without preformed sub-compartments. 
Furthermore, site II has only one main cluster of polar residues near the pocket 
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entrance; it is composed of Arg410, Tyr411, Lys414, and Ser489. Difl unisal, diaz-
epam, ibuprofen, and the renal toxin indoxyl sulfate were found to bind in the center 
of the binding pocket. Propofol also binds to the site but in a different conformation 
due to its hydroxyl group in the center of the molecule. The fl exibility of the site is 
less pronounced than that of site I, because binding is often strongly affected by 
stereoselectivity (Kragh-Hansen et al.  2002 ). However, site II possesses some fl ex-
ibility, because it can bind diazepam, which has a large, branched structure, and two 
molecules of myristate (Ghuman et al.  2005 ). Ryan et al. ( 2011b ) have studied in 
detail the binding of the marker ligands dansyl- L -phenylalanine, dansyl- L - norvaline, 
and dansylsarcosine.  

1.6.7     Subdomain IIIB 

 Palmitate and other medium- and long-chain fatty acids bind with a high affi nity in 
a hydrophobic channel that spans the width of the subdomain (site 5 in Fig.  1.3b ) 
(Bhattacharya et al.  2000 ; Simard et al.  2006 ; Kragh-Hansen et al.  2006 ). The car-
boxyl group of the fatty acids interacts with the side chain of Lys525, aided in most 
cases by Tyr401. So far, no drugs have been reported to bind to this subdomain with 
a high affi nity. However, binding experiments with mutants of HSA and molecular 
dockings strongly suggest that  L -thyroxine binds with a high affi nity to a site in the 
subdomain and that Lys525 is also important for strong binding of this ligand 
(Kragh-Hansen et al.  2016 ).  

1.6.8     Central, Interdomain Crevice 

 Only a very few ligands have been reported to bind in the large crevice between 
domains I and III in defatted HSA. However, two low-affi nity sites exist for the 
binding of decanoate but not for fatty acids of a longer aliphatic chain: one close to 
the base of the crevice and one further up (Bhattacharya et al.  2000 ). The positively 
charged lidocaine binds to a superfi cially placed site in subdomain IB in the upper 
part of the interdomain cleft. Arg114, Lys190, and Asp187 are important residues 
for binding of the drug (Fig.  1.3d ) (Hein et al.  2010 ).  

1.6.9     Covalent Binding 

 Certain metal ions, nitric oxide, and several drugs and other organic compounds can 
bind covalently to Cys34 (see Sect.  1.6.2 ). 

 The metabolism of drugs with a carboxylic acid function involves usually the 
formation of acyl glucuronides. This type of metabolite is a reactive electrophilic 
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species and can therefore react covalently with HSA. Several such examples exist, 
and serine, arginine, or lysine residues, especially Lys159 or Lys199, are involved 
(Kragh-Hansen et al.  2002 ). 

  D -glucose and other reducing monosaccharides can interact with HSA. The inter-
action is with positively charged amino acids, and especially Lys525 but also 
Lys199, Lys281, and Lys439 seem to be important in this respect (Nakajou et al. 
 2003 ). This nonenzymatic glycation starts by condensation of the carbonyl group in 
acyclic glucose with a free amino group forming a Schiff base or aldimine interme-
diate, which undergoes an Amadori rearrangement to form a stable ketoamine that 
can cyclize to a ring structure. The Amadori product may subsequently undergo 
oxidative and nonoxidative degradation or rearrangement, giving rise to a heteroge-
neous group of substances loosely described as advanced glycation end products. 
Because the ambient glucose concentration is the major determinant for the reac-
tion, glycation is increased in diabetes, and glycoalbumin has been proposed as a 
useful test for short- and intermediate-term control (2–3 weeks). By contrast, glyco-
hemoglobin (HbA1c) is the favorite test for monitoring long-term (2–3 months) 
control of blood sugar levels in diabetics. Glycoalbumin may also serve as a bio-
marker for complications of diabetes such as nephropathy, retinopathy, and cardio-
vascular disease (Cohen  2013 ; Furusyo and Hayashi  2013 ).   

1.7     Coupling of Nonbinding Therapeutics to HSA 

 Several polypeptide and polynucleotide therapeutics are used in the clinic while 
others are promising in clinical trials. However, the usefulness of such therapeutics 
can be limited due to very short in vivo half-lives, in the order of minutes, due to, 
for example, rapid degradation and renal clearance. The short half-lives can be 
increased very much by coupling the therapeutics to albumin, and the use of albu-
min for this purpose is a rapidly growing area of research. 

1.7.1      Reversible Binding of Modifi ed Therapeutics 

 A well-known example to illustrate this possibility is Levemir ®  (Insulin detemir), 
which is an albumin-binding human insulin analog in which threonine in position 
B29 has been replaced by lysine to which myristic acid is covalently attached. The 
modifi ed insulin binds reversibly to HSA, and its half-life is increased from 4–6 min 
to 5–7 h (Sleep  2014 ). More recently, Tresiba ®  (Insulin degludec) has been devel-
oped. In this insulin form, palmitic acid is conjugated to the mutated lysine in posi-
tion B29 through a gamma- L -glutamyl spacer, and in this case the half-life has been 
increased to more than 24 h in the blood of patients (Sleep  2014 ). In principally the 
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same way has the in vivo half-life of the glucagon-like peptide 1 (GLP-1) been 
extended. In liraglutide (Victoza ®  and Saxenda ® ) Lys37 has been substituted by 
arginine, and palmitic acid has been coupled to Lys26. Liraglutide has a half-life of 
11–15 h in contrast to the endogenous hormone that has a half-life of ca. 2 min. 
Furthermore, semaglutide is a modifi ed version of GLP-1 to which stearic diacid is 
bound, and this product has a half-life of 160 h allowing once-weekly dosing (Sleep 
 2014 ). Attachment of a fatty acid is also able to result in albumin binding of other 
therapeutics like cisplatin. In addition to fatty acids, also a small organic molecule 
based upon 4-(p-Iodophenyl) butanoic acid derivatives, called Albutag, and several 
peptides can imply albumin binding. For example, the binding of Albutag to a 
single- chain antibody has increased its half-life 40-fold in a tumor-bearing mouse 
model (Sleep  2014 ). For more examples, see the review of Bern et al. ( 2015 ). 

 Exogenous double-stranded siRNA can result in potent and sequence-specifi c, 
posttranslational gene silencing, but their in vivo use is impeded by a poor stability 
and short half-life. Bienk et al. ( 2015 ) observed that although cholesterol is not a 
known ligand for HSA, siRNA functionalized with two cholesteryl moieties exhib-
ited high and specifi c affi nity to the protein (K ass  = 10 7  M −1 ) and a sixfold increase in 
serum half-life in NMRI mice.  

1.7.2     Covalent Binding of Modifi ed Therapeutics 

 Polypeptide therapeutics can be modifi ed by a maleimide- or thiol-containing com-
pound which ensures conjugation to Cys34. This approach has been used in the case 
of, for example, aldoxorubicin (doxorubicin), insulin, methotrexate, exendin-4, 
protamine, growth hormone, the antiviral peptide PC-1505, the opioid agonist dyn-
orphin A, YY peptide, and the granulocyte colony-stimulating factor (Elsadek and 
Kratz  2012 ; Sleep  2014 ; Bern et al.  2015 ). Usually, the half-lives of the therapeutics 
are increased very much to several hours or even days. Using this approach for 
increasing half-lives, it is necessary to release the prodrug or the drug itself from 
HSA. One way of obtaining this release is to use an acid-sensitive linker. In this way 
the compound can be set free extracellularly in the slightly acidic environment often 
present in, for example, tumor tissue or intracellularly in acidic endosomes or lyso-
somal compartments after cellular uptake. Alternatively, the linker can be hydro-
lyzed by making use of redox enzymes or albumin’s enzymatic properties (see Sect. 
 1.11 ). 

 Using this way of extending half-lives and that mentioned in Sect.  1.7.1 , one 
should be aware of the risk that binding of the modifi ed therapeutic could displace 
albumin-bound drugs, or other ligands, simultaneously given to the patient. In addi-
tion, the bound therapeutic could interfere with albumin binding to receptors such 
as FcRn and thereby interfere with the half-life, distribution, or metabolism of itself 
and of albumin (see Sect.  1.3 ).  
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1.7.3     Genetic Fusion to HSA 

 If the gene of the therapeutic polypeptide or protein is available, then half-life exten-
sion can also be achieved by albumin fusion technology, where the therapeutic of 
interest is expressed together with albumin as a single polypeptide chain. If suffi -
cient linker space is given, albumin and the therapeutic are able to fold correctly. A 
favorable feature of this technique is that it allows a simple one-step synthesis pro-
cess with no need for in vitro chemical linking steps. The safe and general utility of 
albumin fusions can be seen by considering the number of fusions approved or in 
clinical development. Some examples can be mentioned here: coagulation factors 
(FVIIa, FIX, and von Willebrand factor), anticoagulants (hirudin, infestin, and bar-
bourin), growth factors (erythropoietin and G-CSF), cytokines (IL-2, IL-1ra, 
interferon-α-2b, and interferon-β), GLP-1, insulin, and thioredoxin-1. For reviews, 
see Sleep ( 2014 ) and Bern et al. ( 2015 ). 

 The therapeutic molecule is fused either to the N- or C-terminus of albumin – or 
simultaneously to both ends. If fused to the C-terminus, the therapeutic can perhaps 
interfere with the pH-dependent binding of albumin to FcRn and thereby affect the 
half-life of the product (see Sect.  1.3 ). By contrast, nothing indicates that fusion to 
albumin potentiates the immune response to the therapeutic polypeptide or protein 
or to albumin itself.   

1.8     Targeting 

 In addition to increasing the stability and half-life of drugs and therapeutics, native 
and modifi ed HSA can act as a versatile and effective delivery tool for them and 
thereby increase their therapeutic effect and reduce unwanted side effects. The func-
tion can be exerted in three principally different manners, namely, by passive accu-
mulation at disease sites, by adding a tag to the protein which can be recognized by 
specifi c receptors, or by mutating the protein. 

1.8.1     Passive Targeting 

 HSA, with or without cargo, accumulates within tumor interstitium due to the 
enhanced permeation and retention effect (EPR). This effect occurs due to the 
extensive vascularization in these tissues and to the combined effects of a leaky, 
immature capillary network and an impaired lymphatic drainage. A supplementary 
explanation for albumin accumulation in tumors is based on albumin interaction 
with receptors. Thus, HSA could transcytose across the endothelium of the capillar-
ies via the gp60 or FcRn receptor and bind to SPARC in the interstitium of the tumor 
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(see Sects.  1.3  and  1.4 ). In addition to increased interstitial accumulation, tumor 
cells seem to have increased uptake and catabolism of albumin. 

 HSA can also accumulate in other types of diseased tissue such as in rheumatoid 
arthritis and in other infl amed tissues (Neumann et al.  2010 ). This type of accumula-
tion is most probable also the result of a local EPR effect and the presence of SPARC 
(Sleep  2014 ). 

 The therapeutic potential of passive targeting of HSA in tumors can be illustrated 
by using  S -nitrosated HSA as an example. Thus, Ishima et al. ( 2012a ) found that 
 S -nitrosated HSA accumulates in the tumor of C26 tumor-bearing mice due to the 
EPR effect and causes a pronounced cell death. Experiments with an  S -nitrosated 
version of recombinant HSA dimer showed that both NO and the dimer itself 
enhance the EPR effect and that the modifi ed dimer accumulates more than the cor-
responding monomer in the tumor. Furthermore,  S -nitrosated HSA dimer delivers 
large amounts of cytotoxic NO into the tumor tissue. The antitumor effect of the 
 S -nitrosated dimer can be further increased by adding more NO moieties to the 
protein (or by pegylation): binding of 13.5 mol NO/mol protein, using 2- iminothiolane 
as a linker, resulted in a ten times higher antitumor activity in the mice as compared 
to a preparation having only 1.5 mol NO/mol protein (Ishima et al.  2014 ). As men-
tioned, in addition to having a good antitumor effect,  S -nitrosated HSA dimer can 
increase the EPR effect. This results in a higher concentration of the compound in 
the tumor. However, it can also increase the accumulation and thereby antitumor 
effect of other antitumor agents simultaneously given to the mice such as micelles 
like HPMA-ZnPP and liposomes like Doxil (Kinoshita et al.  2015 ). 

 Cell infl ux of NO mainly takes place by cell-surface protein disulfi de isomerase, 
and apoptosis is mainly the result of ROS induction and activation of enzymes such 
as caspase-3 and heme oxygenase-1. The administration of  S -nitrosated albumin is 
safe, because it has no effect on blood pressure, heart rate, or on several biochemical 
markers (Kinoshita et al.  2015 ).  

1.8.2     Active Targeting 

 Targeting to cells and organs can be achieved by adding a targeting ligand to 
HSA. The ligand is targeted to a receptor in the wanted cell type, and by coupling a 
therapeutic to the albumin-ligand complex a treatment will become much more spe-
cifi c, and the toxic side effects will be reduced. In this respect, the liver has been one 
of the most desirable target organs. For example, Kupffer cells in the liver possess 
mannose receptors, and mannosylated HSA can selectively transfer NO to these 
cells and thereby be used in the treatment of ischemia/reperfusion injuries (Taguchi 
et al.  2015 ). The liver also contains hepatic stellate cells having receptors for 
mannose- 6-phosphate, and HSA with this ligand can target antifi brotic drugs to 
these cells and thereby to the liver (Taguchi et al.  2015 ). Coupling of 5-fl uorouracil 
to galactosylated HSA results in a potentially useful complex in the treatment of 
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liver carcinoma, because it can bind to asialoglycoprotein receptors on the hepato-
cytes (Cai et al.  2006 ). A similar approach can be made by using lactosaminated 
HSA, because the outlying galactose moiety can bind to the same type of receptor. 
In this way can adenine arabinoside-AMP, fl uorodeoxyuridine, and doxorubicin be 
targeted to the liver with good therapeutic results; see Fiume and Di Stefano ( 2010 ) 
who discuss the possible pros and cons of these treatments. 

 HSA nanocapsules can be surface modifi ed with folic acid, and this complex can 
interact with folate receptor beta specifi cally expressed by activated macrophages. 
In this way, it should be possible to deliver co-bound therapeutics selectively to the 
pro-infl ammatory cells playing a key role in the development of rheumatoid arthritis 
without causing toxicity and collateral damage to healthy cells (Rollett et al.  2012 ). 
Finally, cationized HSA itself and proteins and nanoparticles conjugated to it can 
cross the blood-brain barrier (Sleep  2014 ).  

1.8.3     Mutated HSA 

 Not much work has been carried out for testing whether mutants of HSA can be 
used for targeting. Perhaps the work of Iwao et al. ( 2007 ,  2009 ) can give some hints 
in that respect. These authors studied the biodistribution of a large number of genetic 
variants of the protein in mice. They found that the mutations Cys177→Phe, 
Lys240→Glu, and Glu321→Lys and two examples of a shortening and modifi cation 
of the C-terminal end resulted in a 2.2- to 20-fold increase in liver uptake and that 
the mutations Cys177→Phe, Lys313→Asn, and Lys541→Glu increased kidney 
clearance by a factor 2.2–4.4. Results like these could be useful when designing 
recombinant, therapeutic albumins or albumin products with a modifi ed cell or 
organ uptake. Actually, the recombinant mutation of Arg410 to Ala resulted in a 
more than 27-fold increase of liver clearance, whereas uptake by kidneys, spleen, 
lungs, and heart were not signifi cantly affected (Iwao et al.  2006 ).   

1.9     Nanoparticles 

 The use of many drugs, for example, chemotherapy agents and agents for gene 
therapy, is hampered by low solubility in aqueous media, a pronounced toxicity, 
and/or fast in vivo degradation. One way of reducing or even solving these problems 
is to encapsulate the agents in nanoparticles. Albumin seems to be particularly use-
ful in this respect, because it is stable, biodegradable, nontoxic, nonimmunogenic, 
and can readily bind various drugs. Nanoparticles made of albumin are easy to pre-
pare under soft conditions, and a large variety of protocols for making them exist 
based on desolvation, emulsifi cation, thermal gelation, nano spray drying, the nab 
technology, or self-assembly. Because functional groups exist on the nanoparticle 
surface, it is possible to harden the particles by cross-linking and to attach targeting 
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ligands or compounds which imply a lower toxicity, because side effects are 
reduced. Among the two latter types of molecules are galactosamine, folate, poly-
ethylene glycol, surfactants, cationic or thermosensitive polymers, and peptides like 
Arg-Gly-Asp-containing peptide; even proteins can be covalently bound to the sur-
face of HSA nanoparticles for increasing brain uptake. The fi rst commercial product 
based on protein nanoparticles in oncology was albumin-bound paclitaxel 
(Abraxane ® ) approved by the FDA in 2005. Since then, albumin nanoparticles 
encapsulating other active compounds have been fabricated, namely, doxorubicin, 
cisplatin, docetaxel, rapamycin, vinblastine sulfate, mitoxantrone, ferulate, iron 
oxide, EDTA, and octyl aldehyde. The purposes of making such particles are a 
potential use in the treatment of different cancer forms and vascular diseases as well 
as for imaging and chelation therapy. Many of these particles are currently in differ-
ent phases of clinical trials. For reviews, see Elsadek and Kratz ( 2012 ), Elzoghby 
et al. ( 2012 ), and Bern et al. ( 2015 ).  

1.10     Antioxidant Activities 

 Free radicals are normal components of cellular oxygen metabolism in mammals, 
and they often play a central role in signaling processes. However, radicals can be 
produced in surplus and thereby lead to oxidative stress resulting in reversible and 
irreversible modifi cations of sensitive macromolecules. Therefore, it is essential to 
have well-developed defense mechanisms against this toxicity. In extracellular fl u-
ids, a major antioxidant role is performed by albumin, and it can diminish the 
amounts of different reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) (Quinlan et al.  2005 ; Roche et al.  2008 ; Anraku et al.  2013 ). In addition to 
directly interacting with ROS and RNS, albumin can to a certain extent prevent their 
formation. 

 HSA can act as a primary antioxidant and prevent ROS and RNS formation by 
binding transition metal ions. Most importantly, HSA binds copper ions with a high 
affi nity, but the protein can also bind vanadium, cobalt, and nickel ions as well as 
heme and iron ions, the latter under conditions of iron overload or pronounced 
hemolysis (Quinlan et al.  2005 ; Roche et al.  2008 ). The activities of NO and sulfur- 
containing organic compounds like homocysteine are reduced through binding to 
Cys34 of HSA. Interestingly, albumin-bound bilirubin, but not free bilirubin, has 
antioxidant properties. 

 HSA can protect ligands against oxidation. For example, polyunsaturated fatty 
acids bind with a high affi nity to the protein, and thereby they become protected 
from oxidant-mediated damage (Roche et al.  2008 ). 

 HSA can also act as a secondary antioxidant and scavenge preformed ROS and 
RNS. This activity can mainly be attributed to its single thiol group, Cys34, which 
accounts for ca. 80 % of the reduced thiols in human plasma (Anraku et al.  2013 ). 
The thiol group can react with several oxidizing species and become oxidized 
reversibly to sulfenic (SOH) or sulfi nic acid (SO 2 H) or irreversibly to sulfonic acid 
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(SO 3 H). Actually, the redox state of Cys34 has been suggested as a useful biomarker 
for oxidative stress (Anraku et al.  2013 ). In addition to Cys34, also methionine resi-
dues and, probably to a lesser degree, tryptophan, arginine, tyrosine, lysine, threo-
nine, proline, and valine residues contribute to the antioxidant properties of 
HSA. The involvement of the different amino acid residues depends on their molec-
ular surroundings in the protein and on the type of oxidant (Iwao et al.  2012 ; Anraku 
et al.  2015 ).  

1.11      Enzymatic Properties 

 HSA and some of its ligand complexes possess enzymatic properties which are use-
ful both in vivo and in vitro (Kragh-Hansen  2013 ). The most pronounced of the 
many activities of HSA are different types of hydrolysis. Key examples are esterase- 
like activities involving Tyr411 (Fig.  1.4 ) or Lys199 and the thioesterase activity of 
Cys34. In the fi rst case, hydrolysis involves water and both products are released, 
whereas in the latter cases one of the products is set free, and the other stays 
covalently bound to the protein. The protein has great impact on the metabolism of, 
for example, eicosanoids and xenobiotics. HSA is also useful in detoxifi cation 
reactions, for activating prodrugs and for binding and activating drug conjugates. 

  Fig. 1.4    A close-up of the nitrogen atoms of Arg410 and the phenolic oxygen of Tyr411 in sub-
domain IIIA, which are important for the esterase-like activity of HSA. The interresidue distance 
is 2.7 Å. PDB ID: 1BM0       
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The protein can be used to construct smart nanotubes with enzymatic properties 
useful for biomedical applications. Albumin with a metal ion-containing complex is 
capable of facilitating reactions involving reactive oxygen and nitrogen species and 
can be used for nanoparticle formation. Thus, even though the enzymatic properties 
of HSA are not always appreciated, they can be physiologically relevant and useful 
for biomedical and pharmaceutical purposes.

1.12        Other Functions 

 Physiologically, HSA may infl uence microvascular integrity, aspects of the infl am-
matory pathway, including neutrophil adhesion, and the activity of cell signaling 
moieties (Quinlan et al.  2005 ; Spinella et al.  2016 ). The protein also has an anti-
thrombotic, anticoagulant effect due to its capacity to bind nitric oxide (Spinella 
et al.  2016 ). In addition, it possesses immune-modulating effects. Finally, albumin 
is a negative acute-phase protein. Perhaps one or more of these activities can be the 
object for pharmaceutical or pharmacological intervention in the future.     
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    Chapter 2   
 Stability of Albumin and Stabilization 
of Albumin Preparations                     

     Keishi     Yamasaki      and     Makoto     Anraku    

    Abstract     Human serum albumin (HSA) is structurally stabilized by 17 disulfi de 
bonds, and interactions between domains (or subdomains) of HSA also contribute 
to its stability. The effects of several other factors on the stability of HSA and phar-
maceutical preparations that contain HSA have been widely investigated. When 
HSA is heated and in the presence of chemical denaturants, unfolding occurs 
through multiple steps, and the genetic variations of HSA and ligand binding to 
HSA have been shown to contribute to protecting HSA against such irreversible 
structural changes. 

 HSA is therapeutically used for treating shock, burns, hypoalbuminemia, sur-
gery, trauma, cardiopulmonary bypass, acute respiratory distress, or hemodialysis, 
and its pharmaceutical preparations are supplied in the form of sterilized aqueous 
solutions. These solutions contain sodium octanoate and  N -acetyl- L -tryptophanate 
to prevent the irreversible denaturation of HSA that occurs during pasteurization by 
heating at 60 °C for 10 h. Sodium octanoate has the greatest stabilizing effect against 
heat, whereas the presence of  N -acetyl- L -tryptophanate diminishes the oxidation of 
HSA. Recently,  N -acetyl-methioninate, as a new stabilizer, has been suggested to be 
superior to  N -acetyl- L -tryptophanate with respect to scavenging reactive oxygen 
species and in protecting the protein against oxidation. 

 Nanoparticle and fusion proteins which contain HSA as a carrier for drug deliv-
ery are being actively developed. In addition to the use of sodium octanoate and 
 N -acetyl- L -tryptophanate as a stabilizer for nanoparticles of paclitaxel, to stabilize 
HSA fusion proteins, ligand binding to HSA domains, genetic mutations of HSA 
domains, and lyophilization using sugars or surfactants are used.  
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2.1       Introduction 

 Human serum albumin (HSA) is a major protein component of blood plasma and 
plays an important role in the regulation of colloidal osmotic pressure, the antioxidant 
capacity of human plasma, and the transport of numerous endogenous compounds 
such as fatty acids, hormones, toxic metabolites (eg, bilirubin), bile acids, amino 
acids, and metals (Peters  1995 ; Kragh-Hansen et al.  2002 ). Crystallographic data 
show that HSA contains three α-helical domains that are structurally similar: I 
(residues 1–195), II (196–383), and III (384–585), which are further divided into 
subdomains A and B (Carter and Ho  1994 ; Sugio et al.  1999 ; Curry et al.  1998 ). 
HSA contains 35 cysteine residues, and all of these except one,  34 Cys (in domain I), 
are involved in the formation of 17 disulfi de bonds that serve to stabilize HSA 
(Fig.  2.1 ). The data also show that interdomain and intersubdomain interactions 
contribute signifi cantly to the stability of the HSA molecule. HSA has been used as 
a therapeutic agent, and attempts to utilize it as a pharmaceutical additive have also 
been made. In all cases, the stability of HSA is an important aspect that should be 
considered especially at the stages of production and storage. The effects of heat, 
chemicals, genetic variation, and several other factors on the stability of HSA and 
its pharmaceutical preparations have been widely investigated.

  Fig. 2.1    Crystal structure of rHSA, showing the location of domains (I–III), and 35 cysteine resi-
dues ( yellow ). The illustration was made with PyMol on the basis of the atomic coordinates 1E78 
available at the Brookhaven Protein Data Bank       
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2.2        Thermal Stability of HSA 

 Proteins are known to be denatured by a change in physical environment such as 
heating (Fersht  1999 ). The conformational responses of albumin against heating 
have also been studied in attempts to understand its structural features and stability. 

2.2.1     Fundamental Properties of HSA Structural Responses 
Against Heating 

 An increase in temperature causes changes in the structure of HSA and intermolecular 
interactions, which can affect the thermal stability of HSA. The α-helical structure 
content in HSA which was estimated to be 66 % at 25 °C, based on circular dichroism 
(CD) spectra, decreased to 53 % at 65 °C (Moriyama and Takeda  2005 ). The 13 % 
loss in α-helical structure is not recovered after recooling to 25 °C. 

 Flora et al. investigated the effect of temperature on the structure of acrylodan- 
labeled HSA by steady-state and time-resolved fl uorescence methods (Flora et al. 
 1998 ). Increasing the temperature to about 50 °C results in the reversible separation 
of domains I and II, as evidenced by fl uorescent techniques. They also reported that 
heating to < 70 °C resulted in the irreversible unfolding of domain II, while increasing 
the temperature to 70 °C or higher resulted in the irreversible unfolding of domain 
I. It was suggested that this irreversible unfolding is accompanied by the unfolding 
of the pocket containing the free sulfhydryl group of 34Cys, which enables the 
formation of aggregates through disulfi de bridges. Thus, they fi nally demonstrated 
that the unfolding of HSA that occurs at elevated temperatures involved multiple 
steps as shown in the following scheme:

  N E I U   ,    ( 1 )    

where  N  is the native form of the protein,  E  is the expanded form,  I  is an intermediate 
where domain II is unfolded while domain I is intact, and  U  is the unfolded protein.  

2.2.2     Effect of Genetic Variation 

 The effect of genetic variation on the thermal stability of HSA was studied by CD 
and differential scanning calorimetry (DSC) (Kragh-Hansen et al.  2005 ). The 
differences in Tm (midpoint of denaturation) and ΔHv (van’t Hoff enthalpy) values 
from normal HSA (ΔTm and Δ(ΔHv)) were investigated. For the 33 generic variants 
examined, no clear relationship was found between thermal stability and the type of 
substitution, changes in protein charge, or hydrophobicity. The Tm of eight variants 
changed more than 5 °C as compared to normal HSA, where a positive ΔTm for 
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three variants (Malmö, Maku, proalbumin Blenheim) and a negative ΔTm for fi ve 
variants (Canterbury, Trieste, Verona, Venezia, Kénitra) were found (Table  2.1 ). 
Furthermore, variants mutated in domain I have a uniform effect (positive ΔTm and 
a negative Δ(ΔHv)), meaning that they denature more easily than normal HSA but 
do so at a higher temperature. They concluded that domain I is the most thermally 
unstable domain. Kosa et al. also suggested the importance of domain I on the 
stability of albumin based on results for the thermally induced denaturation of 
serum albumin from fi ve mammalian species (human, bovine, dog, rabbit, and rat) 
(Kosa et al.  1998 ).

   Watanabe et al. studied the thermal stabilities of residues in recombinant HSA 
domain II mutants (K199A, W214A, R218H, and H242Q) using DSC and CD 
techniques. Their results showed a minor increase in thermal stability for R218H 
and H242Q, a small decrease in stability for K199A, and a larger decrease in 
stability for W214A (Table  2.2 ) (Watanabe et al.  2001a ). 214Trp is important for 
holding together the two halves of the heart-shaped albumin molecule, because this 
residue is an element in a major interdomain cluster of hydrophobic residues (Carter 
et al. 1994). Thus, 214Trp in domain II is thought to be an important amino acid 
residue that contributes to thermal stability as well as domain I. Furthermore, these 
data suggest that mutations of 218Arg and 242His in domain II are crucial in 
designing albumins with greater thermal stability. They also found only marginal 
changes in the thermodynamic parameters for the thermal denaturation of residues 
in mutants of domain III (R410A, Y411A, R410A/Y411A, Y411S, Y411F) 
(Table  2.2 ) (Watanabe et al.  2001a ). However, a mutation in domain III also affects 
the thermal stability of the molecule, as observed in some variants, Ortonovo, Maku, 
Verona, Milano Fast, Catania, Venezia, Bazzano, or Kénitra. Thus, the contribution 
of domain III to thermal stability also should not be excluded.

2.2.3         Effect of Ligand Binding 

 Effects of the binding of ligands (fatty acids and some stabilizers) on the thermal 
stability of HSA have also been studied by many researchers. Ross and Shrake 
compared the stability of defatted and non-defatted HSA (Ross and Shrake  1988 ). 
They showed that the stability of defatted HSA (refl ected by its denaturation 
temperature, Td), monitored from 50 to 80 °C by DSC, decreased with increasing 
HSA concentration from 1.43 to 74.1 mg/mL. This was shown to be compatible 
with a simple model in which the reversible polymerization of the denatured HSA 
monomer promotes unfolding. The denaturation of the non-defatted HSA monomer, 
which is subsaturated with a high-affi nity endogenous long-chain fatty acid (LCFA), 
was a biphasic process. The Td for the fi rst endotherm, associated with the 
denaturation of the LCFA-poor species, decreased with increasing protein 
concentration, similar to that for the defatted monomer, whereas the Td for the 
second endotherm, which is associated with the denaturation of LCFA-rich species, 
was found to be independent of concentration. The magnitude of the concentration 

K. Yamasaki and M. Anraku



29

   Table 2.1    Thermodynamic parameters for thermal denaturation of albumin variants, proalbumin 
variants, albumins modifi ed at the C-terminal end, and glycosylated variants (Kragh-Hansen et al. 
 2005 )   

 Variant  Mutation 
 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol)  Variant  Mutation 

 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol) 

 Blenheim  1 
Asp→Val 

 1.94  −132.61  proAlb 
Lille 

 −2 Arg→His  4.64  −13.82 

 Malmö-95  63 
Asp→Asn 

 6.07  −163.15  proAlb 
Blenheim 

 1 Asp→Val  7.10  −118.49 

 Vibo 
Valentia 

 82 
Glu→Lys 

 2.03  −35.48  Arg-Alb  Albumin with 
−1 Arg 

 0.23  12.65 

 Tregasio  122 
Val→Glu 

 0.57  26.85 

 Hawkes 
Bay 

 177 
Cys→Phe 

 −1.59  −17.66  Catania  580–582: 
substituted 

 0.13  −57.27 

 Tradate-2  225 
Lys→Glu 

 −4.86  44.13  579–585: 
deleted 

 Herborn  240 
Lys→Glu 

 −2.74  −71.99  Venezia  572–578: 
substituted 

 −5.74  99.43 

 Niigata  269 
Asp→Gly 

 3.67  −79.90  579–585: 
deleted 

 Caserta  276 
Lys→Asn 

 4.87  13.42  Bazzano  567–582: 
substituted 

 4.67  −8.54 

 Canterbury  313 
Lys→Asn 

 −7.16  6.84  583–585: 
deleted 

 Brest  314 
Asp→Val 

 −0.38  24.09  Kénitra  575–585: 
substituted 

 −5.30  15.72 

 Roma  321 
Glu→Lys 

 1.42  28.98  extended with 
586–601 

 Sondrio  333 
Glu→Lys 

 −2.56  −21.89 

 Trieste  359 
Lys→Asn 

 −6.56  −13.91  Malmö-95  63 Asp→Asn  4.06  −10.41 

 Parklands  365 
Asp→His 

 0.89  58.06  glycosylated 
at 63 Asn 

 Milano 
Slow 

 375 
Asp→His 

 −0.09  −94.33 

 Kashmir  501 
Glu→Lys 

 0.13  −1.52  Redhill  −1 Arg 
retained 

 1.93  −9.52 

 Ortonovo  505 
Glu→Lys 

 1.87  −83.36  320 Ala→Thr 

 Maku  541 
Lys→Glu 

 6.12  −58.32  glycosylated 
at 318 Asn 

 Church Bay  560 
Lys→Glu 

 0.70  15.23 

(continued)
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dependence of Td is directly related to the extent of polymerization of denatured 
monomer, which decreases with increasing level of bound ligand. 

 Anraku et al. showed that, after preheating HSA for 30 min at 60 °C, followed by 
cooling, it was impossible to obtain an ordinary DSC thermogram (Anraku et al. 
 2004 ). This can be attributed to the irreversible denaturation that occurs during pre-
heating. The presence of sodium octanoate (Oct) and  N -acetyl- L -tryptophanate 
( N -AcTrp) prevented the irreversible protein denaturation that occurred during 
preheating. The high-affi nity binding of Oct also has a greater stabilizing effect 
against heat as indicated by the obvious increase in Td and calorimetric enthalpy, 
while N-AcTrp, which is mainly present in the unbound form, diminishes the 
oxidation of HSA. Furthermore,  N -acetyl-methioninate ( N -AcMet) was proposed as 
a substitute for  N -AcTrp which has possible side effects in intracerebral disease 
(Anraku et al.  2007 ; Kouno et al.  2014 ).   

Table 2.1 (continued)

 Variant  Mutation 
 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol)  Variant  Mutation 

 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol) 

 Paris-2  563 
Asp→Asn 

 4.17  −154.35  Casebrook  494 
Asp→Asn 

 −1.11  54.36 

 Verona  570 
Glu→Lys 

 −6.53  53.92  glycosylated 
at 494 Asn 

 Milano Fast  573 
Lys→Glu 

 2.08  41.45 

    Table 2.2    Thermodynamic parameters for thermal denaturation of recombinant HSA mutants 
(Watanabe et al.  2001a )   

 Recombinant 
Domain I 
mutants  Mutation 

 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol) 

 Recombinant 
Domain III 
mutants  Mutation 

 ΔT m  
(K) 

 Δ(ΔH v ) 
(kJ/mol) 

 K199A  199 
Lys→Ala 

 −1.84  −53.5  R410A  410 
Arg→Ala 

 −0.5  −8.0 

 W214A  214 
Trp→Ala 

 −3.0  −178.7  Y411A  411 
Tyr→Ala 

 −0.8  −13.8 

 R218H  218 
Arg→His 

 1.6  68.0  R410A/
Y411A 

 410 
Arg→Ala 

 −0.9  −18.2 

 H242Q  242 
His→Gln 

 1.5  45.0  411 
Tyr→Ala 

 Y411S  411 
Tyr→Ser 

 0.3  3.9 

 Y411F  411 
Tyr→Phe 

 −0.7  −10.8 
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2.3     Chemical Stability of Human Serum Albumin 

 A protein can be denatured by changing its chemical environment. The most 
common methods involve adding a chemical denaturant, such as guanidinium 
hydrochloride (GdnHCl) or urea (Fersht  1999 ). These compounds are strong 
denaturants that act by disrupting hydrogen bonding and thereby causing many pro-
teins to adopt a highly unfolded and less compact conformation in solution. 

2.3.1     Fundamental Properties of HSA Structural Responses 
Against Chemical Denaturant 

 Flora et al. investigated the effect of GdnHCl-induced denaturation on the spatial 
relationship between 214Trp of domain II and 34Cys of domain I, labeled with 
acrylodan by CD and fl uorescence spectroscopy (Flora et al.  1998 ). They 
demonstrated that denaturation of HSA by GdnHCl occurs via a pathway involving 
at least the following three distinct steps: (1) initial reversible separation of domains 
I and II at GdnHCl concentrations less than 1.0 M, (2) the irreversible unfolding of 
domain II at 2.0 M GdnHCl, and (3) the irreversible unfolding of domain I at higher 
concentrations of GdnHCl. Other reports have proposed contradictory opening 
sequences of the domains: a sequence of domain III → II → I and the presence of a 
molten globule-like state of domain III around 1.8 M GdnHCl (Ahmad et al.  2005 ) 
and a sequence involving domain II → I → III (Santra et al.  2005 ). 

 González-Jiménez and Cortijo, using fl uorescence and CD measurements, 
concluded that HSA is denatured using urea in a single two-state transition with a 
midpoint at about 6 M urea due to the unfolding of domain II (Gonzalez-Jimenez 
and Cortijo  2002 ). Even at a urea concentration of 8 M, some residual structure 
remains in domain I, where denaturation only takes place when a stronger denaturant, 
GdnHCl, is added. Different conclusions for the urea-induced denaturation were 
obtained by Muzammil et al. ( 2000 ). They suggested that domains I and/or III are 
involved in the formation of an intermediate at a urea concentration of 2.0–4.6 M, 
followed by denaturation at higher concentrations of urea, whereas no changes 
occurred in domain II at urea concentrations of 0.0–5.4 M. Furthermore, the urea- 
induced transition underwent a single-step cooperative transition in the presence of 
anions, indicating that anions were chiefl y responsible for stabilizing HSA.  

2.3.2     Effect of Genetic Variation 

 Watanabe et al. compared the stability of single and double residue mutants at 
410Arg and 411Tyr (R410A, Y411A, Y411S, Y411F, R410A/Y411A) against 
GndHCl-induced denaturation of rHSA (Watanabe et al.  2000 ). No obvious 
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differences between the mutants and rHSA were observed, suggesting that a limited 
substitution of one or two amino acid residues in domain III (subdomain IIIA) has 
no effect on the stability of the molecule. Kosa et al. compared the effects of 
GdnHCl-induced denaturation between mammalian (human, bovine, dog, rabbit, 
and rat) albumins using fl uorescence and CD spectroscopies (Kosa et al.  1998 ). Dog 
albumin, which possesses a different homology in terms of the amino acid sequences 
in domain I, showed the highest stability against GdnHCl-induced denaturation. 
Thus, in addition to Cys residues that are involved in formation of disulfi de bonds, 
several other amino acid residues located in domain I might also contribute to the 
stability of the molecule (Kosa et al.  1998 ; Kragh-Hansen et al.  2005 ).  

2.3.3     Effect of Ligand Binding 

 Effects of ligand binding (fatty acids and some stabilizers) on the chemical 
denaturation of HSA have been also investigated. Recently, detailed investigations 
of the chemical denaturation of fatted and defatted HSA were carried out using 
small-angle X-ray scattering, dynamic light scattering, fl uorescence, and CD 
(Galantini et al.  2008 ; Leggio et al.  2009 ). Multistep unfolding pathways involving 
two intermediates were proposed for both the GdnHCl- and urea-induced 
denaturation of defatted HSA. The opening sequences of the domains were 
evidenced as III → II → I and I → II → III for the GdnHCl- and urea-induced 
denaturation, respectively (Figs.  2.2a  and  2.3a ). Fatty acids have a somewhat 
protective effect on GdnHCl-induced denaturation (Fig.  2.2b ), whereas urea- 
induced denaturation is strongly inhibited by the presence of a fatty acid (palmitic 
acid) (Fig.  2.3b ), which remains in the native form up to high urea concentrations. 
In this case, the unfolding process of fatty acid-containing HSA by urea can be 
characterized by a single-step mechanism.

    The unfolding of native HSA and recombinant wild-type HSA (rHSA) by 
GdnHCl was followed by changes in their far-UV CD spectra (Watanabe et al. 
 2001b ). The transition curve for both albumins exhibited an apparent two-state 
denaturation behavior. Oct with  N -AcTrp had a greater stabilizing effect against the 
GdnHCl-induced denaturation of both HSA than the other fatty acids examined 
(palmitate and oleate). The stability of HSA against urea-induced denaturation is 
enhanced upon the binding of ligands such as ibuprofen, diazepam, ketoprofen, and 
sodium dodecyl sulfate (SDS) (Galantini et al.  2010 ; Manoharan et al.  2015 ; Duggan 
and Luck  1948 ). 

 The binding of surfactants such as SDS is known to provide marginal structural 
rigidity to the native state of HSA at low SDS concentrations (Anand et al.  2015 ). 
In contrast, higher concentrations of SDS cause the unfolding of HSA. Anand et al. 
investigated the effect of β-cyclodextrin (β-CyD) on the unfolding process of bovine 
serum albumin (BSA) in which SDS causes a structural change in a similar manner 
to HSA. Although β-CyD itself induced a marginal structural loss of BSA, it 
contributed to the recovery of the structure of unfolded BSA by SDS (Anand and 
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Mukherjee  2013 ). Interestingly, the effect of β-CyD on protein structure was not 
observed for BSA that was denatured by GdnHCl. The refolding of BSA by β-CyD 
is attributed to the inclusion or removal of SDS molecules from BSA (Anand and 
Mukherjee  2013 ). Thus, endogenous and exogenous compounds (eg, fatty acids, 
drugs, surfactants, and cyclodextrins) may stabilize HSA against denaturation.   

2.4     Stabilization of Marketed Albumin 

 HSA has been used as therapeutic agent for treating shock, burns, hypoalbuminemia, 
surgery or trauma, cardiopulmonary bypass, acute respiratory distress, and 
hemodialysis (Peters  1995 ; Mendez et al.  2005 ). HSA products in the USA and 
Japan are supplied in the form of sterilized aqueous solutions at concentrations of 5, 
20, or 25 % (Table  2.3 ). In Japan, most HSA solutions are produced using 
domestically donated blood. The commercial purifi cation of HSA from donated 
human blood is carried out based on the Cohn fractionation method (Cohn et al. 
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 1946 ). By controlling the pH, temperature, and cold ethanol content, the precipitate 
obtained after the fi nal step is Fraction V which is comprised of more than 96 % 
HSA. After removing the ethanol, the pH and ionic strength are adjusted for 
commercial use. For the production of HSA, a fi nal pasteurization of HSA is carried 
out to prevent the risk of transmitting pathogenic viruses, such as those causing 
hepatitis or HIV. This process involves heating at 60 °C for 10 h, therefore Oct 
(0.08 mmol/g HSA) and  N -AcTrp (0.08 mmol/g HSA) are used to maintain the 
stability of HSA (Bertolini et al.  2012 ). To avoid the potential spread of blood 
pathogens, an alternative to blood-derived HSA, recombinant HSA (rHSA), has 
been successfully produced using  Pichia pastoris ,  Saccharomyces cerevisiae , or 
 Oryza sativa . Solution of rHSA produced by  Pichia pastoris  is licensed as Medway ®  
in Japan for the treatment of hypoalbuminemia and hemorrhagic shock. This 
solution also includes Oct and  N -AcTrp as stabilizers.

   Highly pure commercial HSA solutions (almost 100 %) can be achieved with the 
current production system. The shelf life of most HSA solutions is 3 years at 37 °C 
or 5 years under refrigeration in glass vials. Although it seems to be unnecessary to 
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improve the stability of HSA under production and storage, there are some issues 
yet to be settled. For example, the mechanism responsible for stabilization by Oct 
and  N -AcTrp is not fully understood. Furthermore,  N -AcTrp has a possible side 
effect of intracerebral disease (Aguilera et al.  2001 ), and alternative stabilizers are 
required for ensuring safety as well as stability. 

2.4.1     Stabilizing Mechanisms in Marketed Albumin 

 Since the only source of HSA for clinical application is donated human blood, the 
risks of transmitting pathogenic viruses, such as those causing hepatitis, HIV, and 
some other unidentifi ed diseases, exists. Pasteurization of HSA is carried out by 
heating at 60 °C for several hours with Oct and  N -AcTrp as commonly used 
stabilizers (Shrake et al.  1984 ), a process that usually destroys the viruses present. 
These commonly used additives effectively protect HSA by increasing the melting 
temperature as determined by DSC and by decreasing the formation of aggregates 
after heating (Arakawa and Kita  2000a ,  b ). Also, Oct is probably fi ve- to tenfold 
more effective than  N -AcTrp in reducing aggregation during the thermal unfolding 
of albumin (Arakawa and Kita  2000a ,  b ). Thus, the mechanism of stabilization of 
 N -AcTrp is not fully elucidated. We found that  N -AcTrp was much better than Oct 
to protect HSA against general oxidation caused by prolonged exposure to reactive 
oxygen species (ROS) (Anraku et al.  2004 ). In contrast to  N -acetyl- L -cysteinate 
( N -AcCys),  L -tryptophanate ( L -Trp) also had this effect. The protection brought 
about by  N -AcTrp was pronounced and more immediate in the case of the sulfhydryl 
group of HSA. This protective role of  N -AcTrp can be of practical importance, 
because the 34Cys of HSA represents the largest fraction of free thiols in blood 
(Kragh-Hansen et al.  2002 ). In albumin products, Oct has the greatest stabilizing 
effect against heat, whereas the presence of  N -AcTrp diminishes oxidation of HSA.  

2.4.2     Important Amino Acids for the Antioxidant Activity 
of Marketed Albumin 

  N -AcTrp has a possible side effect of causing intracerebral disease (Aguilera et al. 
 2001 ). In Trp metabolism, 3-hydroxykynurenine is known to have particularly 
strong neurotoxic properties (Topczewska-Bruns et al.  2003 ), and the accumulation 
of Trp metabolites in the nervous tissue due to HSA product administration may be 
involved in the pathogenesis of several neurological disorders in uremia. To provide 
safe and risk-free albumin preparations, it is important to fi nd new stabilizing 
reagents in place of  N -AcTrp. 

 All amino acid residues of proteins are susceptible to oxidative modifi cation by 
one or more forms of ROS (Vogt  1995 ; Davies  2005 ). The oxidative modifi cations 
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of sulfur-containing amino acids such as Cys and Met could serve as antioxidants 
via their cyclic oxidation and reduction. Among the 585 amino acid residues in 
HSA, Bourdon et al. reported that Met and Cys accounted for 40–80 % of the total 
antioxidant activity of HSA. They concluded that Cys functions largely as a free 
radical scavenger, whereas Met mainly functions as a metal chelator (Bourdon et al. 
 2005 ). Carballal et al. also concluded that thiol groups of albumin may well be an 
important scavenger of ROS (Carballal et al.  2003 ). We also quantitatively evaluated 
the role of Cys and Mets in the antioxidative activity of HSA using recombinant 
mutants, in which  34 Cys and/or the six Met residues had been mutated to alanine 
using site-directed mutagenesis (Iwao et al.  2012 ). Our results showed that the level 
of contribution of  34 Cys and the Met residues to the anti-oxidative activity of HSA 
were 61 % and 29 % against O 2  •− , 68 % and 61 % against H 2 O 2 , 38 % and 6 % against 
HO • , 36 % and 13 % against HOCl, and 51 % and 1 % against  • NO, respectively. 

 Recently, Miyamura et al., using ESI-TOFMS analysis, reported that the fraction 
of  34 Cys-cysteinylated HSA (Cys- 34 Cys-HSA) is different between commercially 
available HSA solutions (Miyamura et al.  2016 ). Furthermore, they showed that the 
antioxidative and ligand-binding activities of marketed HSA solutions were 
signifi cantly negatively correlated with the Cys- 34 Cys-HSA fraction. Thus, free 
 34 Cys is important for maintaining the antioxidative function of HSA solutions. 
Furthermore, in our recent study, the substitution of a glutamic acid at positions 122 
or 541, but not at 240 or 560, improved the antioxidant effect, perhaps by allowing 
the Met residues in their vicinity,  123 Met and  548 Met, respectively, more accessible 
for the oxidant (Fig.  2.4 ) (Anraku et al.  2015 ). On the other hand, no effect on 
oxidation was found for  N -AcCys in our previous studies, although Cys residues of 
proteins are susceptible to oxidation (Anraku et al.  2004 ). Thus, a sulfur-containing 
amino acid having mercapto groups,  N -AcMet could be the most suitable antioxidant 
for use as a stabilizer in albumin products.

2.4.3        Role of N-Acetyl-Methioninate as a New Stabilizer 
for Marketed Albumin 

 To provide safe and risk-free albumin products, we validated  N -AcMet as a new 
stabilizer for albumin products. As a result, we suggested that the use of  N -AcMet 
in albumin preparations was more safe and free of the risk of side effects than the 
use of  N -AcTrp (Anraku et al.  2007 ). We also investigated the roles of Oct,  N -AcTrp, 
and  N -AcMet for the photostability of albumin. Interestingly, we found that 
 N -AcMet is superior to  N -AcTrp with respect to scavenging ROS and for protecting 
the protein against oxidation. Furthermore,  N -AcMet, with or without Oct, has a 
good stabilizing effect on the structure of albumin. By contrast,  N -AcTrp promotes 
photooxidative degradation of the protein (Fig.  2.5 ) (Kouno et al.  2014 ). Thus, 
 N -AcMet should be useful as a new stabilizer and antioxidant for albumin 
preparations. HSA is isolated by fractionating human plasma, which exposes it to 
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possible contamination by viruses or prions. As an alternative to blood-derived 
HSA, recombinant HSA (rHSA) has been successfully produced using yeast cells. 
rHSA produced by the methylotrophic yeast  Pichia pastoris  is identical to blood- 
derived HSA in neo-antigenicity (Kobayashi  2006 ). The preparation has been 
shown to have comparable safety, tolerability, pharmacokinetics, and 
pharmacodynamics. In the near future, highly stable and inexpensive rHSA 
stabilized by  N -AcMet may be available for clinical applications.

2.5         Stability and Stabilization of Novel Pharmaceutical 
Products That Contain HSA 

 HSA is also used as excipient for certain types of pharmaceutical products to protect 
the drug from degradation or from being adsorbed by the container and to be a 
carrier of drugs. Recent research and development of pharmaceutical products that 
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N-terminal
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K560E

E570K

K541E

R410C

E82K

C34S
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M446
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M329
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M123

  Fig. 2.4    The crystal structure of HSA showing the locations of the six methionine residues ( black ) 
and the amino acids substituted in the two recombinant mutants ( green ) and the ten genetic variants 
( red ) used in this study (Anraku et al.  2015 ). The illustration was made with RasMol on the basis 
of the atomic coordinates 1E78 available at the Brookhaven Protein Data Bank       

 

K. Yamasaki and M. Anraku



39

contain HSA as a carrier of drugs are currently being actively pursued (Table  2.4 ). 
These products also should be formulated so that they are stable during their 
production and storage until used in the clinic.

2.5.1       Nab-Paclitaxel 

 Nanoparticle albumin-bound (nab) paclitaxel has been evaluated clinically for 
tumor treatment (Kratz  2008 ; Hawkins et al.  2008 ). Abraxane ®  which is nab- 
paclitaxel was approved by the FDA in 2005 for the treatment of metastatic breast 
cancer (Desai et al.  2006 ). Paclitaxel is mixed with HSA in an aqueous solution, and 
the mixture is then passed through a high-pressure homogenization process to form 
nanoparticles with an approximate diameter of 130 nm. Abraxane ®  is supplied as a 

Photo-irradiation (4 week, 40˚C)

N-acetyl-L-methionine
+ Sodium octanoate

Reactive oxygen species (ROS)

(Anti-oxidant) (Oxidant)

Structural stability of albumin
(α-helix→)

N-acetyl-L-tryptophan
+ Sodium octanoate

Structural change of albumin
(α-helix↓)

Albuminwith
Sodium octanoateas stabilizer against heat and 

N-acetyl-L-methionine or N-acetyl-L-tryptophan as antioxidant

Albumin products

ROS= =

  Fig. 2.5    Protective mechanism of N-acetyl-L-methionine against photooxidation of albumin 
(Kouno et al.  2014 )       
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white to yellow, sterile, lyophilized powder for reconstitution with 0.9 % sodium 
chloride. This lyophilized powder shows long-term storage characteristics 
(36 months) in sealed glass vials packaged in the original carton at 20–25 °C. The 
original carton can prevent the paclitaxel from photo-degradation. It is recommended 
that the reconstituted suspension in the vial or the infusion bag be used immediately, 
in order to ensure that the nanoparticle is stable as well as photo-stable. Thus, 
further research and development are expected to improve particle stability and 
photo-stability of lyophilized or reconstituted products. Abraxane ®  contains Oct 
and  N -AcTrp as excipients as well as commercial HSA products. If ROS generated 
by the exposure of lyophilized or reconstituted products to light contributes to the 
degradation of paclitaxel or the instability of nanoparticles,  N -AcMet, a superior 
ROS scavenger, might be substituted for  N -AcTrp as an effective stabilizer.  

2.5.2      Albiglutide 

 Albiglutide is a once-weekly injectable glucagon-like peptide 1 (GLP-1) agonist 
that was approved in 2014 by FDA for treatment of type 2 diabetes (Sharma et al. 
 2016 ). Albiglutide was fi rst marketed as a recombinant albumin-fused peptide, 
consisting of two molecules of modifi ed human GLP-1 that had been genetically 
fused to HSA, and is produced in  Saccharomyces cerevisiae  cells. This is 
commercially supplied as a pen-type injection system, in which lyophilized powder 
and water for injection are separately prefi lled. This product is stable for 2 years at 
2–8 °C or for up to 4 weeks at room temperature. The pen should be used within 8 h 
after reconstitution of the commercial product. Lyophilization is known to be a 
suitable technique for improving the storage stability of proteins. However, 
dehydration during the lyophilization process sometimes causes protein denaturation 
and aggregation, resulting in a loss of biological activity. Sugar excipients have 
been widely used to stabilize the protein during lyophilization and storage (Anhorn 
et al.  2008 ). Sucrose and trehalose have also been demonstrated to be suitable 
stabilizers against the aggregation of rHSA (Han et al.  2007 ) and the other HSA 
fusion protein (sEphB4-HSA; discussed at Sect.  2.5.3 ) (Shi et al.  2012 ). A 
commercial albiglutide product is also formulated using excipients, sodium 
dihydrogen phosphate monohydrate, disodium phosphate anhydrous, trehalose 
dehydrate, mannitol, and polysorbate 80, some of which might be used as stabilizer.  

2.5.3     IFN-α2b-HSA 

 Interferon-α2b and HSA fusion protein (IFN-α2b-HSA) has been developed as a 
promising long-acting formulation of IFN-α2b for the treatment of hepatitis C 
(Subramanian et al.  2007 ; Bain et al.  2006 ). The product, which was evaluated in 
clinical trials, was supplied as lyophilized form by Human Genome Sciences, Inc. 
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Zhao et al. separately developed IFN-α2b-HSA and investigated the stability of 
IFN-α2b-HSA solutions against mechanical and thermal stress (Zhao et al.  2009 ). 
Under these stress conditions, IFN-α2b-HSA was prone to undergo disulfi de-linked 
aggregation. The addition of Tween 80 attenuated the aggregation caused by 
agitation but did not attenuate the aggregation caused by heating. Tween 80, a 
nonionic surfactant, is not effective for stabilizing the product during storage. They 
substituted the unpaired cysteine residue ( 34 Cys) of the HSA domain in the fusion 
protein with serine by site-directed mutagenesis. This new fusion protein, IFN-α2b- 
HSA (C34S), possessed a signifi cant higher stability over IFN-α2b-HSA against 
mechanical and thermal stability when the free sulfhydryl group in the HSA moiety 
of IFN-α2b-HSA was eliminated.  

2.5.4     HSA-hGH 

 Human growth hormone (hGH) genetically fused to HSA (HSA-hGH) was 
developed for the long term treatment of growth hormone defi ciency, because of its 
longer half-life than hGH alone (Osborn et al.  2002 ). This fusion protein was 
produced and developed under the trade name of Albutropin ™  by Human Genome 
Science, Inc. Chow et al. studied the effects of nonionic surfactants (Tween 20 and 
Tween 80) on the stability of Albutropin ™  against agitation (Chou et al.  2005 ). Both 
surfactants protected Albutropin ™  against agitation-induced aggregation, even at 
concentrations below the critical micelle concentration, possibly due to binding to 
the native protein. They suggested that surfactants be employed as a rational 
approach to stabilizing protein pharmaceuticals such as Albutropin ™ . Recently, 
Cordes et al. investigated the effect of selective HSA domain stabilization by 
octanoic acid on the aggregation of HSA-hGH (Cordes et al.  2012b ). They 
demonstrated that the reduction of aggregation under solution conditions is due to 
an increased colloidal stability resulting from the binding of octanoate to the HSA 
domain, but not due to an increased conformational stability of the HSA domain.  

2.5.5     Balugrastim 

 Balugrastim is a granulocyte colony-stimulating factor (GCSF) that is fused to the 
C-terminus of HSA (HSA-GCSF), which allows for the once-per-cycle 
administration without pegylation (Volovat et al.  2014 ). Phase III clinical trials for 
the treatment of neutropenia in chemotherapy demonstrated that balugrastim is an 
effective and safe alternative to pegfi lgrastim, a pegylated GCSF analog (Volovat 
et al.  2014 ). Cordes et al. reported that the fusion of GCSF to HSA reduces the rate 
of aggregation of HSA-GCSF under solution conditions as compared with that of 
GCSF itself (Cordes et al.  2012a ). Because the aggregation of HSA-hGH is reduced 
by octanoic acid binding to an HSA domain despite its structural similarity between 
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GCSF and hGH, Cordes et al. suggested that each HSA fusion protein requires 
individually tailored conditions to reduce aggregation.  

2.5.6     sEphB4-HSA 

 Shi et al. investigated the biophysical properties and stabilization of recombinant 
HSA fusion with the extracellular domain (sEphB4) of EphB4, a member of the Eph 
family of tyrosine kinase receptors (Shi et al.  2012 ). This protein (sEphB4-HSA) 
was designed by fusing HSA to the C-terminal of sEphB4 and is thought to be a 
promising therapeutic candidate for the treatment of vascular proliferative disease 
and cancer. They demonstrated that sEphB4-HSA is most stable at pH ≥5 and at 
temperatures lower than 50 °C. Elevated temperatures caused the aggregation of 
sEphB4-HSA. The screening of stabilizers including amino acids and sugars, 
sucrose, and trehalose indicated that they can be effective stabilizers against 
sEphB4-HSA aggregation. As mentioned in Sect.  2.5.2 , sucrose and trehalose have 
also been reported to be suitable stabilizers against the aggregation of rHSA (Han 
et al.  2007 ) and HSA nanoparticles (Anhorn et al.  2008 ) during the lyophilization 
and long-term storage. 

 There are the other exciting avenues for medical applications of HSA that have 
not been fully explored (Table  2.4 ). For the formulations of these new products, 
more research directed at identifying factors that affect the stability of such 
molecules will be highly desirable.   

2.6     Conclusion and Future Prospects 

 The identifi cation of factors that affect the structures of HSA (ie, heat, chemicals, 
and genetic variations) helps not only to explain the dynamic structure of this pro-
tein but also to identify the important positions on the molecule (ie, domains or 
amino acid residues) that affect its stability, which fi nally serves to predict the sta-
bility of HSA at the point of production and storage. Developments of more stable 
proteins, new stabilizers, suitable production processes, and containers will also 
contribute to the stabilization of novel pharmaceutical formulations that contain 
HSA. Of course, the maintenance of the pharmacological and pharmacokinetic 
functions of HSA and its pharmaceutical preparations should be considered during 
the introduction of stabilizers.     
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Australia, for reviewing our article.  
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    Chapter 3   
 Albumin as a Biomarker                     

     Hiroshi     Watanabe      and     Toru     Maruyama   

    Abstract     Recent advancements in technology have given rise to the emergence of 
data regarding posttranslational modifi cations of human serum albumin (HSA) such 
as oxidation, glycation, truncation, dimerization, and carbamylation in disease con-
ditions. We developed a simple and rapid analytical method that allows the redox 
state of Cys-34 of HSA to be quantitatively and qualitatively evaluated with a high 
degree of sensitivity using an ESI-TOFMS technique. An increase in the level of 
oxidized HSA accompanied by a decrease in the level of reduced HSA was observed 
in cases of chronic liver disease, chronic renal disease, and diabetes mellitus, 
although the redox state of HSA is not associated with colloid osmotic pressure. 
The degree of oxidation of Cys-34 was correlated with ligand binding and the anti- 
oxidative functions of HSA. Since there is no oxidized form of HSA immediately 
after its secretion from liver cells, the oxidized species could constitute a potential 
marker of the extent of oxidative stress and of the scavenging activity of Cys-34. 
Evidence has accumulated to demonstrate that monitoring of the redox state of Cys- 
34 could not only be a useful marker for evaluating the progression of oxidative 
stress-related disease and the development of its complications but also in predict-
ing therapeutic effi cacy. In addition, the usefulness of determining the redox state of 
Cys-34 as an index of the quality of HSA preparations was also shown. These data 
strongly suggest that monitoring the posttranslational modifi cations of HSA can be 
important, since HSA function is related not only to its serum concentration but also 
to the preservation of its structural integrity under disease conditions.  
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3.1       Introduction 

 Posttranslationally modifi ed proteins can be used as biomarkers for the diagnosis of 
diseases or for the assessment of therapeutic responses. A prime example of this is 
the quantifi cation of glycated hemoglobin and glycoalbumin for the diagnosis and 
treatment of diabetes mellitus (Association  2013 ; Furusyo and Hayashi  2013 ; 
American Diabetes Association  2013 ). 

 Human serum albumin (HSA) is the most abundant protein in plasma, constitut-
ing 60–65 % of the total protein (Peters  1996 ). It is synthesized in the liver (10–15 
g/day: 3.5 % of the total HSA pool) and released into the intravascular space. An 
equivalent mass of HSA is catabolized in the muscle, skin, liver, and kidney. In the 
whole body of the HSA pool, 30–40 % is located in the intravascular space, whereas 
the remaining 60–70 % is in the interstitial space. The transfer rate of HSA from the 
intravascular space to the interstitial space is 4–5 % per hour, and approximately the 
same percentage is returned to the intravascular space through the lymphatic system 
(Peters  1996 ). It has been proposed that an important link exists between the intra-
vascular HSA level and disease (Peters  1996 ). In addition, due to the long plasma 
half-life of HSA (approximate 19 days), the occurrence of posttranslational modifi -
cations, resulting from oxidation, glycation, and truncation involving Cys-34 and 
other sites, contributes to the microheterogeneity of circulating HSA, which may 
alter its biological activity under disease conditions. Therefore, not only its quanti-
tative variation but also posttranslational modifi cations of HSA are thought to serve 
as an indicator of the severity of pathophysiological conditions and could result in 
an altered protein function and structure. This chapter explores the available evi-
dences for the use of HSA as biomarker in diseases.  

3.2     Cys-34 Is an Important Target for Oxidants 

 In addition to its function as a determinant of colloid osmotic pressure, HSA has 
other biological functions such as a carrier for endogenous and exogenous sub-
stances as well as radical scavenging properties. HSA is comprised of a single, non- 
glycosylated chain of 585 amino acids containing 17 disulfi de bridges. Of the 35 
cysteine residues, only that at position 34 (Cys-34) remains free, representing the 
main antioxidant site of the molecule (Fig.  3.1 ) (Peters  1996 ), because the thiol 
group is an effective reducing agent and nucleophile; it can react by one- and two- 
electron mechanisms, and they are susceptible to reversible and irreversible oxida-
tive modifi cation (Turell et al.  2008 ,  2013 ,  2014 ; Torres et al.  2012 ). 

 In healthy subjects, 70–80 % of the HSA circulates as human mercaptalbumin 
(HMA: reduced form), characterized by a reduced Cys-34 with preserved antioxi-
dant and scavenging activities, whereas in 20–30 % of the population, the Cys-34 
residue is reversibly oxidized and binds small thiol molecules such as cysteine, 
homocysteine, or glutathione (human nonmercaptalbumin 1 (HNA1): oxidized 
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form). The remaining ~5 % of the total HSA circulates as nonmercaptalbumin 2 
(HNA2: oxidized form), with the Cys-34 residue irreversibly oxidized to sulfi nic or 
sulfonic acids, thus leading to the permanent loss of its function (Turell et al.  2008 ; 
Anraku et al.  2013 ). Furthermore, the antioxidant activity is also exerted by the 
NH 2 -terminal region of HSA, which can chelate metal ions.

   In cells, the thiol group is present at millimolar concentrations and is almost 
completely in the reduced form. The intracellular total glutathione concentration is 
~15 mM (Requejo et al.  2010 ), and 90 % of the glutathione is reduced (Hansen et al. 
 2009 ). In addition, protein thiols are more abundant (10–50 mM) than glutathione 
in cells (Hansen et al.  2009 ). In contrast, in the extracellular compartment, particu-
larly in the plasma compartment, the thiol groups are more oxidized, and their con-
centration is lower. The concentration of total reduced thiol in plasma is ~0.6 
mM. Therefore, Cys-34 in HSA represents the largest fraction (>80 %) of free thiol 
groups in plasma, thus representing a potent scavenger of reactive oxygen and nitro-
gen species.  

3.3     Detection of the Redox State of Cys-34 

 Recent studies have demonstrated an association between chronic diseases and oxi-
dative stress. There is growing interest in developing diagnostic tools for monitor-
ing the extent of oxidative damage in tissue and organs, and the use of novel 
antioxidants for the prevention or treatment of oxidative stress-disease including 
liver, kidney, heart, vessel, cancer and neurodegenerative disease (Poli  2000 ; 
Descamps-Latscha and Witko-Sarsat  2001 ; Pergola et al.  2011 ). However, at pres-
ent, a rapid and sensitive clinical laboratory testing method for the rapid assessment 
of oxidative stress in human has not been available. 

  Fig. 3.1    The location of Cys-34 and ligand binding sites (Site I and Site II) in HSA. PDB ID: 
1BM0       
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 Era’s group and our laboratory have developed a high-performance liquid chro-
matography (HPLC) method for monitoring the redox status of Cys-34 in HSA. This 
HPLC analytical method has been shown to be useful for assessing the level of 
oxidative stress in disease states and for evaluating the anti-oxidative activity of 
therapeutic agents (Sogami et al.  1985 ; Terawaki et al.  2004 ; Anraku et al.  2004 ). 
However, this HPLC analytical method does not provide any molecular structural 
information regarding the oxidized form of Cys-34, as mentioned above. To address 
this need, we developed a simple and rapid analytical method that allows the quan-
titative and qualitative evaluation of the redox state of Cys-34 with a high degree of 
sensitivity using electrospray ionization time-of-fl ight mass spectrometer (ESI- 
TOFMS) (Kawakami et al.  2006 ; Kubota et al.  2009 ; Nagumo et al.  2014 ). We 
found that cysteinylation at Cys-34 (Cys-Cys34-HSA) accounts for the majority of 
the oxidized forms of Cys-34 (Fig.  3.2 ). A signifi cant positive correlation was 
observed between the Cys-Cys34-HSA fraction determined by EIS-TOFMS and the 
degree of oxidized Cys-34-HSA determined by HPLC of plasma samples from 229 
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  Fig. 3.2    Deconvoluted ESI-TOFMS spectra of HSA. ( a ) Spectrum of HSA from a healthy sub-
ject. ( b ) Spectrum of HSA from a patient with chronic liver disease. ( c ) Spectrum of HSA from the 
same patient that ( b ) after DTT treatment. The peaks correspond to the following: ( 1 ) Asp-Ala 
truncation from N-terminal of HSA, ( 2 ) Leu truncation from C-terminal of HSA, ( 3 ) reduced HSA, 
( 4 ) Cys-Cys34-HSA, ( 5 ) glycated HSA and ( 6 ) glycated Cys-Cys34-HSA (Nagumo et al.  2014 )       
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patients with chronic liver disease, chronic kidney disease, and diabetes mellitus. 
Compared to HPLC, ESI-TOFMS is a high throughput method that can be used to 
analyze large numbers of samples rapidly and sensitively and thus may be suitable 
for use in clinical laboratory testing. Furthermore, the ESI-TOFMS method offers 
an additional advantage of having the capability of characterizing the different oxi-
dized forms of Cys-34 that are produced by oxidation by a variety of endogenous 
substances. These data permitted the fraction of Cys-Cys34-HSA determined by 
ESI-TOFMS to be used as a novel marker for oxidative stress in the systemic circu-
lation (Nagumo et al.  2014 ).

3.4        Alterations of Cys-34 in Pathological Conditions 

 Recent advanced technology has given rise to the collection of data concerning the 
redox modifi cations of HSA in several disease conditions, where it was observed a 
decrease in the amount of the reduced form of HSA is accompanied by an increase 
in the amount of oxidized form, although redox state of HSA is not associated with 
colloid osmotic pressure (Sakata et al.  2010 ). Colombo et al. referred to as “redox 
albuminomics” (Colombo et al.  2012 ). Oxidation of HSA occurs in vivo, and its 
process is correlated to organ dysfunction. Since the oxidized form of HSA is not 
present immediately after secretion from liver cells, the oxidized species could con-
stitute potential markers of the involvement of oxidative stress and of the scaveng-
ing activity of the Cys-34. So far, there are several reports regarding the detection of 
oxidized form of HSA in different conditions such as chronic liver disease (Nagumo 
et al.  2014 ; Klammt et al.  2007 ; Jalan et al.  2009 ; Oettl et al.  2013 ), chronic kidney 
disease (Anraku et al.  2004 ; Musante et al.  2006 ,  2007 ; Terawaki et al.  2004 ), dia-
betes mellitus (Suzuki et al.  1992 ; Boisvert et al.  2010 ), aging (Era et al.  1995 ), etc. 

3.4.1     Cirrhosis 

3.4.1.1     Redox State of Cys-34 in Cirrhosis 

 Since the plasma HSA concentration is diminished in patients with liver disease, the 
HSA level is related to the prognosis in liver disease. Recent studies have shown 
that not only the HSA concentration but also the HSA function is reduced in liver 
disease (Nagumo et al.  2014 ; Klammt et al.  2007 ; Jalan et al.  2009 ; Oettl et al. 
 2013 ). Oxidative stress is believed to play an important role in liver disease (Sen 
et al.  2002 ) and is refl ected by the oxidative modifi cation of HSA.

   We recently reported on the effect of disease severity or branched chain amino 
acid (BCAA) treatment on the Cys-Cys34-HSA fraction measured by ESI-TOFMS 
in 139 patients with chronic liver disease (cirrhosis) (Nagumo et al.  2014 ). The 
relationship between the Cys-Cys34-HSA fraction and the Child-Pugh classifi ca-
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  Fig. 3.3    ( a ) Effect of disease progression on the Cys-Cys34-HSA fraction in chronic liver disease 
(cirrhosis) patients. The Cys-Cys34-HSA fraction was measured by ESI-TOFMS. Values are 
expressed as the mean ± SD (n=9–79). *P<0.05 as compared with healthy subjects, #P<0.05 as 
compared with Child-Pugh Grade A, and §P<0.05 as compared with Child-Pugh Grade B. ( b ) 
Effect of BCAA treatment on the Cys-Cys34-HSA fraction in chronic liver disease patients. Values 
are expressed as the mean ± SD (n=20). *P<0.01 as compared with healthy subjects, #P<0.05 as 
compared with before treatment (Nagumo et al.  2014 )       
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tion in patients with chronic liver disease was examined. As shown in Fig.  3.3 , an 
increase in the severity of the disease was associated with an increase in the Cys- 
Cys34- HSA fraction, suggesting an association between the progression of chronic 
liver disease and oxidative stress. The effect of BCAA treatment on the Cys-Cys34- 
HSA fraction in patients with chronic liver disease was also examined. As shown in 
Fig.  3.3 , the Cys-Cys34-HSA fraction was decreased as the result of the BCAA 
treatment, accompanied by a signifi cant improvement compared to the pretreatment 
level.

   We further investigated that the effect of the cysteinylation of Cys-34 on the 
ligand-binding ability of HSA purifi ed from the plasma of chronic liver disease 
patients. HSA has two major ligand-binding sites, so-called Site I and Site II, which 
are localized in subdomains IIA and IIIA on HSA, respectively (Fig.  3.1 ). To inves-
tigate the effect of cysteinylation on ligand-binding properties, binding experiments 
using an ultrafi ltration technique were carried out using endogenous and exogenous 
substances. Bilirubin and  L -tryptophan, which preferentially bind to Site I and Site 
II, respectively, were selected as endogenous ligands related to liver disease. On the 
other hand, warfarin and diazepam, representative drugs that bind to Site I and Site 
II, respectively, were used as exogenous ligands. The increases in the unbound frac-
tion of all of the four ligands were associated with the progression of liver disease. 
The decreased ligand-binding capacity of HSA observed in patients with chronic 
liver disease was signifi cantly improved as the result of the BCAA treatment. 
Interestingly, a moderate correlation was observed for the unbound fraction of war-
farin and diazepam, and a causal relationship was found in the case of the unbound 
fraction of bilirubin and  L -tryptophan with the Cys-Cys34-HSA fraction (Fig.  3.4 ), 
suggesting that the cysteinylation of Cys-34 affected the microenvironment of the 
ligand-binding sites. Since the decreased ligand-binding properties of HSA against 
these endogenous substances may contribute to an acceleration or inhibition of the 
progression of a disease, the correlation between the Cys-Cys34-HSA fraction and 
the fraction of ligand binding to HSA suggests that the Cys-Cys34-HSA fraction 
might also serve as a marker for estimating changes in the physiological functions 
of HSA. These data suggest that the Cys-Cys34-HSA fraction is, in fact, an appro-
priate marker for a decreased HSA function caused by the oxidative stress-related 
progression of liver disease or in response to a therapeutic treatment. 

 In a previous study, we also reported that Cys-34 accounted for approximately 
40 % of the total radical scavenging activity of HSA (Iwao et al.  2012 ; Anraku et al. 
 2011 ). The observed changes in the Cys-Cys34-HSA fraction with increasing sever-
ity of liver disease or BCAA treatment are likely to refl ect an alteration in available 
SH groups resulting from the cysteinylation or de-cysteinylation of Cys-34. Thus, 
such changes in the cysteinylation of Cys-34 could infl uence the anti-oxidative 
capacity of the protein in the systemic circulation, which may contribute to the pro-
gression of chronic liver disease. 

 In patients with advanced liver disease such acute on liver failure, Oettl K et al. 
investigated the oxidative modifi cation of HSA and its relation to physiological 
properties such as the binding function of HSA (Oettl et al.  2008 ). The distribution 
of HMA, HNA1, and HNA2 was determined by an HPLC method. They reported 
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that, in acute chronic liver failure, the extent of oxidation of Cys-34 increased with 
increasing severity of liver failure, while HMA was signifi cantly decreased in cir-
rhosis and acute-on-chronic liver failure. Bilirubin-binding affi nity (Site I) was in 
the order HMA>HNA1>HNA2, suggesting that the decreased percentages of HMA 
as well as the lower total HSA concentrations in plasma of patients provide the 
pathophysiological basis for impaired HSA function in advanced liver disease. 

 These fi ndings were consistent with their later fi ndings. They also recently 
observed marked alterations of the redox state of HSA and a signifi cant impairment 
of HSA-binding capacity (Site II) in patients with chronic liver disease as well as in 
septic patients without liver disease (Oettl et al.  2013 ; Stauber et al.  2014 ). In fact, 
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a signifi cant increase of HNA1 or HNA2 accompanied by a decrease in HMA and 
impaired dansylsarcosine binding (Site II) were observed in these patients. In 
patients with cirrhosis, HNA1 levels were found to be signifi cantly correlated with 
the MELD score, serum bilirubin levels, INR, and CRP, suggesting that both liver 
disease and infl ammation have an infl uence on the generation of HNA1 and HNA2. 
Receiver operating characteristic (ROC) analysis also revealed the diagnostic accu-
racy of HNA2 for 30-day and 90-day survival in patients with cirrhosis (Oettl et al. 
 2013 ). In a multivariate analysis of prognostic variables, HNA2 was the only 
remaining predictor of 90 day mortality (Stauber et al.  2014 ). The diagnostic accu-
racy of HNA2 tended to be superior to that of the MELD score. In addition, a 
Kaplan-Meier analysis demonstrated a signifi cantly higher 90 day mortality for cir-
rhotic patients with baseline HNA2 levels >12 % (Oettl et al.  2013 ). Therefore, they 
concluded that the irreversible oxidation of HSA is associated with a poor prognosis 
and thus may represent a novel biomarker for advanced chronic liver disease such 
as an acute liver failure. 

 Patients with cirrhosis display an increased tendency to and mortality from infec-
tions due to impaired innate immune systems. O’Brien et al. reported evidence that 
eicosanoid prostaglandin E 2  drives cirrhosis-associated immunosuppression 
(O’Brien et al.  2014 ). Importantly, they also demonstrated that HSA which reduces 
prostaglandin E 2  bioavailability in cirrhosis patients was decreased, and decreased 
HSA level contributes to immunosuppression and increasing the risk of infection by 
increasing the bioavailability of prostaglandin E 2 . These data suggest that the 
decreased ligand-binding properties of HSA due to its redox change also contribute 
to an impaired innate immune system in cirrhosis patients. 

 The clinical relevance of HSA dysfunction in liver disease is supported by stud-
ies showing a reduction in the severity of hepatic encephalopathy and improved 
survival of cirrhotic patients as the result of an infusion of HSA (Jalan and Kapoor 
 2004 ; Sort et al.  1999 ).  

3.4.1.2     Cysteinylated and N-Terminal Truncated Isoform of HSA 
in Cirrhosis 

 Domenicali et al. attempted to identify the structural alterations of HSA in 168 cir-
rhosis patients with stable condition or with acute clinical complications and deter-
mined their relationship with specifi c clinical complications and patient survival 
(Domenicali et al.  2014 ). Using HPLC/ESI-TOFMS, they identifi ed seven HSA 
isoforms, including (1) truncation of the last two amino acid residues at the 
N-terminal portion (HSA-DA), (2) truncation of the last amino acid residue at the 
C-terminal portion (HSA-L), (3) cysteinylation of the Cys-34 residue (Cys-Cys34- 
HSA), (4) sulfi nylation of the Cys-34 residue (HSA-SO 2 H), (5) glycosylation 
(HSA+GLYC) in addition to two combinations of (6) cysteinylated with the 
N-terminal truncated form (Cys-Cys34-HSA-DA) or the (7) glycosylated form 
(Cys-Cys34-HSA+GLYC). In patients with cirrhosis, the unchanged form of HMA 
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was signifi cantly reduced, while the levels of cysteinylated (Cys-Cys34-HSA, Cys- 
Cys34- HSA-DA, and Cys-Cys34-HSA+GLYC) and glycosylated (HSA+GLYC) 
forms were increased. No changes in other isoforms (HSA-DA, HSA-SO 2 H, and 
HSA-L) were observed between healthy and cirrhosis patients. Among these iso-
forms, they demonstrated that the unchanged forms HMA and Cys-Cys34-HSA-DA 
were predictors of 1-year survival, with greater prognostic accuracy than the total 
HSA concentration. From these data, they proposed that the concept of the “effec-
tive albumin concentration” is an important value which implies that HSA function 
is related not only to its serum concentration but also to the preservation of its struc-
tural integrity in patients with cirrhosis.  

3.4.1.3     HSA Dimer in Cirrhosis 

 Naldi et al. reported that the HSA dimer/monomer ratio was also increased in 
plasma from cirrhosis patients compared to that from healthy subjects (Naldi et al. 
 2015 ), suggesting the dimer/monomer ratio might be useful as a biomarker for liver 
disease. The dimeric form of HSA was characterized by using ESI-TOF and 
MALDI-TOFMS techniques. The N- or C-terminal truncated HSA and native HSA 
undergo dimerization to form homo- and heterodimeric forms of HSA. The dimer-
ization site was shown to be at Cys-34, involving the formation of a disulfi de bridge 
between two HSA molecules.  

3.4.1.4     Ischemia-Modifi ed Albumin in Cirrhosis 

 Ischemia-modifi ed albumin (IMA) has been developed and licensed for routine 
clinical applications as a cardiac biomarker in the EU and US. IMA is a test that 
measures the cobalt-binding capacity of HSA. The strong binding of metal ions 
such as Co 2+ , Cu 2+ , Ni 2+ , and Al 3+  is associated with the three N-terminal amino acid 
residues (Asp1 (D)-Ala2 (A)-His3 (H)) in HSA (Sadler et al.  1994 ). However, the 
N-terminal portion of HSA is susceptible to biochemical degradation and is less 
stable than native HSA (Chan et al.  1995 ). Therefore, IMA has the potential for 
assessing patients with conditions associated with oxidative stress. Jalan et al. dem-
onstrated that the functional capacity of HSA is altered in patients with cirrhosis 
(Jalan et al.  2009 ). They showed that the IMA/albumin ratio (IMAR) was signifi -
cantly higher in acute chronic liver failure than in healthy or cirrhosis patients, and 
a Kaplan-Meier analysis confi rmed an increased mortality in the group with an 
IMAR>0.02. Thus, IMAR is correlated with disease severity and may have prog-
nostic use in acute chronic liver failure.   
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3.4.2     Chronic Kidney Disease 

3.4.2.1     Redox State of Cys-34 in Chronic Kidney Disease 

 Oxidative stress has been proposed to play an important role in the progression of 
chronic kidney disease and the development of its complication such a cardiovascu-
lar disease. Terawaki et al. measured the redox state of Cys-34 by HPLC methods in 
55 non-dialysis patients with chronic kidney disease (Terawaki et al.  2004 ). They 
showed that the fraction of total HNA (HNA1+HNA2) and HNA2 was increased 
with decreasing renal function, and a signifi cant positive correlation with serum 
creatinine was found, demonstrating that the oxidative stress is correlated with the 
degree of renal function, even before dialysis. In the same year, we also reported 
that increased HNA1 and HNA2 levels were observed in hemodialysis patients, 
while the level of HMA was decreased in the same patients (Anraku et al.  2004 ). In 
patients with focal segmental glomerulosclerosis, Musante et al. reported that HSA 
had undergone massive oxidation, in which Cys-34 was oxidized to a sulfonic group 
(HSA-SO 3  − ) (Musante et al.  2006 ,  2007 ). Recently, Suzuki et al. showed that an 
increase in total cysteine in plasma and a decrease of HMA were accompanied by a 
decrease in renal function in nondiabetic chronic kidney disease patients (Suzuki 
et al.  2014 ). These data suggest that an analysis of the redox state of Cys-34 is a 
potentially useful method for the quantitative and qualitative evaluation of oxidative 
stress and the degree of renal dysfunction in pre- or post-hemodialysis patients. 

 In our animal experiments, the treatment of AST-120 (Kremezin ® ), an oral car-
bonaceous adsorbent prescribed for pre-dialysis patients, reduced the level of oxi-
dized Cys-34 in 5/6-nephrectomized rats as a consequence of the removal of uremic 
toxins from the systematic circulation (Shimoishi et al.  2007 ). In hemodialysis 
patients, we also showed that the oral administration of AST-120 reduced the oxi-
dized HSA ratio in addition to a continuous reduction of some uremic toxins 
(Yamamoto et al.  2015 ). Furthermore, olmesartan and termisartan, angiotensin II 
type 1 receptor antagonists, effectively reduced the extent of oxidized Cys-34 in 
hemodialysis patients beyond their blood-lowering actions (Kadowaki et al.  2007 ). 
We also determined the effect of a HSA-thioredoxin fusion protein, a long-acting 
redox active form of thioredoxin, on oxidized Cys-34 in mice with a rhabdomyolysis- 
induced kidney injury. The level of oxidized Cys-34 in the plasma fraction was 
signifi cantly increased in this model but was restored by a HSA-thioredoxin treat-
ment (Nishida et al.  2015 ). Thus, monitoring of the redox state of Cys-34 could not 
only be a useful marker for evaluating the progression of oxidative stress in chronic 
kidney disease but also in predicting therapeutic effi cacy (Fig.  3.5 ).

   Terawaki et al. also evaluated whether changes in the redox state of Cys-34 infl u-
ence the incidence of cardiovascular disease in 86 patients who were undergoing 
hemodialysis (Terawaki et al.  2010 ,  2011 ). During their 2-year follow-up periods, 
20 patients had experienced cardiovascular event. As a result, the value for the frac-
tion of HMA in patients who experienced a cardiovascular event was signifi cantly 
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lower than that in the absence of a cardiovascular event, and the lower HMA value 
was indicative of an increased cardiovascular mortality, demonstrating that the 
redox state of Cys-34 is closely related to serious cardiovascular incidents and mor-
tality among patients who are undergoing hemodialysis. 

 In patients with continuous ambulatory peritoneal dialysis, the total HNA frac-
tion was higher than that in healthy subjects (Terawaki et al.  2007 ). Lim et al. 
recently investigated the relationship between the redox state of Cys-34 from serum 
and the transport type of the peritoneal membrane in a cohort of 80 patients with 
end-stage renal disease receiving peritoneal dialysis (Lim et al.  2015 ). Very interest-
ingly, serum HMA levels were signifi cantly higher in patients with a high transport 
status than those with a low transport status, indicating that higher serum HMA 
levels appear to be associated with high peritoneal membrane transport characteris-
tics in peritoneal dialysis patients.  

3.4.2.2     Carbamylation of HSA in Chronic Kidney Disease 

 Protein carbamylation is an unavoidable consequence of the presence of excess 
urea. Berg et al. measured the carbamylation of HSA and tested whether HSA car-
bamylation was correlated with outcomes in patients with end-stage renal disease 
(Berg et al.  2013 ). As a result, they identifi ed HSA carbamylation as a risk factor for 
mortality in patients with end-stage renal disease. Afterward, Drechsler et al. also 
reported that, in diabetic patients with end-stage renal disease, HSA carbamylation 
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was strongly associated with a 1-year adjusted risk of cardiovascular mortality, sud-
den cardiac death, and a 4-year risk of death from congestive heart failure (Drechsler 
et al.  2015 ).   

3.4.3     Diabetes Mellitus 

 Suzuki et al. fi rst reported that the reduced form of Cys-34 HSA was signifi cantly 
lower in patients with diabetes mellitus (Suzuki et al.  1992 ). In addition, the reduced 
form of Cys-34 HSA was lower in poorly controlled patients than in well-controlled 
patients, suggesting the presence of a rapidly altered oxidative change in HSA due 
to hyperglycemia (Suzuki et al.  1992 ). Moreover, recent analyses using ESI-TOFMS 
indicate that a signifi cant amount of Cys-Cys34-HSA is present in the amniotic 
fl uid of patients with gestational diabetes mellitus (Boisvert et al.  2010 ). Their 
results demonstrated that HSA in the amniotic fl uid is in a highly oxidized state and 
that the increased oxidative stress associated with gestational diabetes mellitus 
alters the HSA in the amniotic fl uid toward the formation of irreversibly oxidized 
isoforms. Bar-Or et al. also found that maternal serum HSA during gestational dia-
betes mellitus was predominantly oxidized as the cysteinylated isoform (Bar-Or 
et al.  2005b ). Thus, direct measurements of maternal serum HSA oxidation might 
provide an even better, and less invasive, method of assessing pregnancy-associated 
oxidative stress and may have the potential for use in the detection of gestational 
diabetes mellitus.   

3.5     Posttranslational Modifi cations and the Functional 
Alterations of Commercial HSA Preparations: Cys- 
Cys34- HSA as a Predictive Marker for the Functional 
Impairment of Albumin Preparations 

 HSA preparations have long been used as a multipurpose plasma substitute in clini-
cal practice, such as the emergency treatment for shock, restoring blood volume, 
and acute management of burns, and in clinical situations associated with hypopro-
teinemia (Peters  1996 ; Garcia-Martinez et al.  2015 ). HSA is subject to a variety of 
posttranslational modifi cations in vivo, as mentioned above. Thus, albumin prod-
ucts prepared from such pooled plasma sources can be posttranslationally modifi ed 
(Bar-Or et al.  2005a ). In addition, during its preparation from pooled plasma and 
subsequent storage, HSA can also be modifi ed posttranslationally. Such modifi ca-
tions often compromise albumin’s functions other than its osmotic pressure main-
taining function. 

 We estimated the degree of posttranslational modifi cations and the differences in 
the function of HSA molecules derived from fi ve kinds of albumin preparations that 
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are currently commercially available in Japan, in order to examine the relationship 
between posttranslational modifi cations and the functional impairment of HSA 
(Fig.  3.6 ) (Miyamura et al.  2016 ). We used ESI-TOFMS to evaluate the degree of 
posttranslational modifi cation of the entire HSA molecule and found that the frac-
tion of Cys-Cys34-HSA varied substantially among the albumin preparations. 
Meanwhile, no remarkable difference was found in the degree of glycated or 
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N-terminal truncated HSA among the preparations tested. The non-osmotic  pressure 
maintenance functions of HSA, such as its anti-oxidative and ligand-binding activi-
ties, signifi cantly differed among the preparations. Interestingly, the alterations of 
these functions showed a signifi cantly negative correlation only with the Cys-
Cys34-HSA fraction, indicating that lower levels of Cys-Cys34-HSA were more 
likely to retain these functions. These observations suggest the usefulness of deter-
mining the Cys-Cys34-HSA fraction by ESI-TOFMS as a quality measure to esti-
mate the “effective albumin concentration” in preparations. Preparations with a low 
degree of cysteinylation would be preferable for use in clinical practice (Miyamura 
et al.  2016 ).  

3.6     Conclusion 

 This chapter summarizes the available evidence for the use of HSA as biomarker, 
especially the impact of the posttranslational modifi cation of HSA such as oxida-
tion, glycation, truncation, dimerization, and carbamylation under chronic liver dis-
ease, chronic renal disease, and diabetes mellitus. We developed a simple and rapid 
analytical method that permits the redox state of Cys-34 to be quantitatively and 
qualitatively evaluated with a high degree of sensitivity using an ESI-TOFMS tech-
nique. Monitoring the redox state of Cys-34 could not only be a useful marker for 
evaluating the progression of oxidative stress-related diseases and subsequent com-
plications but also in predicting therapeutic effi cacy. In addition, usefulness of 
determining the redox state of Cys-34 as a quality measure of HSA preparations 
was also shown. These data strongly point to the importance of monitoring the post-
translational modifi cations of HSA, which implies that HSA function is related, not 
only to its serum concentration but also to the preservation of its structural integrity 
in disease conditions.
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    Chapter 4   
 Albumin Fusion Protein                     

     Toru     Maruyama     ,     Victor     Tuan     Giam     Chuang    , and     Masaki     Otagiri   

    Abstract     Albumin fusion technology can improve the blood retention properties of 
protein-based pharmaceutics that have a short circulation half-life. The procedure 
consists of fusing the HSA gene with the gene for a therapeutic protein or peptide, 
thus permitting the existing recombinant protein therapeutics to be reengineered using 
albumin as a suitable and safe carrier. Improving the pharmacokinetic properties of 
biopharmaceutics by albumin fusion technology could lead to greatly extending the 
pharmacological activity of such pharmaceutics over a much long period of time and 
would permit a bolus intravenous administration with less dosing frequency, making 
the treatment more convenient and cost-effective. Albumin fusion technology also has 
benefi ts including improving the stability, versatility, safety, and ease of manufacture 
for various biopharmaceutics. Moreover, recent studies have extended the boundaries 
of albumin fusion technology in which a fusion protein is delivered to targeted organs 
and cells or to permit the effi cient intracellular delivery of partner biopharmaceutics.  

  Keywords     Albumin fusion technology   •   Blood circulation   •   Active targeting  

4.1       Introduction 

 To avoid rapid degradation in the digestive tract, the majority of biopharmaceuticals 
are administered by injection. However, a number of these proteins are also rapidly 
cleared from the blood. Therefore, relatively high doses and/or frequent injections 
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are typically required to maintain therapeutic blood levels, potentially resulting in 
increased side effects and treatment costs, as well as a signifi cant reduction in 
treatment compliance and the patient’s quality of life. 

 A number of attempts have been made to improve the retention of biologically 
active peptides in the blood, such as nanoparticulation with polylactic acid, 
macromolecularization via micelle formation, peglytization (PEG) with polyethylene 
glycol, and other different types of drug delivery systems (Werle and Bernkop-
Schnurch  2006 ; Chapman  2002 ; Sinclair and Elliott  2005 ). The advancements in 
recombinant DNA technology allow novel proteins with desirable properties to be 
engineered and produced, e.g., the production of two genetically fused protein 
molecules. When a protein possesses favorable blood retention properties as a carrier, 
the use of genetic fusion can improve the plasma half-life of a protein drug. 

 Recombinant HSA (rHSA) has been successfully produced using a cell culture 
system, and its safety profi le has been established (Chuang and Otagiri  2007 ). Since 
HSA has an elimination half-life in the blood circulation of about 20 days in the 
human body, due to its large molecular size (MW: 66.5 kDa) and negative electrical 
potential which inhibits glomerular fi ltration, this results in vascular permeability or 
decreased lymphatic clearance and FcRn-mediated recycling in endothelium 
(Chuang and Otagiri  2007 ). Therefore, recombinant HSA would also be expected to 
be useful as a carrier for drug delivery systems. In this chapter, we introduce a novel 
approach for prolonging the half-life of protein drugs in the blood using rHSA, 
a process that is referred to as “albumin fusion technology” and its potential for 
clinical applications.  

4.2     Principles of Albumin Fusion Technology 

4.2.1     Basis of Albumin Fusion Technology and Development 
of Innovative Biopharmaceuticals 

 Albumination, in which albumin molecule is attached to a biologics, has been 
applied to proteins or peptides in case where the pharmacokinetics need to be 
improved, especially blood retention as a biotherapeutics. Albumin fusion technol-
ogy which consists of fusing the HSA gene with the gene for a therapeutic protein 
or peptide, may allow existing recombinant protein therapeutics to be re-engineered 
using albumin as a suitable and safe carrier (Chuang et al.  2002 ). This fused gene 
can then be used as a signal to produce an albumin fusion protein, using suitable 
expression systems. It is noteworthy that albumin fusion technology has received 
considerable attention for prolonging the plasma half-life of biologically active 
peptides or low molecular weight proteins with poor blood retention. With a more 
stable plasma concentration that falls within the therapeutic range, the use of a 
fusion protein has the potential to improve the effi cacy of therapy with less dosing 
frequencies. This could result in numerous benefi ts, including improving the safety 
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of a medication, reduced medical wastes, etc. and, most importantly, the cost- 
effectiveness of the treatment. In addition to the extended blood retention, other 
benefi ts of albumin fusion technology include improving the stability, versatility, 
safety, and ease of manufacture for a biopharmaceutics.  

4.2.2     Albumin Fusion Protein in Clinical Trial 

 As of this writing, more than 40 successful attempts to use albumin fusion technol-
ogy for delivering small-sized proteins or peptides have been reported. Table  4.1  
summarizes a list of albumin fusion proteins that have been considered and poten-
tial therapeutic applications. Most of them are still in the preclinical stage, but some 
have proceeded in the clinical trial stage. For instance, albinterferon-α2b, a long- 
acting interferon (IFN) formulation, was developed for the treatment of chronic 
hepatitis C (Subramanian et al.  2007 ; Rustgi  2009 ). This agent exhibits a prolonged 
half-life and duration of antiviral activity, indicating that it could be administered 
with dosing intervals of 2–4 weeks (Zeuzem et al.  2010 ). Phase 2 clinical trials in 
prior IFN nonresponders and IFN-naïve patients with genotype 1 or 2/3 chronic 
hepatitis C have shown antiviral activity and an acceptable safety/tolerance for 
albinterferon-α2b.

   In 2014, albiglutide (Eperzan ™  and Tanzeum ™ ), the fi rst therapeutics that used 
albumin fusion technology, was approved by the FDA and the European Medicines 
Agency. Albiglutide, a glucagon-like peptide-1(GLP-1) receptor agonist, is admin-
istered subcutaneously at weekly intervals and is marketed by GlaxoSmithKline for 
the treatment of type 2 diabetes. In albiglutide, HSA is fused with two tandem copies 
of a modifi ed GLP-1 which confers resistance to dipeptidyl peptidase IV-mediated 
proteolysis (Tomkin  2009 ). It has been demonstrated that weekly albiglutide admin-
istration signifi cantly improved glycemic control and elicited weight loss in type 2 
diabetic patients, with a favorable safety and tolerability profi le in a randomized, 
multicenter, double-blind, parallel-group study (Pratley et al.  2014 ). 

 HSA-coagulation factor IX (HSA-IX: CSL654) has been developed for use as a 
long-acting coagulant for the treatment of hemophilia B by CSL Behring (Nolte 
et al.  2012 ; Santagostino et al.  2012 ). A global phase 3 trial was conducted by the 
PROLONG-9FP Investigators Study Group using male patients who had been pre-
viously treated for severe hemophilia B at two dosing regimens, 40 IU/kg weekly 
and 75 IU/kg biweekly (Santagostino et al.  2016 ). This result indicated that HSA-IX 
was safe and effective for preventing and treating bleeding episodes in patients with 
hemophilia B at both dosing regimens. Moreover, HSA-human growth hormone 
(hGH) (TV-1106) for treating a growth hormone defi ciency, HSA-human interleu-
kin (IL)-2 (Albuleukin) for malignancy, HSA-human granulocyte colony- stimulating 
factor (G-CSF: GW003) for neutropenia, HSA-coagulation factor VIIa (CSL689) 
for hemophilia A or B, HSA-IFN-α2a for viral infection, and Her3-HSA-Her2 
bispecifi c antibody fusion (MM-111) for malignancy are also in phase 1 or 2 
clinical trial.  
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   Table 4.1    A list of albumin fusion proteins and their potential therapeutic applications   

 Albumin fusion products  Potential application  Features  References 

 HSA-growth hormone 
(GH) (TV-1106, 
Albutropin ™ ) 

 Growth hormone defi ciency  Clinical trial 
(phase 2) 

 Osborn et al. 
( 2002 ) 

 HSA-mutant GH  Obesity  Animal model  Wang et al. ( 2013 ) 
 HSA-granulocyte 
colony- stimulating factor 
(G-CSF) 

 Neutropenia  Clinical trial 
(phase 3 
completed: 
withdraw after 
phase 3) 
(phase 1) 

 Halpern et al. 
( 2002 ) 

 (Egranli™, GW003)  Animal model  Xu et al. ( 2015 ) 
 HSA-mutated G-CSF  Huang et al. 

( 2014 ) 
 HSA domain III-G-CSF  Zhao et al. 

( 2013a ,  b ) 
 HSA-interferon (IFN)-α2b 
(albinterferon -α2b: 
Albuferon) 

 Chronic hepatitis C  Clinical trial 
(phase 3 
completed: 
withdraw after 
phase 2b) 

 Subramanian 
et al. ( 2007 ) 

 Animal model  Rustgi et al. 
(2009) 

 (Releasable 
partner 
protein) 

 Zeuzem et al. 
( 2010 ) 
 Zhao et al. 
( 2012a ,  b ) 

 HSA-IFNγ  Malignancy  Animal model 
(gene delivery) 

 Miyakawa et al. 
( 2011 ) 

 HSA-interleukin (IL)-2 
(Albuleukin) 

 Malignancy  Animal model  Melder et al. 
( 2005 ) 

 HSA-IL-1 receptor 
antagonist 

 Rheumatoid arthritis  Animal model 
(selective 
delivery to 
infl amed joint) 

 Liu et al. ( 2012 ) 

 HSA-(glucagon-like 
peptide (GLP) 1)2 
(albiglutide) 

 Type 2 diabetes mellitus  Clinical trial 
(phase 3) 

 Tomkin ( 2009 ) 
 Pratley et al. 
( 2014 ) 

 HSA-atrial natriuretic 
peptide (ANP) 

 Hypertension  Animal model  de Bold et al. 
( 2012 ) 

 HSA-B-type natriuretic 
peptide (BNP) 

 Congestive heart failure 
 Acute myocardial 
infraction 

 Wang et al. ( 2004 ) 

 HSA-tumor necrosis 
factor (TNF) ligands 
(TNF-α, TWEAK, 
TRAIL) 

 Malignancy  Animal model  Muller et al. 
( 2012 ) 

(continued)
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Table 4.1 (continued)

 Albumin fusion products  Potential application  Features  References 

 HSA-thymosin-α  Hepatitis B and C  Animal model  Chen et al. ( 2010 ) 
 Malignancy 

 HSA-vascular endothelial 
growth factor 
(VEGF)165b 

 Malignancy  Animal model  Zhu et al. ( 2012 ) 

 HSA-onconase  Malignancy  Animal model 
(releasable 
partner 
protein) 

 Zhao et al. 
( 2012a ,  b ) 

 HSA-tissue inhibitor of 
metalloproteinase 
(TIMP)-2 

 Malignancy  Animal model 
(tumor 
targeting by 
cRGD 
labeling) 

 Lee et al. ( 2011 , 
 2012 ) 

 Cyclic arginine-glycine- 
aspartate (cRGD)-labeled 
HSA-TIMP-2 

 Tumor-imaging probe for 
SPECT and PET 

 Choi et al. ( 2012 ) 

 123I- and 68Ga-labeled 
cRGD-HSA-TIMP-2 
 HSA-coagulation factor 
VIIa (CSL689) 

 Hemophilia A or B  Animal model  Weimer et al. 
( 2008 ) 

 Clinical trial 
(phase 1 
completed) 

 Zollner et al. 
( 2014 ) 
 Golor et al. 
( 2013 ) 

 HSA-coagulation factor 
IX (CSL654) 

 Hemophilia B  Animal model  Sheffi eld et al. 
( 2004 ) 

 Clinical trial 
(phase 3 
completed) 

 Nolte et al. (2012) 
 Santagostino et al. 
( 2012 ,  2016 ) 

 HSA domain III-retinol- 
binding protein 

 Liver fi brosis  Animal model 
(stellate cell 
targeting) 

 Park et al. ( 2012 ) 
 Choi et al. ( 2012 ) 
 Lee et al. ( 2015 ) 

 HSA-Tregitope  Flaring autoimmune 
disease (alternative to IVIG 
treatment) 

 EpiVax- 
Novozyme 

 HSA-exendin-4  Type 2 diabetes  Animal model  Huang et al. 
( 2008 ) 
 Zhang et al. 
( 2014 ) 
 Hou et al. ( 2015 ) 

 HSA-IL-28B  Chronic hepatitis C  Animal model  Zhao et al. 
( 2013a ,  b ) 

 HSA-platelet aggregation 
inhibitor (hirudin, 
barbourin) 

 Thrombosis  Animal model  Sheffi eld et al. 
( 2007 ) 
 Marques et al. 
( 2001 ) 

(continued)
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Table 4.1 (continued)

 Albumin fusion products  Potential application  Features  References 

 HSA-butyrylcholinesterase  Cocaine toxicity, addiction  Animal model  Gao et al. ( 2008 ) 
 HSA-insulin analog 
(Albulin) 

 Diabetes  Animal model  Duttaroy et al. 
( 2005 ) 

 HSA-Me (consensus 
sequence of infl uenza A 
virus) 

 Infl uenza A virus vaccine  Animal model  Mu et al. ( 2016 ) 

 HSA-thioredoxin-1  Oxidative stress and 
infl ammatory diseases 

 Animal model  Detail in Table  4.2  

 HSA-monovalent 
FcrRIIIA- specifi c 
antibody 

 Immune thrombocytopenia 
(autoimmune disease) 

 Animal model  Yu et al. ( 2016 ) 

 TAT-HSA-α-melanocyte-
stimulating hormone 

 Central nerve disorder 
(brain delivery) 

 Animal model  Wang et al. (2016) 

 HSA-p53i or PMI  Malignancy (intracellular 
delivery) 

 Animal model  Joshi et al. ( 2013 ) 

 HSA-N-terminal fragment 
(ATF) of urokinase 

 Malignancy (tumor 
targeting carrier) 

 Animal model  Li et al. ( 2014a , 
 b ) 

 HSA-mutant CCL2  Infl ammation  Animal model  Gerlza et al. 
( 2015 ) 

 HSA-IFNβ  Multiple sclerosis  Animal model  Zhang et al. 
( 2009 ) 

 HSA-parathyroid hormone 
(1–34) 

 Osteoporosis  Animal model  Wu et al. ( 2013 ) 

 HSA-scFv637  Immunosuppressive 
(myasthenia gravis) 

 Animal model  Li et al.( 2014a ,  b ) 

 HSA-Vβ  Toxic shock syndrome  Animal model  Yuan et al. ( 2016 ) 
 HSA-erythropoietin  Anemia  Animal model  Joung et al. 

( 2009 ) 
 HSA-IFN-α2a  Antiviral  Clinical trial 

(phase 1/2) 
 Her3-HSA-Her2 
(bispecifi c antibody 
fusion, MM-111) 

 Malignancy (breast cancer, 
gastric cancers, esophageal) 

 Animal model  McDonagh et al. 
( 2012 ) 
 Richards et al. 
( 2014 ) 

 Clinical trial 
(phase 2) 

 Kontermann and 
Brinkmann ( 2015 ) 

 HSA-(thrombopoietin 
mimetic peptide)2 

 Immune thrombocytopenic 
purpura 

 Animal model  Wang et al. (2016) 

 HSA-somatostatin (14) or 
(28) 

 Acromegaly  Animal model  Ding et al. ( 2013 , 
2014)  Cushing’s disease 
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4.2.3     Albumin Fusion Protein in Preclinical Stage 

 In the preclinical stage, various proteins and peptides with diverse functions have 
been used in albumin fusion technology. Liu et al. develop a HSA-interleukin (IL)-1 
receptor antagonist (HSA-IL-1Ra) (Liu et al.  2012 ). HSA-IL-1Ra markedly 
extended the circulatory half-life of IL-1Ra and resulted in a specifi c accumulation 
in arthritic paws of mice and consequently improved the therapeutic effect of the 
preparation in experimental arthritis model mice. 

 Albumin fusion technology also has been applied to create a vaccine against the 
infl uenza A virus. Mu X et al. fused the C-terminal domain of HSA with M2e con-
sensus sequence of infl uenza A viruses (HSA-M2e) (Mu et al.  2016 ). HSA-M2e 
induced strong anti-M2e-specifi c humoral immune responses and, hence, reduced 
the viral load in the mice lungs and provided signifi cant protection against a lethal 
challenge with an H1N1 or an H3N2 virus. 

 Thioredoxin-1 (Trx) is a redox-active protein that plays an important role in the 
maintenance of homeostasis (Arner and Holmgren  2000 ; Nakamura et al.  2009 ). 
Trx exerts various biological activities with antioxidative, anti-infl ammatory, and 
antiapoptotic effects. It also interacts with macrophage migration inhibitory factor 
(MIF), which functions as a pleiotropic protein, participating in infl ammatory and 
immune responses, and consequently inhibits its activities. Because of this, attempts 
have been made to develop it as a biopharmaceutics for the treatment of various 
diseases related to oxidative stress and infl ammation. However, its plasma elimina-

    Table 4.2    Therapeutic impact of HSA-Trx against disease model animals   

 Disease model  Features  References 

 Bleomycin-induced pulmonary 
fi brosis (mouse) 

 Lung protection by pre- and 
post-administration 

 Tanaka et al. 
( 2013 ) 

 Improve survival 
 Ovalbumin-induced lung injury 
(mouse) 

 Lung protection  Furukawa et al. 
( 2011 ) 

 Infl uenza virus-induced lung 
injury (mouse) 

 Lung protection by post-administration 
without affecting virus titer 

 Tanaka et al. 
(2014) 

 Improve survival 
 Endotoxic shock (mouse)  Improve survival  Ikuta et al. 

( 2010 ) 
 Acetaminophen-induced hepatitis 
(mouse) 

 Hepatoprotection by pre- and 
post-administration 

 Tanaka et al. 
(2014) 

 Improve survival 
 Contrast-induced nephropathy 
(rat) 

 Prevention  Kodama et al. 
( 2013 )  Renoprotection 

 Cisplatin-induced nephropathy 
(mouse) 

 Prevention  Kodama et al. 
( 2014 )  Renoprotection 

 Rhabdomyolysis-associated acute 
kidney injury (mouse) 

 Renoprotection by pre- and 
post-administration 

 Nishida et al. 
( 2015 ) 

 Improve survival 
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tion half-life is only limited to within several hours. In order to overcome such 
inferior pharmacokinetic property of Trx, a long-acting Trx, HSA-Trx, was devel-
oped using albumin fusion technology (Ikuta et al.  2010 ). The physicochemical and 
structural properties of HSA and the fusion protein are comparable. The 
 pharmacokinetic properties, such as plasma concentration and organ distribution 
profi les, were similar to that for HSA in both healthy animals and disease models. 
In vitro studies revealed that the biological activity of the fusion protein was some-
what reduced but was largely retained compared to Trx. The therapeutic effi cacy of 
HSA- Trx has been demonstrated using various disease models as shown in Table 
 4.2 . HSA-Trx suppresses various types of lung injuries bleomycin-induced pulmo-
nary fi brosis (Tanaka et al.  2013 ), ovalbumin-induced lung injury (Furukawa et al. 
 2011 ), infl uenza virus-induced lung injury (Tanaka et al.  2014a ,  b ), endotoxic shock 
(Ikuta et al.  2010 ), and acetaminophen-induced hepatitis (Tanaka et al.  2014a ,  b ) by 
pre- and post-administration owing to its extended effects of modulating oxidative 
stress and MIF-induced infl ammation. HSA-Trx also effectively prevented acute 
kidney injuries (AKI) and contrast-induced and cisplatin-induced nephropathy 
(Kodama et al.  2013 ,  2014 ). In addition, HSA-Trx showed a superior renoprotective 
effect against rhabdomyolysis-associated AKI and improved the survival rate, even 
though it was post-administered (Nishida et al.  2015 ). Thus, HSA-Trx has some 
potential as a biotherapeutics for the treatment of oxidative and infl ammatory-
related diseases.

   Albumin fusion technology has also been applied to the development of thera-
peutic antibodies such as various types of single-chain variable fragment (scFv), a 
bispecifi c monoclonal antibody (bsAb), etc., to extend their half-life and the target-
ing of drugs to their specifi c recognition site (Muller et al.  2007 ; Leung  2008 ). For 
example, Fcr receptor (FcrR)-specifi c antibodies are expected to improve immune 
thrombocytopenia in refractory human patients because this type of thrombocytope-
nia is induced by the interaction between antiplatelet antibodies and FcrR. However, 
FcrR-specifi c antibodies induced infl ammatory responses that could be related to Fc 
function. To overcome such an adverse reaction of FcrR-specifi c antibodies, Yu 
et al. designed a novel FcrR that is a fusion protein between the monovalent 
FcrRIIIA-specifi c antibody and HSA (Yu et al.  2016 ). This fusion protein effec-
tively inhibited therapeutic responses against an antibody-dependent ITP model and 
reduced infl ammatory responses induced by FcrR-specifi c antibodies. Thus, it is a 
potential candidate for the immunosuppressive therapy of Fcr receptor-mediated 
autoimmune disease.  

4.2.4     Effect of Linkers on the Properties of Albumin Fusion 
Proteins 

 The expression effi cacy and biological activity of a fusion protein may be infl u-
enced by both the type and length of the linker. Yang et al. attempted to clarify this 
issue using HSA-L(n)-onconase, a member of the pancreatic ribonuclease A 
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superfamily, with linkers having four different lengths: L0, no linker; L1, (GGGGS)1; 
L2, (GGGGS)2; and L3, (GGGGS)3 (Yang et al.  2015 ). They found that linker 
length was not associated with the amount of fusion protein expressed, while its 
cytotoxic effect against tumor cells in vitro was enhanced with increasing linker 
length; the maximal effect was obtained in the case of the longest linker length. 
Therefore, it is possible that the biological activity of a fusion protein is infl uenced 
by the length of the linker. 

 Albumin fusion technology sometimes causes the intrinsic biological activities 
of fusion systems to be suppressed, due to the steric hindrance effect of HSA. To 
overcome such a disadvantage associated with conventional techniques, a cleavable 
fusion technology in which the linker switched from non-cleavable to cleavable was 
developed. This permits the intact fusion partner protein to be released with full 
activity. The cleavage of the linker is achieved by the introduction of protease cleav-
age sites or a disulfi de linkage in the linkers between the two proteins. For instance, 
Zhao et al. successfully designed an IFN-α2b releasable albumin fusion protein by 
connecting two proteins with a cleavable peptide linker, and the results indicated 
that this new type of fusion protein improves the balanced pharmacokinetics and 
pharmacodynamics of IFN-α2b (Zhao et al.  2012a ,  b ). The same research group 
also applied this technique to onconase and to tethering onconase to albumin by a 
cleavable disulfi de linker to increase its potential as an antitumor agent (Zhao et al. 
 2012a ,  b ).  

4.2.5     Immunogenicity of Albumin Fusion Protein 

 Based on extensive in vivo studies and clinical trials, it is generally thought that 
HSA fusion proteins do not induce immune responses against endogenous HSA, 
even for HSA fused to immunostimulating cytokines, such as IFN-α2b. However, 
a recent animal study using cynomolgus monkeys revealed that a neutralizing 
antibody against G-CSF was induced after a multidose exposure of HSA-G-CSF 
(GW003) (Xu et al.  2015 ). In addition, Zhao et al. found that HSA-IFN-α2b was 
prone to disulfi de-linked aggregation during accelerated mechanism and thermal 
stress tests, and such aggregates was associated with an increase in immunogenic-
ity in mice (Zhao et al.  2009 ). This can be attributed by the intermolecular disul-
fi de bond between Cys34 and HSA-IFN-α2b. To solve this, they produced 
HSA(C34S)-IFN-α2b in which the Cys34 in HSA was replaced with serine to 
prevent disulfi de bond formation. HSA(C34S)-IFN-α2b showed improved stabil-
ity against mechanical and thermal stress, with similar pharmacokinetic proper-
ties as HSA-IFN-α2b. Therefore, removing the free sulfhydryl group in Cys34 of 
an HSA fusion protein appears to be a better approach for improving the stability 
of a fusion protein.   
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4.3     Diversity of Albumin Fusion Technology Platform 

 Attempts have been made to establish a second generation of albumin fusion tech-
nology to create better biopharmaceuticals with improved pharmacokinetics and 
pharmacodynamics as shown in Fig.  4.1 .

4.3.1       Improving Biological Activity of Albumin Fusion Protein 

 To improve the biological activity of the fusion protein, three approaches have been 
tested: (1) using a mutated protein with enhanced biological activity as a partner 
protein, (2) increasing the number of protein copies fused to HSA, and (3) fusing 
two different partner proteins to the N- and C-terminal of HSA to obtain dual func-
tional properties. 

4.3.1.1     Mutated Protein with Enhanced Biological Activity as a Partner 
Protein 

 Kungl’s group produced a chemokine CCL2 mutant that improved the glycosami-
noglycans on the endothelium of infl amed tissue. They further designed an HSA- 
CCL2 mutant fusion protein to extend the circulatory half-life of mutant (Gerlza 
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et al.  2015 ). Interestingly, this fusion protein enhanced the affi nity of the product to 
glycosaminoglycans as compared to unfused CCL2 mutant. 

 Wang et al. replaced the amino terminus of human growth hormone (hGH) to 
retain its biological lipolytic function. Moreover, they further produced HSA- 
mutated hGH to extend in vivo half-life of mutated hGH as an antiobesity agent 
(Wang et al.  2013 ).  

4.3.1.2     Multi-copies of Partner Protein 

 Increasing the number of therapeutic protein copies in a fusion protein is an 
attractive approach for enhancing the biological activity of the therapeutic pro-
tein. In fact, albiglutide is composed of two tandem copies of GLP-1. Ding et al. 
examined the effect of the number of protein copies on the biological activity of 
an albumin fusion protein (Ding et al.  2013 ). They produced three types of HSA 
fusion proteins with somatostatin fragment (SS14), namely, (SS14)2-HSA, 
(SS14)3-HSA, and HSA-(SS14)3 in an attempt to create long-acting SS14 deriv-
atives. Among them, (SS14)2-HSA was found to be the most effective fusion 
protein from the standpoint of both expression yield and bioactivity. Same results 
were also observed for SS28 fused with HSA: (SS28)2-HSA, (SS28)3-HSA, and 
HSA-(SS28)2 (Ding et al.  2014a ,  b ). They also conducted similar experiments 
using four different HSA-BNP fusion protein derivatives: BNP-HSA, (BNP)2-
HSA, (BNP)4-HSA, and HSA-(BNP)2 (Ding et al.  2014a ,  b ). Among them, 
HSA-(BNP)2 possessed the highest and most prolonged BNP activity in activat-
ing the natriuretic peptide receptor A. These results indicate that in the case of 
albumin fusion technology, more than three copies of protein fused to HSA may 
not be a suitable approach for enhancing the activity of the preparation. This 
strategy was applied to the HSA-thrombopoietin mimetic peptide (TMP) 2 fusion 
protein which exhibited a better stimulation of platelet production (Wang et al. 
 2016a ,  b ).  

4.3.1.3     Fusion Protein with Dual Functions by Two Different Partners 

 Bispecifi c antibodies such as tandem scFv molecules (taFv), diabodies (Db), or 
single-chain diabodies (scDb) are designed to target two different antigens so as to 
simultaneously retarget T lymphocytes to tumor cells, leading to tumor cells 
destruction. To extend their circulating half-lives, HSA-bispecifi c antibodies, 
directed against the tumor antigen carcinoembryonic antigen (CEA) and the T cell 
receptor complex molecule CD3, were constructed (scFv2-HSA, scDb-HSA, 
taFv-HSA) (Stork et al.  2009 ). These three constructs activated T cells but to a 
lesser extent than scFv2-HSA.   
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4.3.2     Modulation of Pharmacokinetics of Albumin 
Fusion Protein 

 To improve the pharmacokinetic properties of the partner protein more optimally 
for use as a therapeutic agent, three approaches have been examined: (1) using an 
HSA domain III mutant that enhances the binding affi nity to FcRn to further extend 
the circulatory half-life of the fusion protein, (2) attachment of a homing peptide to 
the HSA fusion protein to achieve active targeting or to facilitate cell penetration, 
and (3) delivery of the HSA fusion protein gene and its expression in the body. 

4.3.2.1     Engineered HSA Mutant as a Carrier in Albumin 
Fusion Technology 

 Serum albumin binds to the neonatal Fc receptor at low pH in endosomes after 
endocytosis and is transported back to the cellular surface, where serum albumin is 
released into the bloodstream, resulting in an extended circulation time in vivo. This 
implies that the development of HSA mutants with a higher FcRn affi nity as a car-
rier for albumin fusion technology could be expected to further extend the blood 
circulation and pharmacodynamics of an albumin fusion protein. Actually, Andersen 
et al. found that K573P HSA mutant exhibited an increase in FcRn affi nity by 
12-fold, and the product showed an extended serum half-life in normal mice, trans-
genic mice for human FcRn, and cynomolgus monkeys (Andersen et al.  2014 ). 

 Novozyme Biopharma developed a unique platform, Veltis ® , an innovated albu-
min fusion technology using engineered albumins in which the albumin-FcRn inter-
action that modulates the circulatory half-life of albumin enables biopharmaceutics 
to be manipulated, leading to superior pharmacokinetics tailored to the disease state 
and patient compliance. This system is able to provide once-weekly, once fort-
nightly, or once-monthly dosing of an albumin fusion protein.  

4.3.2.2     Active Targeting of Albumin Fusion Protein 
to Specifi c Organ or Cell 

 In addition to improving pharmacokinetic profi le for an impressive prolonged 
half- life, the specifi c delivery of a fusion protein to a targeted organ or cell has 
been attempted. In line with this concept, an HSA-tissue inhibitor of the metallo-
proteinase (TIMP) 2 fusion protein (HSA-TIMP2) containing a cyclic arginine-
glycine- aspartate (cRGD) triad, which displayed a strong affi nity and selectivity to 
the  α(V)β(3), was developed to target tumor-associated cells expressing α (V)β(3) 
receptors (Lee et al.  2012 ). cRGD-HSA-TIMP2 improved uptake of preparation by 
tumors and the anticancer effect of HSA-TIMP2. Furthermore, when this fusion 
protein was labeled with  123 I and  68 Ga, it had biodistribution properties that made it 
feasible for use as a SPECT and PET imaging probe (Choi et al.  2011 ). Therefore, 
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cRGD- HSA- TIMP2 has the potential for use, not only as an anticancer agent but 
also as a radioligand for the diagnosis of tumors. 

 Li et al. developed a novel tumor targeting carrier for theranosis using albumin 
fusion technology (Li et al.  2014a ,  b ). They fused the N-terminal fragment (ATF) of 
urokinase that is able to bind a urokinase receptor to HSA because the urokinase 
receptor has been shown to have a high expression level in many tumors, but not in 
normal tissues. Thus, HSA-ATF has the potential as a versatile active targeting car-
rier for both cytotoxic and diagnosis agents to tumors that express urokinase recep-
tors. In fact, HSA-ATF retained its ligand-binding ability as HSA, and 
monosubstituted beta-carboxy phthalocyanine zinc (CPZ), a hydrophobic photo-
sensitizer, then stably formed a 1:1 complex with HSA-ATF (HSA-ATF/CPZ). 
Therefore, HSA-ATF/CPZ can function to both as a cytotoxic agent for photody-
namic therapy and as a diagnostic agent for fl uorescence molecular tomography in 
cancer treatment. 

 Inactivating hepatic stellate cells (HSCs) is a promising therapeutic strategy for 
the treatment of liver fi brosis. Lee et al. found a unique function of albumin that 
suppressed the activation of culture HSCs via the inhibition of retinoic acid signal-
ing (Park et al.  2012 ). They further developed a novel antifi brotic drug, namely, the 
retinol-binding protein-HSA domain III that targeted albumin to stellate cells 
because of the marked accumulation of retinoic acid in HSCs (Lee et al.  2015 ). In 
vitro experiments clearly showed that this fusion protein downregulated retinoic 
acid signaling and, hence, inhibited the activation of stellate cells. In addition, the 
administration of retinol-binding protein-HSA domain III exhibited antifi brotic 
action against experimental liver fi brosis models. 

 α-Melanocyte-stimulating hormone (α-MSH) possesses potent anti- infl ammatory 
action and protective effects with a wide therapeutic window in cases of brain dam-
age. Thus, it would be expected that it might function as a novel therapeutics for 
various CNS disorders such as Parkinson’s disease, Alzheimer’s disease, ischemic 
stroke, and traumatic brain injury because neuroinfl ammation is signifi cantly 
involved in the progression of CNS disorders. However, it is diffi cult to deliver 
MSH to the brain and its blood half-life is only a few minutes. To overcome these 
two limitations, Wang et al. attempted to link the N-terminus 11-amino acid trans-
duction domain of the human immunodefi ciency virus (TAT) and HSA to MSH 
(TAT-HSA-MSH) (Wang et al.  2016a ,  b ). TAT-HSA-MSH showed a signifi cant 
inhibitory effect for the NF-kB activation and TNF production in a cell line system. 
The intraperitoneal administration of TAT-HSA-MSH was detected in all regions of 
the brain including the hippocampus and cortex and hence exhibited a neuroprotec-
tive action against experimental disease model mice in vivo. Thus, TAT-HSA-MSH 
has the potential for use as an anti-neuroinfl ammation therapeutics for the treatment 
of CNS disorders.  
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4.3.2.3     Intracellular Delivery of Albumin Fusion Protein 

 Joshi et al. attempted to develop a novel fusion protein to facilitate the intracellular 
delivery of two anticancer agents, each with distinct but complimentary mecha-
nisms, to produce synergistic effi cacy. They constructed an HSA fusion protein with 
two antitumor peptides, a wild-type p53-derived peptide (p53i) or the high-affi nity 
MDM2-binding peptide N8A-potent MDM2/MDMX peptide inhibitor (PMI) (Joshi 
et al.  2013 ). HSA-p53i and HSA-PMI are effi ciently internalized by tumor cells, 
such as SJSA-1 cells. They also demonstrated that the fusion protein retained the 
ability to bind to long-chain fatty acids (FA). Therefore, the FA drug formed a stable 
complex with HSA-p53i or HSA-PMI. Actually, this hybrid fusion protein was the 
co-delivery carrier of p53i or PMI and FA-labeled drug to the same tumor cells.  

4.3.2.4     Gene Delivery of Albumin Fusion Protein In Vivo 

 IFNγ has been shown to inhibit metastatic tumor growth and the onset of atopic 
dermatitis. Thus, its in vivo gene delivery represents a challenge as a new therapeu-
tic strategy for the treatment of cancer. However, IFNγ rapidly disappears from the 
systemic circulation with a half-life of less than 3 min after an intravenous injection 
into mice, and its half-life in humans is about 4.5 h after an intramuscular injection. 
Miyakawa et al. attempted to increase the circulation half-life of mouse IFNγ after 
its gene delivery by designing a novel fusion protein of IFNγ with mouse serum 
albumin (MSA) (Miyakawa et al.  2011 ). The hydrodynamic injection of a plasmid 
expressing IFNγ-MSA resulted in a marked increase in the area under the 
concentration- time curve and sustained a mean residence time of IFNγ activity than 
those of IFNγ. Thus, the gene delivery of albumin is a promising approach for mod-
ulating the disposition and biological activities of partner proteins.       
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    Chapter 5   
 Albumin Nanoparticles                     

     Yasunori     Iwao    

    Abstract     Albumin is an attractive macromolecular carrier and is widely used in 
preparing nanoparticles due to its biodegradability, nontoxicity, and nonimmmuno-
genicity. Albumin nanoparticles themselves are biodegradable and can easily be 
prepared in defi ned sizes. Several protocols for preparing albumin nanoparticles 
that have been developed include: emulsifi cation, desolvation, nab technology, ther-
mal gelation, nano spray drying, and self-assembly techniques. 

 After preparing albumin nanoparticles, physicochemical properties such as par-
ticle size, particle size distribution, zeta potential, and morphology need to be care-
fully checked if they are intended to be used in a specifi c delivery system. 

 Albumin itself has several reactive amino acid groups on its surface, and, as a 
result, albumin nanoparticles also participate in the electrostatic adsorption of posi-
tively or negatively charged molecules. In addition, modifying the reactive amino 
acid groups on the surface can confer a variety of functionalities to albumin nanopar-
ticles such as prolonged circulation half-life, enhanced nanosystem stability, sus-
tained drug release, or targeting release. 

 Therefore, albumin nanoparticles represent one of the most important drug car-
riers for the delivery of therapeutic drugs.  

  Keywords     Albumin nanoparticle   •   Emulsifi cation   •   Desolvation   •   Nab technology   
•   Physicochemical property   •   Surface modifi cation  

5.1       Introduction 

 Albumin is an attractive macromolecular carrier and has been widely used in pre-
paring micro-/nanoparticles due to its biodegradability, nontoxicity, and nonim-
mmunogenicity (Peters  1996 ; Kratz  2008 ). Both bovine serum albumin (BSA) and 
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human serum albumin (HSA) are frequently used for preparing nanoparticles in 
defi ned sizes. In addition, since albumin itself contains several reactive amino acid 
groups (thiol, amino, and carboxylic groups), albumin nanoparticles can participate 
in the electrostatic adsorption of positively or negatively charged molecules on its 
surface, without the assistance or need for any other compounds (Irache et al.  2005 ). 
In addition, these reactive amino acid groups can be used for surface modifi cations 
to impart various functionalities to albumin nanoparticles such as prolonged circu-
lation half-life (eg, PEG) (Kouchakzadeh et al.  2010 ), enhanced nanosystem stabil-
ity (eg, poly-l-lysine) (Singh et al.  2010 ), slow drug release (eg, cationic polymers) 
(Zhang et al.  2008 ), or targeted release (eg, folate or monoclonal antibodies) 
(Ulbrich et al.  2011 ; Wartlick et al.  2004 ). 

 There are numerous reviews regarding albumin nanoparticles. In this chapter, 
techniques in the preparation of such particles and potential applications of surface- 
modifi ed albumin nanoparticles in drug delivery are in-depth reviewed.  

5.2     Preparation Techniques of Albumin Nanoparticles 

 Several protocols for preparing albumin nanoparticles have been reported, namely, 
emulsifi cation (Patil  2003 ; Sundar et al.  2010 ), desolvation (Langer et al.  2003 ; 
Weber et al.  2000 ), nab technology (Desai  2007 ), thermal gelation (Yu et al.  2006 ), 
nano spray drying (Lee et al.  2011 ), and self-assembly (Gong et al.  2009 ) tech-
niques. In this section, emulsifi cation, desolvation, and nab technology are dis-
cussed in detail, since these three methods are representative and are in widespread 
use. 

5.2.1     Emulsifi cation Method 

 The principle of nanoemulsion formation is based on the spontaneous emulsifi ca-
tion that occurs when an aqueous phase is mixed with an organic phase. The organic 
phase is a homogeneous solution containing oil, a lipophilic surfactant, and a water 
miscible solvent, whereas the aqueous phase consists of a hydrophilic surfactant 
and water. Scheffel et al. ( 1972 ) initially reported on the preparation of albumin 
microspheres using this emulsifi cation method, and, since then, several modifi ed 
methods have also been reported (Patil  2003 ; Sundar et al.  2010 ). In this process, an 
aqueous solution containing albumin is converted into a homogeneous emulsion in 
plant oil (eg, cotton seed oil) at room temperature using a high-speed mechanical 
homogenizer. The above emulsion is added dropwise to a large volume of preheated 
oil with a temperature over 120 °C. This process results in the rapid evaporation of 
the existing water and irreversible albumin destruction. This process also induces 
the formation of nanoparticles (Fig.  5.1 ). The resulting suspension is then placed in 
an ice bath.
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5.2.2        Desolvation Method 

 The main disadvantage of the above emulsion methods is the need for applying an 
organic solvent and the removal of the residual oil in the preparation process, and 
surfactants are required to produce a stabilized emulsion. Therefore, a desolvation 
process derived from the coacervation method used for microencapsulation was 
developed as an alternative method. Figure  5.2  outlines the method used to prepare 
albumin nanoparticles using a desolvating agent.

   Nanoparticles are obtained by the continuous dropwise addition of an alcohol 
such as ethanol to an aqueous albumin solution under continuous stirring, until the 
solution becomes turbid. Ethanol changes the tertiary structure of the protein, and, 
during the addition of ethanol to the solution, albumin is phase separated due to its 
diminished water solubility (Langer et al.  2003 ). When a certain level of desolvation 
is reached, protein clumps are formed. The nanoparticles are then formed by the 
cross-linkage of the amino moieties in lysine residues and the guanidino side chains 
in arginine of albumin via a condensation reaction with the aldehyde group such as 
glutaraldehyde (Merodio et al.  2001 ). Weber et al. ( 2000 ) reported that the mini-
mum required glutaraldehyde concentration for the preparation of stable nanopar-
ticles was about 40 % with a reaction time of 24 h needed for the suffi cient 

Aqueous solu�on 
of albumin

Organic phase oil

AlbuminW/O emulsion
nanopar�cles

Heated oil
T>120°C

  Fig. 5.1    Preparation of albumin nanoparticles by means of an emulsifi cation method. The illustra-
tion is based on information found in Jahanshahi and Babaei ( 2008 )       
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cross-linking of all amino groups. Methyl polyethylene glycol-modifi ed oxidized 
dextran was reported as an alternative cross-linking agent to glutaraldehyde (Lin 
et al.  1994 ). 

 In order to obtain dispersed nanoparticles, the process must be stopped before 
particles start to aggregate and maintain nanodispersion conditions and a resolvat-
ing agent can be added. Alternatively, an aqueous solution containing lysine was 
added to cap the free aldehyde groups (Shen et al.  2011 ). After the elimination of 
ethanol by evaporation under reduced pressure, the resulting nanoparticles are puri-
fi ed by centrifugation to eliminate the free albumin and the excess cross-linking 
agent. Five percent mannitol was added as a cryoprotectant to the nanosuspension 
for subsequent freeze-drying to obtain a fi ne powder of the nanoparticles (Zhao 
et al.  2010 ). 

 Various parameters such as the initial protein concentration, temperature, pH, 
cross-linking agent concentration, agitation speed, and molar ratio of protein/alco-
hol affect the fabrication process to produce the desired properties of the nanopar-
ticles. Langer et al. ( 2003 ) demonstrated that, when higher pH values are used, 
smaller nanoparticles result and the mean particle diameters of the nanoparticles 
could be adjusted to between 150 and 280 nm. They established a pump-controlled 
desolvation method which enabled the formation of nanoparticles with a narrow 
size distribution (Langer et al.  2003 ). In addition, Nguyen and Ko ( 2010 ) reported 
that the intermittent addition of a desolvating agent (ethanol) to albumin solution 
can improve the reproducibility of albumin nanoparticles with a narrow particle size 
distribution. 

 Queiroz et al. ( 2016 ) recently reported on a new technique using γ-irradiation to 
produce cross-linked BSA nanoparticles without the need for a cross-linking agent. 
Intermolecular dityrosine formation was mainly involved in this cross-linking of 
BSA nanoparticles by γ-irradiation (Fig.  5.3 ). Furthermore, Varca et al. ( 2016 ) eval-
uated the effect of the dose of γ-irradiation (2.5, 5, 7.5, and 10 kGy) over the devel-

Aqueous solu�on 
of albumin
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Alcohol (Ethanol)

Cross-linked

Albumin
aggregates

Albumin 
nanopar�cles

Turbimetry
control

  Fig. 5.2    Preparation of albumin nanoparticles by a desolvation method. The illustration is based 
on information found in Jahanshahi and Babaei ( 2008 )       
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opment of protein-based nanoparticles with or without cosolvents. BSA solutions 
were irradiated using a γ-cell, and the optimized particle size and protein cross- 
linking degree occurred at 10 kG, demonstrating that γ-irradiation can be used for 
the preparation of BSA nanoparticles.  

5.2.3     Nab Technology 

 A unique albumin-based nanoparticle technology (nanoparticle albumin-bound 
(nab) technology) to solubilize the lipophilic drugs in nanoparticles was developed 
by American Bioscience, Inc. The drug is mixed with HSA in an aqueous solvent 
and passed through a jet under high pressure to form albumin nanoparticles in the 
size range of 100–200 nm (Desai  2007 ). Abraxane ®  (nab-paclitaxel; paclitaxel–
albumin nanoparticles) with an approximate diameter of 130 nm is the fi rst FDA- 
approved nanotechnology-based chemotherapeutic product that has shown a 
signifi cant benefi t in the treatment of metastatic breast cancer. Several nab drugs are 
currently under development, including ABI-008 (nab-docetaxel) and ABI-009 
(nab-rapamycin) (Desai  2007 ). Similarly, this nab technology could be applied for 
poorly water soluble drugs and curcumin-loaded HSA nanoparticles with a size 
range of 130–150 nm (Kim et al.  2011 ).

  Fig. 5.3    Preparation of albumin nanoparticles by a new technique using γ-irradiation. The illustra-
tion is based on information found in Queiroz et al. ( 2016 )       
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   The reason why the albumin-based nanoparticle delivery systems shows 
enhanced therapeutic effects against solid tumors might be explained by changes in 
the pathophysiology of tumor tissue, characterized by angiogenesis, hypervascula-
ture, defective vascular architecture, and impaired lymphatic drainage. In addition, 
the accumulation of nab-paclitaxel at the tumor site might be explained by the tran-
scytosis initiated by the binding of albumin to a cell surface 60-kDa glycoprotein 
(gp60) receptor (albondin) as well as by the binding of albumin to secreted protein 
acidic and rich in cysteine (SPARC). Albumin binds to the gp60 receptor, which, in 
turn, results in the binding of gp60 with an intracellular protein (caveolin-1) and 
subsequent invagination of the cell membrane to form transcytotic vesicles, ie, 
caveolae (Arnedo et al.  2002 ). Furthermore, the tumor accumulation of nab- 
paclitaxel may be facilitated through the binding to SPARC, an extracellular matrix 
glycoprotein that is overexpressed and associated with poor prognosis in a variety 
of cancers including breast cancer (Cortes and Saura  2010 ).   

5.3     Characterization of Albumin Nanoparticles 

 Physicochemical properties such as particle size, particle size distribution, and zeta 
potential (Jahanshahi et al.  2005 ) and the morphology of nanoparticles need to be 
carefully evaluated when designing nanoparticles for use as a drug delivery carrier. 
In addition, drug release needs to be also evaluated in order to achieve the site- 
specifi c action of the drug at the therapeutically optimal rate and dose regimen 
(Soppimath et al.  2001 ). Particle size and the size distribution of nanoparticles are 
particularly important physicochemical characteristics (Jahanshahi and Babaei 
 2008 ). 

 Nanoparticles have relatively higher intracellular uptake compared to micropar-
ticles and available to a wider range of biological targets due to their small size and 
relative mobility (Zauner et al.  2001 ). In addition, smaller nanoparticles have larger 
surface areas, and most of the drug would be released rapidly. However, smaller 
nanoparticles also have a greater risk of aggregation during storage. In this regard, 
the zeta potential which refl ects the electrical potential of the nanoparticle should be 
evaluated. The zeta potential can be used to predict colloidal stability. In general, 
nanoparticles with a zeta potential above (+/−) 30 mV have been shown to be stable 
in suspension, as the surface charge prevents aggregation. 

 To evaluate particle size, particle size distribution, and zeta potential of nanopar-
ticle with a range from a few nanometers to a few microns, dynamic light scattering 
(DLS) is often used. Furthermore, the morphology of nanoparticles was examined 
by two following techniques: atomic force microscopy (AFM) and scanning force 
microscope (SFM).  
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5.4     Potential Applications of Surface-Modifi ed Albumin 
Nanoparticles in Drug Delivery 

5.4.1     Albumin Nanoparticles with Prolonged Circulation 
Half-Life 

 When nanoparticles are administered intravenously, they are easily recognized by 
the immune systems and are cleared from the circulation by phagocytes (Muller and 
Wallis  1993 ). Apart from the size of nanoparticles, their surface hydrophobicity 
determines the amount of blood components, mainly proteins (opsonins) that are 
absorbed. The chemical modifi cation of pharmaceutical nanocarriers with polyeth-
ylene glycol (PEG) is the most frequently used stabilizing agent for achieving 
in vivo long-term stability drug carriers, as fi rst suggested for liposomes (Klibanov 
et al.  1990 ; Maruyama et al.  1991 ; Papadjopoulos et al.  1991 ; Suk et al.  2016 ). This 
polymer is nontoxic, non-immunogenic, nonantigenic, highly soluble in water, and 
FDA approved (Veronese and Pasut  2005 ). 

 Kouchakzadeh et al. ( 2010 ) reported that the PEG concentration used had the 
most signifi cant effect on the amount of PEGylated amino groups and the pH had 
the least. They also reported that drug release from PEGylated nanoparticles was 
slower than that for non-PEGylated ones, probably due to the existence of a PEG 
layer around PEGylated particles which becomes an extra resistant layer to drug 
diffusion.  

5.4.2     Albumin Nanoparticles with a Good Nanosystem 
Stability 

 The enzymatic degradation of albumin nanoparticles might be a major factor infl u-
encing the routes of administration, as well as site-specifi c drug delivery. Singh 
et al. ( 2010 ) prepared BSA NPs containing a short interfering ribonucleic acid 
(siRNA) via a coacervation technique and then stabilized the system by applying a 
cationic polymer, poly-l-lysine (PLL), coating with different molecular weights 
(MWs, 0.9–24 kDa) and concentrations (0.1–1.0 mg/ml). They reported that the 
stability of NPs in aqueous solution increased with increasing MW and PLL con-
centration. In addition, in the presence of trypsin, NPs coated with lower MW PLL 
were more stable than those with higher MW PLL, indicating that smaller mole-
cules of PLL may be more suitable for particle coating for fabricating NPs with 
enhanced proteolytic resistance and better stability. 

 Furthermore, to reduce nonspecifi c protein adsorption, the same group conju-
gated PEG (1 kDa) units to PLL (4.2 and 24 kDa) and prepared BSA nanoparticles 
containing siRNA coated with these polymers (Yogasundaram et al.  2012 ). With 
smaller MW PLL, cellular uptake was not affected in the presence of PEG, but the 
PEG coating inhibited uptake in the case of higher MW PLL NPs. In addition, the 
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higher MW PLL systems were cytotoxic, and this cytotoxicity was diminished 
when PEG was incorporated. Taken together, a PEG–PLL coating reduces enzy-
matic degradation, nonspecifi c protein adsorption, as well as cytotoxicity of albu-
min nanoparticles.  

5.4.3     Albumin Nanoparticles with Suitable Drug Control 
Release Properties 

 Zhang et al. ( 2008 ) succeeded in preparing albumin nanoparticle with sustained 
drug release properties by applying a polyethylenimine (PEI) coating on the surface 
of nanoparticles. They reported that drug release from NPs could be controlled by 
controlling the PEI concentration. However, the PEI toxic effect against locally 
present cells needs to be given due consideration. Therefore, Zhang and coworkers 
attempted to synthesize PEI–PEG with different PEG substitutions, and albumin 
nanoparticles were coated with these polymers (Zhang et al.  2010 ). Cell viability 
assays showed that PEG substitution greatly reduced the cytotoxicity of the native 
PEI. In addition, an in vivo pharmacokinetics study after implanting these formula-
tions showed that the drug retention in PEI–PEG-coated NPs in rats was signifi cant. 
Taken together, these results indicate that PEGylated PEI-coated albumin nanopar-
ticles would be useful to show favorable biocompatibility as well as sustained drug 
release properties.  

5.4.4     Albumin Nanoparticles for Targeting Delivery 

 Nanoparticles represent useful drug delivery systems for the specifi c transport of 
drugs to tumor cells. Wartlick et al. ( 2004 ) reported that the use of albumin nanopar-
ticles conjugated with a HER2 receptor-specifi c antibody could allow specifi c tar-
geting delivery to HER2-overexpressing cells, indicating that albumin nanoparticles 
conjugated with an antibody against a specifi c tumor antigen hold promise as a 
selective drug delivery system for the treatment of tumors that are expressing a 
specifi c tumor antigen. 

 In addition, it was found that folate-conjugated HSA nanoparticles were success-
fully delivered to tumor cells and activated macrophages where folate receptor beta 
(FRβ) is specifi cally overexpressed (Ulbrich et al.  2011 ; Rollett et al.  2012 ).   

5.5     Conclusion 

 Albumin nanoparticles have attracted considerable interest because they are biode-
gradable, biocompatible, and easy to prepare and can be engineered to provide 
adequate features to therapeutic applications using tunable surface modifi cations. 
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Up to now, numerous fundamental studies regarding their therapeutic applications 
have been reported against cancer, microbial infections, infl ammation, and other 
diseases. In the near future, these albumin-based nanoparticle strategies promise to 
be promising for use in targeted drug delivery in clinical situations.     
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    Chapter 6   
 Nanoparticle Albumin-Bound Paclitaxel 
(Abraxane ® )                     

     Neil     Desai    

    Abstract     Albumin has high binding affi nity to hydrophobic molecules and is 
highly accumulated in tumors, making it an ideal carrier to transport water insoluble 
drugs to tumors. Nanoparticle albumin-bound ( nab® ) technology is an albumin- 
based nanoparticle drug delivery platform that preferentially delivers albumin- 
bound hydrophobic drugs to tumors without using toxic solvents. 

 Abraxane ®  ( nab -paclitaxel) is the fi rst approved product based on  nab  technol-
ogy and the fi rst protein nanotechnology-based chemotherapeutic. The conventional 
paclitaxel formulation utilizes Cremophor EL (CrEL) and ethanol as solvents, 
which lead to prolonged systemic exposure, slower tissue distribution, and increased 
drug toxicity. In contrast, preclinical and clinical studies have demonstrated that 
 nab -paclitaxel displays distinct pharmacokinetics (PK) and biodistribution proper-
ties, increased antitumor effi cacy, and improved safety profi le compared with 
CrEL- paclitaxel. As a result,  nab -paclitaxel has been approved for the treatment 
of multiple indications in oncology, including metastatic breast cancer, locally 
advanced or metastatic non-small cell lung cancer (NSCLC), metastatic adenocar-
cinoma of the pancreas, and advanced gastric cancer (in Japan). The clinical success 
of  nab - paclitaxel demonstrates the great potential of  nab  technology and albumin-
based drug delivery platforms in general through exploitation of the natural proper-
ties of albumin and tumor biology.  
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6.1       Introduction 

 Albumin has unique properties that make it an ideal carrier for the delivery of 
hydrophobic drugs into tumors. Albumin is the most abundant plasmic protein in 
the blood with a relatively long half-life of approximately 19 days (Kratz  2008 ). It 
is a natural transporter for many physiologically important substances in the blood, 
such as hormones, fatty acids, bilirubin, calcium, and zinc (Kratz  2008 ). Albumin 
also has multiple specifi c and nonspecifi c binding sites for hydrophobic molecules 
and is known to bind a broad range of therapeutic agents, including sulfonamides, 
warfarin, penicillin, and paclitaxel (Kratz  2008 ; Purcell et al.  2000 ; Paal et al.  2001 ; 
Trynda-Lemiesz  2004 ). Furthermore, albumin is highly accumulated in tumor tis-
sues, either due to the leaky capillary system and defective lymphatic drainage of 
tumors (Kratz  2008 ) or through an active caveolae-mediated transport process 
across tumor blood vessel endothelium (Desai et al.  2006 ; Minshall et al.  2000 ; 
Schnitzer  1992 ). Importantly, albumin is taken up by proliferating tumor cells via 
endocytosis and macropinocytosis, then catabolized by lysosomal degradation to 
support de novo protein synthesis, energy use, and tumor growth (Stehle et al.  1997 ; 
Commisso et al.  2013 ; Kremer et al.  2002 ; Kratz  2008 ). The accumulation of albu-
min in tumors provides potential rationale for albumin-based drug delivery systems 
to preferentially target tumors. 

 Traditionally, the effective delivery of hydrophobic drugs has been a signifi cant 
hurdle and paclitaxel is a primary example of the challenge. Paclitaxel is a mitotic 
inhibitor isolated from the bark of the Pacifi c yew tree,  Taxus brevifolia . Paclitaxel 
exerts its therapeutic effects as an anti-microtubule agent by stabilizing intracellular 
microtubules, thus blocking microtubule depolymerization (Schiff et al.  1979 ). 
This results in the disruption of normal disassembly and dynamic reorganization 
of the microtubule network necessary for vital interphase and mitotic cellular func-
tions, which leads to cellular apoptosis and cell death (Schiff et al.  1979 ). Although 
paclitaxel is a potent anticancer agent with a broad spectrum of activity against solid 
tumors, its clinical use was delayed by the high hydrophobicity and great diffi culties 
to formulate the drug. The conventional paclitaxel was fi rst authorized as the pro-
prietary product Taxol ®  (manufactured by Bristol-Myers Squibb, New York, 
New York), which consists of paclitaxel dissolved in a proprietary solvent, 
Cremophor ®  EL (CrEL, polyoxyethylated castor oil, BASF, Ludwigshafen, 
Germany) and ethanol (ten Tije et al.  2003 ; Taxol  2000 ). 

 The use of solvents in paclitaxel formulation is associated with their own toxici-
ties and impairs paclitaxel drug distribution. Cremophor EL alone has been shown 
to cause toxicity including neuropathy and severe hypersensitivity reactions (some-
times lethal) in patients (ten Tije et al.  2003 ; Weiss et al.  1990 ; Dye and Watkins 
 1980 ; Irizarry et al.  2009 ; Mielke et al.  2006 ). As a result, CrEL-based paclitaxel 
requires slow infusion and premedications to prevent hypersensitivity reaction. In 
addition, CrEL can hinder the distribution and delivery of paclitaxel by forming 
micelles with highly hydrophobic interiors that entrap paclitaxel in circulation, thus 
reducing drug delivery and tumor exposure to paclitaxel while increasing drug 
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 toxicity such as risks of neutropenia by prolonging systemic exposure (van Zuylen 
et al.  2001 ; Gelderblom et al.  2001 ; Chen et al.  2014 ). 

 Nanoparticle albumin-bound ( nab ) technology is a proprietary nanotechnology- 
based drug delivery platform that utilizes the endogenous properties of albumin to 
achieve solvent-free and effi cient delivery of hydrophobic drugs to target sites. As 
the fi rst approved product based on the  nab  platform,  nab -paclitaxel (ABRAXANE ®  
for Injectable Suspension, ABI-007, manufactured by Abraxis BioScience, LLC, a 
wholly owned subsidiary of Celgene Corporation, Summit, New Jersey) was devel-
oped with intent to increase effi cacy and reduce the toxicities associated with conven-
tional solvent-based paclitaxel.  nab -Paclitaxel is a solvent-free, albumin-stabilized 
nanoparticle formulation of paclitaxel. The use of human albumin via the  nab  tech-
nology allowed  nab -paclitaxel to be dissolved in saline, thereby eliminating the 
need for premedications. Currently,  nab -paclitaxel has been approved for the treat-
ment of patients with metastatic breast cancer, locally advanced or metastatic non- 
small cell lung cancer (NSCLC), and metastatic adenocarcinoma of the pancreas in 
the United States, European Union, Japan, and multiple other countries around the 
world. In addition,  nab -paclitaxel has been approved for treatment of advanced 
gastric cancer in Japan.  

6.2     Nanoparticle Properties of  nab -Paclitaxel 

  nab -Paclitaxel nanoparticles are complex three-dimensional structures comprised 
of paclitaxel in a noncrystalline amorphous state and human albumin with a mean 
particle size of approximately 130 nm (Fig.  6.1 ). Nanoparticles of  nab -paclitaxel 
have a narrow size distribution as determined by dynamic laser light scattering 
(DLS), transmission electron microscopy (TEM), and Cryo-TEM (Gradishar  2006 ). 
Albumin has more than six specifi c and nonspecifi c sites that can bind paclitaxel 

nab-Paclitaxel nanoparticle Cross section

Albumin
PaclitaxelPaclitaxel

  Fig. 6.1    Schematic representation of a  nab -paclitaxel nanoparticle. Albumin-bound paclitaxel 
nanoparticle has a mean particle size of 130 nm. The interaction between albumin and paclitaxel is 
non-covalent. The cross-section view shows that a layer of albumin molecules with a certain level 
of cross-linking forms the nanoparticle surface, which surrounds a hydrophobic core containing 
amorphous and noncrystalline paclitaxel       
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with different affi nities and with positive cooperativity (Paal et al.  2001 ). Using the 
natural affi nity that exists between paclitaxel and albumin,  nab  technology creates 
 nab -paclitaxel nanoparticles through non-covalent hydrophobic interaction. A layer 
of albumin molecules with a certain level of cross-linking forms the nanoparticle 
surface, surrounding a hydrophobic core containing amorphous and noncrystalline 
paclitaxel, as revealed by X-ray powder diffraction (Desai  2012a ,  b ,  2013 ). The 
highly negative zeta potential of −31 mV and steric repulsion of the albumin surface 
prevent agglomeration and stabilize nanoparticles in aqueous suspension, which 
enables  nab -paclitaxel nanoparticles to remain stable at room temperature for sev-
eral days when reconstituted to a 5 mg paclitaxel/mL concentration solution with 
0.9 % (w/v) saline (Desai  2012a ,  b ; Desai  2013 ). The non-covalent binding nature 
and noncrystalline form of paclitaxel allow the drug to be readily available for rapid 
drug release and tissue distribution without the time lag and free energy needed to 
either cleave the covalent binding or dissolve crystalline paclitaxel as in the case of 
nanocrystals (Merisko-Liversidge et al.  1996 ).

6.3        Mechanism of Action of  nab -Paclitaxel 

 Results from numerous preclinical and clinical studies have shed light on the mech-
anism of action of  nab -paclitaxel, which uses albumin to enhance the delivery and 
bioavailability of paclitaxel and has features highly distinctive from conventional 
solvent-based paclitaxel. 

6.3.1     Rapid Drug Release 

 Upon infusion into the circulation,  nab -paclitaxel nanoparticles undergo a dynamic 
dissolution process into smaller nanoparticles and eventually to mostly albumin- 
bound paclitaxel complexes and a small fraction of unbound paclitaxel. In a ran-
domized crossover pharmacokinetic study in patients with solid tumors, it was 
shown that protein-bound paclitaxel accounted for ~94 % of drug following  nab - 
paclitaxel infusion. The mean fraction of unbound paclitaxel was 6.3 % with  nab - 
paclitaxel, which was 2.6-fold higher than CrEL-paclitaxel (Gardner et al.  2008 ). 
Considering the higher dose and shorter infusion time,  nab -paclitaxel allows ~ten-
fold increase in C max  and ~threefold higher AUC of free unbound paclitaxel com-
pared with CrEL-paclitaxel, which may partially contribute to the increased delivery 
and improved effi cacy of  nab -paclitaxel (Fig.  6.2 ).

   In contrast, the Cremophor EL/ethanol vehicle in CrEL-paclitaxel forms micelles 
that sequester paclitaxel (van Zuylen et al.  2001 ), preventing drug release and bind-
ing to plasmic proteins. It has been demonstrated that the presence of CrEL signifi -
cantly inhibited paclitaxel binding to human serum albumin in a dose-dependent 
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manner, with IC 50  at 0.0017 % and almost complete inhibition at 0.3 % (Desai et al. 
 2006 ). These fi ndings are clinically relevant, as the critical micellar concentration 
(CMC) of CrEL in aqueous solution is only 0.009 % (Kessel  1992 ), much lower 
than the peak plasma CrEL level of 0.3–0.5 % after intravenous (IV) administration 
of CrEL-paclitaxel (100–175 mg/m 2 , over a 3-h period) (Sparreboom et al.  1998 ) 
and the plasma CrEL level of 0.1 % 24 h after infusion (Brouwer et al.  2000 ).  

6.3.2     Enhanced Transport Across Blood Vessel Endothelium 

 Following the dissociation of  nab -paclitaxel nanoparticles, albumin-paclitaxel com-
plexes utilize the natural transport properties of albumin to distribute into tissues 
and preferentially tumors. The enhanced permeability and retention effect (EPR) 
has been proposed to enhance distribution of macromolecules and nanoparticles 
into tumors. The blood vessels of proliferating tumors have structural defects with 
fenestrations between 0.2 and 1.2 μm, which are highly permeable to macromole-
cules such as albumin and nanoparticles with sizes below 200 nm (Yuan et al.  1995 ; 

nab-Paclitaxel

Albumin-bound
particle

Paclitaxel

Cremophor solvent
micelles Paclitaxel Albumin

  Fig. 6.2    Rapid drug release by  nab -paclitaxel. In circulation,  nab -paclitaxel nanoparticles undergo 
a dynamic dissolution process into smaller nanoparticles and eventually to mostly albumin-bound 
paclitaxel complexes and a small fraction of unbound paclitaxel. In contrast, the Cremophor EL/
ethanol vehicle in CrEL-paclitaxel forms micelles that sequester paclitaxel, preventing drug release 
and binding to plasmic proteins       
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Hobbs et al.  1998 ; Haley and Frenkel  2008 ), whereas the lack of proper lymphatic 
drainage in tumors decreased the clearance of albumin and other macromolecules 
with molecular weight greater than 40 kDa (Maeda et al.  2001 ). Theoretically,  nab -
paclitaxel nanoparticles and albumin-bound paclitaxel could potentially benefi t 
from EPR to achieve higher accumulation in tumors. However, drug delivery to 
solid tumors in patients has been shown to be strongly hindered by major biological 
barriers including heterogeneous blood supply, elevated interstitial fl uid pressure 
(IFP), and large transport distances in the tumor interstitium (Crommelin and 
Florence  2013 ; Nichols and Bae  2014 ). These factors seriously limit the potential 
clinical signifi cance of EPR. 

 Based on current evidence, active transcytosis mediated by receptor and caveolae 
appears to be a more important transport pathway into tissues and tumors for albu-
min and  nab -paclitaxel. Caveolae are a special type of lipid raft, 50–100 nm small 
invaginations of the plasma membrane in many cell types, especially in endothelial 
cells and adipocytes (Simionescu et al.  2002 ; Frank et al.  2009 ). Albumin binds to 
the albumin receptor glycoprotein gp60 (albondin) located on endothelial cell sur-
face with nanomolar affi nity (Schnitzer  1992 ), which triggers gp60 clustering and 
association with caveolar scaffolding protein caveolin-1, resulting in the activation 
of tyrosine kinase Src and the formation of caveolae (Tiruppathi et al.  1997 ). The 
plasmalemmal vesicles containing both gp60-bound and fl uid phase albumin 
migrate from apical to basal membrane and release their contents by exocytosis into 
the subendothelial space, completing the transcytosis process (John et al.  2003 ; 
Tiruppathi et al.  2004 ). 

 Due to the absence of solvents, albumin-paclitaxel complexes from  nab - 
paclitaxel can take full advantage of the natural albumin transcytosis pathway to 
enhance its tissue and tumor distribution. Albumin internalized by monolayer endo-
thelial cells was found in endocytic plasmalemmal vesicles, some of which were 
early endosomes as indicated by the presence of the endosome biomarker early 
endosome antigen 1 (EEA1 protein). Very little albumin was found in lysosomes 
(Chen et al.  2015 ), indicating endocytic uptake of albumin and transendothelial traf-
fi cking of the molecule rather than breakdown of the protein in lysosomes. Live 
imaging demonstrated that albumin and fl uorescent paclitaxel were present in punc-
tae in endothelial cells and could be observed in very close proximity, suggesting 
cotransport (Chen et al.  2015 ). Consistent with the albumin vesicle traffi cking pat-
tern, no fl uorescent paclitaxel was found in lysosomes as visualized by 
LysotrackerRed (Chen et al.  2015 ). As shown by in vitro drug uptake and permea-
bility assays, when compared with CrEL-paclitaxel,  nab -paclitaxel formulation 
increased the binding of paclitaxel to endothelial cells by 9.9-fold ( P  < 0.0001) and 
the transport of paclitaxel across human umbilical vein endothelial cell (HUVEC) 
monolayers by 4.2-fold ( P  < 0.0001) (Desai et al.  2006 ). The enhanced paclitaxel 
transcytosis was completely abolished by caveolar-disrupting agent methyl-β- 
cyclodextrin, demonstrating that the paclitaxel transport is mediated by caveolae 
(Desai et al.  2006 ). 
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 On the other hand, the solvent CrEL severely hinders all the above albumin- 
facilitated paclitaxel transport processes, even at very low concentrations. Consistent 
with the inhibition of paclitaxel binding to albumin by CrEL discussed earlier, CrEL 
inhibited paclitaxel binding to endothelial cells (HUVECs) in a dose-dependent 
manner (IC 50 : 0.010 %), with complete inhibition occurring at a concentration of 
0.1 % (Desai et al.  2006 ). Live imaging showed a decrease in albumin uptake by 
HUVECs as measured by both anti-albumin immunofl uorescent staining and HSA- 
TRITC with increasing concentrations of CrEL, and a fl uorescence-activated cell 
sorting (FACS) assay demonstrated that the uptake of fl uorescent-labeled paclitaxel 
in  nab -paclitaxel formulation by HUVECs was also strongly inhibited by CrEL in a 
dose-dependent manner, with almost complete abolishment of cellular uptake at a 
concentration of 0.3 % (Chen et al.  2015 ). In the in vitro permeability assay, CrEL 
strongly inhibited paclitaxel transport across endothelial cells, with fi t-determined 
concentrations required for 50 % inhibition of paclitaxel transcytosis (IC 50 ) of 0.19, 
0.12, 0.16, and 0.22 % at 1, 2, 4, and 24 h, respectively (Chen et al.  2015 ). As dis-
cussed above, the CrEL concentrations in these in vitro assays are in the range of 
plasma CrEL levels in patients administered with CrEL-paclitaxel, suggesting that 
the presence of CrEL in formulation would have signifi cant clinical implications. 
Taken together, these results clearly demonstrate that  nab -paclitaxel, but not CrEL- 
paclitaxel, can utilize and leverage the active albumin transport mechanism for effi -
cient paclitaxel distribution from the circulation.  

6.3.3     Distinct Pharmacokinetic Profi le 

 Due to its unique albumin-based nanoparticle formulation and mechanism of action, 
 nab -paclitaxel displays distinct pharmacokinetic (PK) and biodistribution profi les 
compared with conventional CrEL-paclitaxel. In both preclinical and clinical stud-
ies,  nab -paclitaxel exhibits a linear PK with rapid tissue distribution and increased 
distribution volume. In contrast, the concentration of CrEL increases with higher 
doses of CrEL-paclitaxel, leading to greater inhibitory effect on paclitaxel binding 
to albumin and tissue distribution; therefore, CrEL-paclitaxel displays slower tissue 
distribution and a nonlinear PK profi le. 

 In rats and mice, CrEL-paclitaxel showed threefold higher plasma peak levels 
(C max ), higher plasma AUC (area under the concentration-time curve), and approxi-
mately a seven- to tenfold lower steady-state volume of distribution (Vdss) com-
pared with  nab -paclitaxel (Sparreboom et al.  2005 ). Clinically, the systemic drug 
exposure with intravenous  nab -paclitaxel administration was approximately dose 
proportional from 80 to 300 mg/m 2  and was independent of the infusion duration 
(Ibrahim et al.  2002 ; Chen et al.  2014 ), whereas CrEL-paclitaxel displayed more 
than dose proportional increases in systemic exposure and infusion duration- 
dependent clearance (Gianni et al.  1995 ; van Tellingen et al.  1999 ). In a PK study 
comparing  na b-paclitaxel (260 mg/m 2  IV over 30 min, q3w) and CrEL-paclitaxel 
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(175 mg/m 2  IV over 3 h, q3w) in patients with solid tumors,  nab -paclitaxel dis-
played a signifi cantly higher rate of clearance (21.13 vs 14.76 L/h/m 2 ,  P  = 0.048) 
and a larger volume of distribution (663.8 vs 433.4 L/m 2 ,  P  = 0.040) than CrEL- 
paclitaxel (Sparreboom et al.  2005 ). 

 The slow elimination of paclitaxel from circulation with CrEL causes prolonged 
systemic drug exposure and increased risk of the dose-limiting toxicity neutropenia. 
The exposure-neutropenia relationship has been described for CrEL-paclitaxel 
using a threshold model, with the duration of time that the plasma paclitaxel con-
centration was >0.05 μM being predictive of neutropenia in patients with ovarian 
cancer (Joerger et al.  2007 ). On the other hand, the faster tissue distribution by  nab - 
paclitaxel causes a shorter duration of high plasmic drug concentration, reducing 
the risk of neutropenia. A population PK study with data from 150 patients in eight 
clinical trials revealed that for  nab -paclitaxel, the time or AUC above the threshold 
concentration of 720 ng/mL (0.84 μM) correlated with the probability of experienc-
ing a ≥50 % reduction in neutrophil count (Chen et al.  2014 ). The threshold concen-
tration for  nab -paclitaxel is nearly 17-fold higher than that observed for 
CrEL-paclitaxel. The difference in PK profi les may help explain the difference in 
clinical safety between  nab -paclitaxel and CrEL-paclitaxel observed in large-scale 
randomized phase 3 studies. The incidence of grade 4 neutropenia was signifi cantly 
lower in  nab -paclitaxel arm vs CrEL-paclitaxel arm (phase 3 MBC trial, 9 % vs 
22 %,  P  < 0.001; phase 3 advanced NSCLC trial, 14 % vs 26 %,  P  < 0.001), despite 
higher paclitaxel dose intensity delivered with  nab -paclitaxel (Gradishar et al.  2005 ; 
Socinski et al.  2012 ). 

 In an analysis of population PK data with  nab -paclitaxel and CrEL-paclitaxel 
using PK modeling, the plasma paclitaxel concentration versus time in solid tumor 
patients can best be described by a three-compartment pharmacokinetic model 
(Chen et al.  2014 ,  2015 ; Joerger et al.  2006 ): the central compartment (plasma and 
well-perfused organs), the fi rst peripheral compartment (tissues/organ distribution 
through a saturable transporter-mediated mechanism), and the second peripheral 
compartment (tissue/organ distribution through a non-saturable passive diffusion). 
Consistent with observed results of gp60/caveolae-mediated albumin-paclitaxel 
transport and faster tissue distribution, the PK modeling also indicates that the dis-
tribution of  nab -paclitaxel is more dependent upon transporter-mediated pathways, 
refl ected as a more than twofold faster rate and a ninefold larger volume for satu-
rable drug distribution to the fi rst peripheral compartment compared to CrEL- 
paclitaxel (Chen et al.  2015 ). Conversely, drug delivery into tissue by CrEL-paclitaxel 
is more dependent upon passive diffusion. Further, the fraction of  nab -paclitaxel 
dose delivered to tissues would remain relatively constant for either transporter- 
mediated or diffusion-related distribution over a broad clinical dose range, whereas 
transporter-mediated distribution decreases while diffusion-related distribution 
increases with higher dose of CrEL-paclitaxel (Chen et al.  2015 ). The PK study 
fi ndings are consistent with the albumin receptor-facilitated transport mechanism of 
 nab -paclitaxel, which allows faster and more effi cient drug delivery to tumors com-
pared with CrEL-paclitaxel (Fig.  6.3 ).
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6.3.4        Effi cient and Selective Tumor Accumulation 
and Penetration 

 There are also signifi cant differences in tumor distribution of  nab -paclitaxel and 
CrEL-paclitaxel. As discussed above, albumin is highly accumulated in tumors, as 
fast-growing tumor cells actively take up albumin through endocytosis and mac-
ropinocytosis (Stehle et al.  1997 ; Commisso et al.  2013 ). Catabolized by lysosomal 
degradation, albumin plays an essential role in supporting tumor cell proliferation 
by serving as a major energy and nutrient source and providing amino acids for 
protein synthesis (Stehle et al.  1997 ; Commisso et al.  2013 ). 

 The natural demand for albumin by solid tumors facilitates the delivery of active 
drug by  nab -paclitaxel. In xenograft-bearing mice, radiolabeled paclitaxel from 
 nab -paclitaxel distributed favorably into tumors versus normal tissues at the early 
time points compared with CrEL-paclitaxel, with a  nab -paclitaxel/CrEL-paclitaxel 
ratio of 1.25 for tumor and 0.4–0.8 for normal tissue of different organs at 1 h post 
dose (Hawkins et al.  2003 ). In MX-1 human breast tumor xenografts, intravenous 
 nab -paclitaxel achieved a 33 % higher intratumoral paclitaxel concentration at equal 

  Fig. 6.3    Mechanisms for the transport of  nab -paclitaxel into tumors. Following dissolution of 
 nab -paclitaxel nanoparticles, the transcytosis of albumin-bound paclitaxel complexes across the 
endothelial barrier is facilitated by binding to the albumin receptor gp60 and caveolar transport. 
Upon entering the tumor, the natural demand for albumin by proliferating tumor cells enhances the 
accumulation, distribution, and penetration of albumin-bound paclitaxel       
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dose than CrEL-paclitaxel (Desai et al.  2006 ). In pediatric tumor models of rhabdo-
myosarcoma and neuroblastoma, a four- to sevenfold higher tumor/plasma  paclitaxel 
drug ratio was observed for  nab -paclitaxel compared with DMSO-paclitaxel (Zhang 
et al.  2013b ). 

 Further, upon entering the tumor,  nab -paclitaxel allows the active drug to distrib-
ute wider and penetrate deeper into the tumor tissue than solvent-based paclitaxel, 
resulting in greater antitumor effi cacy. When equal amounts of  nab -paclitaxel, 
CrEL-paclitaxel, and DMSO-paclitaxel were delivered through direct intratumoral 
microinjection into human pancreatic MIA PaCa-2 tumor xenografts, the area of 
response and the total fraction of mitotically arrested phospho-histone H3 (pHH3) 
positive cells at specifi c radial distances from the injection site were signifi cantly 
greater for microinjected  nab -paclitaxel compared with CrEL-paclitaxel and 
DMSO-paclitaxel (Chen et al.  2015 ). Similarly, microinjected  nab- paclitaxel 
induced a signifi cantly larger increase in both the area of response and total fraction 
of cells arrested in mitosis when compared to CrEL-paclitaxel-injected A2058 mel-
anoma and DMSO-paclitaxel-injected H2122 NSCLC xenografts (Chen et al. 
 2015 ). The results clearly demonstrate that paclitaxel from  nab -paclitaxel can dis-
tribute effectively and extensively within tumors, whereas other paclitaxel formula-
tions such as a micellar formulation (CrEL-paclitaxel) or a solvent formulation 
(DMSO-paclitaxel) exhibit more limited intratumoral drug distribution and cellular 
uptake.   

6.4     Nonclinical Studies of  nab -Paclitaxel 

 Due to its distinct mechanisms of action,  nab -paclitaxel demonstrated strong antitu-
mor activity and improved therapeutic index in nonclinical studies both as a single 
agent and in combination with other therapeutic agents against a broad range of 
tumor models. In mice, the maximum tolerated dose (MTD) for  nab -paclitaxel (30 
mg/kg, qdx5) was substantially higher than for CrEL-paclitaxel (13.4 mg/kg, qdx5) 
(Desai et al.  2006 ). In nude mice bearing various human tumor xenografts treated 
with both agents at MTD (H522, lung; MX-1, breast; SK-OV-3, ovarian; PC3, pros-
tate; and HT29, colon),  nab -paclitaxel resulted in more complete regressions, lon-
ger time to recurrence and tumor doubling, and prolonged survival compared with 
CrEL-paclitaxel (Desai et al.  2006 ). The antitumor activity of  nab -paclitaxel was 
also better or equal compared with polysorbate-based docetaxel at its MTD in vari-
ous breast (MDA-MB-231 and MX-1), lung (LX-1), prostate (PC3), and colon 
(HT29) tumor xenograft models (Desai et al.  2008 ). In mice bearing MDA-MB-231 
and MDA-MB-435 breast tumor xenografts, combined  nab -paclitaxel and bevaci-
zumab treatment signifi cantly enhanced the antitumor activity and reduced both 
lymphatic and pulmonary metastasis compared with either drug administered as a 
single agent (Volk et al.  2008 ,  2011 ). 

 In nonclinical studies with pancreatic cancer models, the combination treatment 
of  nab -paclitaxel and gemcitabine displayed strong antitumor activity over either 
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agent alone and increased intratumoral gemcitabine levels by 2.8-fold (Von Hoff 
et al.  2011 ). The exact mechanism of enhanced gemcitabine tumor accumulation by 
 nab -paclitaxel remains unclear. In separate studies using patient-derived and geneti-
cally engineered mouse model (GEMM) of pancreatic cancer,  nab -paclitaxel dis-
rupted tumor stroma as demonstrated by reduction in type I collagen and increased 
tumor vascularization (Alvarez et al.  2013 ; Von Hoff et al.  2011 ). In another study 
using KPC GEMM model,  nab -paclitaxel increased intratumoral levels of the active 
gemcitabine metabolite gemcitabine triphosphate (dFdCTP), which was attributed 
to a marked decrease of cytidine deaminase, the primary gemcitabine metabolizing 
enzyme, following  nab -paclitaxel treatment (Frese et al.  2012 ). In mice bearing 
subcutaneous AsPC-1 human pancreatic cancer xenografts,  nab -paclitaxel demon-
strated stronger antitumor activity and prolonged animal survival compared with 
polysorbate-based docetaxel (Awasthi et al.  2013 ). 

 In addition,  nab -paclitaxel is highly active against gastric cancer xenograft mod-
els. In mice bearing subcutaneously or intraperitoneally (IP) implanted OCUM- 
2MD3 tumors,  nab -paclitaxel (30 mg/kg/day, IV or IP) showed signifi cantly greater 
antitumor activity than equitoxic dose of CrEL-paclitaxel (13.4 mg/kg/day, IP) 
(Kinoshita et al.  2014 ). In mice bearing SNU16 human gastric cancer xenografts, 
 nab -paclitaxel treatment resulted in signifi cantly stronger tumor growth suppres-
sion and longer animal survival compared with oxaliplatin or epirubicin treatment 
(Zhang et al.  2013a ). 

 Recent preclinical studies also demonstrated dose-dependent antitumor activity 
of  nab -paclitaxel against multiple types of pediatric solid tumors.  nab -Paclitaxel 
displayed greater antitumor activity, better tolerability, and higher intratumor pacli-
taxel concentrations than DMSO-paclitaxel in several pediatric solid tumor models, 
including human neuroblastoma (SK-N-BE[2] and CHLA-20) and rhabdomyosar-
coma (RH4 and RD) xenografts (Zhang et al.  2013b ). In another study,  nab - 
paclitaxel alone or in combination with gemcitabine displayed strong antitumor 
activity against both 143.98.2 osteosarcoma and A673 Ewing sarcoma xenografts 
(Wagner et al.  2014 ). Further, among 20 pediatric solid tumor xenograft models, 
single agent  nab -paclitaxel was well tolerated and resulted in signifi cant differences 
in event-free survival in 19 of 20 (95 %) solid tumors. Objective responses were 
observed in 12 of 20 (60 %) solid tumor xenografts. Complete responses (CR) or 
maintained CR were observed in fi ve of eight Ewing sarcoma models and six of 
eight rhabdomyosarcomas (Houghton et al.  2015 ).  

6.5     Key Clinical Results of  nab -Paclitaxel 

 The unique properties of  nab -paclitaxel confer it with distinct clinical effi cacy and 
safety profi les from conventional CrEL-paclitaxel. Results from key clinical studies 
establish  nab -paclitaxel as an important weapon in the chemotherapeutic arsenal 
with worldwide approvals in metastatic breast cancer (MBC), locally advanced or 
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metastatic non-small cell lung cancer (NSCLC), metastatic adenocarcinoma of the 
pancreas, and advanced gastric cancer in Japan. 

 In phase 1 studies, it was established that  nab -paclitaxel can be administered at a 
higher dose with shorter infusion duration than CrEL-paclitaxel (Taxol), without the 
need for premedication (Ibrahim et al.  2002 ; Hawkins et al.  2008 ). The MTD was 
70 % higher with  nab -paclitaxel based on every 3-weeks dosing: 300 mg/m 2  
(Ibrahim et al.  2002 ) versus 175 mg/m 2  for Taxol. The elimination of toxic solvents 
also enables  nab -paclitaxel to be given in a shorter, more convenient infusion time 
of 30–40 min compared with 3–24 h with Taxol (Ibrahim et al.  2002 ).  nab-  Paclitaxel 
may be given without steroid and antihistamine premedication, which is required 
for Taxol to prevent solvent-related hypersensitivity reactions. Cremophor EL has 
been shown to leach plasticizers from polyvinyl chloride (PVC) bags and 
polyethylene- lined tubing (Gelderblom et al.  2001 ); therefore, Taxol needs to use 
glass, polypropylene, or polyolefi n containers and non-PVC-containing infusion 
sets, whereas standard tubing and intravenous (IV) bags may be used for the IV 
administration of  nab- paclitaxel (Ibrahim et al.  2002 ; Nyman et al.  2005 ). 

 For metastatic breast cancer,  nab -paclitaxel was approved in the United States in 
2005, in European Union in 2008, and in Japan in 2010. In a phase 2 study in 
patients with MBC whose disease progressed after weekly paclitaxel or docetaxel, 
 nab -paclitaxel demonstrated promising disease control rate (31 %) and >9 months 
of median overall survival (Blum et al.  2007 ). In a phase 3 study in 460 patients with 
metastatic breast cancer randomized to receive IV administration of either  nab - 
paclitaxel at 260 mg/m 2  q3w or CrEL-paclitaxel at 175 mg/m 2  q3w (Gradishar et al. 
 2005 ),  nab -paclitaxel showed statistically signifi cantly higher response rates (33 % 
versus 19 %,  P  = 0.001), longer time to tumor progression (5.3 versus 3.9 months, 
 P  = 0.006), and increased survival in the subset of patients receiving second-line or 
greater treatment (12.9 versus 10.7 months,  P  = 0.024). The incidence of grade 4 
neutropenia was signifi cantly lower with  nab -paclitaxel than with CrEL-paclitaxel 
(9 % versus 22 %,  P  < 0.001). No severe hypersensitivity reactions occurred with 
 nab -paclitaxel despite the lack of premedication. Grade 3 neuropathy was higher for 
 nab -paclitaxel (10 % vs 2 %,  P  < 0.001) due to the approximately 50 % higher dos-
age, but was easily manageable and improved quickly with a median recovery time 
of 22 days. Currently,  nab -paclitaxel is indicated for the treatment of metastatic 
breast cancer, after failure of combination chemotherapy for metastatic disease or 
relapse within 6 months of adjuvant chemotherapy. Prior therapy should have 
included an anthracycline unless clinically contraindicated. The recommended dos-
age is 260 mg/m 2  IV over 30 min every 3 weeks. 

 For locally advanced or metastatic NSCLC,  nab -paclitaxel was approved in the 
United States in 2012, in European Union in 2015, and in Japan in 2013. In a ran-
domized phase 3 study in patients with advanced NSCLC (Socinski et al.  2010 ), 
patients received either the combination of  nab -paclitaxel (100 mg/m 2 , qw)/
carboplatin (AUC 6, q3w) ( n  = 521) or CrEL (200 mg/m 2 , q3w)/carboplatin ( n  = 531). 
The  nab -paclitaxel arm demonstrated a signifi cantly higher overall response rate 
(ORR) than the CrEL-paclitaxel arm (33 % vs 25 %; response rate ratio, 1.313; 95 % 
confi dence interval [CI], 1.082–1.593;  P  = 0.005) with a favorable trend in 
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progression- free survival (PFS; median, 6.3 vs 5.8 months; hazard ratio [HR], 
0.902; 95 % CI, 0.767–1.060;  P  = 0.214) and overall survival (OS; median, 12.1 vs 
11.2 months; HR, 0.922; 95 % CI, 0.797–1.066;  P  = 0.271). There were signifi cantly 
less grade 3 and 4 neuropathy, neutropenia, arthralgia, and myalgia in the  nab -
paclitaxel arm, whereas less thrombocytopenia and anemia were observed in the 
CrEL-paclitaxel arm (Socinski et al.  2012 ). Currently,  nab -paclitaxel is indicated 
for the treatment of locally advanced or metastatic NSCLC, as fi rst-line treatment in 
combination with carboplatin, in patients who are not candidates for curative sur-
gery or radiation therapy. The recommended dosage of  nab -paclitaxel is 100 mg/m 2  
intravenously over 30 min on days 1, 8, and 15 of each 21-day cycle, with carbopla-
tin administered on day 1 of each 21-day cycle immediately after  nab -paclitaxel. 

 For metastatic adenocarcinoma of the pancreas,  nab -paclitaxel was approved in 
the United States in 2013, in European Union in 2013, and in Japan in 2014. While 
solvent-based taxanes failed to show clinically meaningful activity and adequate 
safety in several phase 2 studies of metastatic pancreatic cancer (Whitehead et al. 
 1997 ; Androulakis et al.  1999 ; Jacobs et al.  1999 ),  nab -paclitaxel is highly active in 
this indication. In a randomized phase 3 study in 861 patients with metastatic pan-
creatic cancer, a combination of  nab -paclitaxel (125 mg/m 2  weekly, 3 out of 4 
weeks) and gemcitabine (1,000 mg/m 2  weekly, 3 out of 4 weeks) demonstrated 
signifi cantly longer overall survival and improved clinical outcomes compared with 
the standard of care treatment of gemcitabine alone (Von Hoff et al.  2013 ). The 
median OS was 8.5 months for the  nab -paclitaxel/gemcitabine arm vs 6.7 months 
for the gemcitabine arm (HR: 0.72; 95 % CI, 0.62–0.83;  P  < 0.001). The median PFS 
was longer in the  nab -paclitaxel/gemcitabine arm (5.5 vs 3.7 months HR: 0.69; 
95 % CI, 0.58–0.82;  P  < 0.001); the ORR was 23 % vs 7 % in the two groups 
( P  < 0.001). The survival rate was higher with the  nab -paclitaxel/gemcitabine arm 
(35 % vs 22 % at 1 year and 9 % vs 4 % at 2 years). The most common adverse 
events of grade 3 or higher were neutropenia (38 % in the  nab -paclitaxel/gem-
citabine arm vs 27 % in the gemcitabine arm), fatigue (17 % vs 7 %), and neuropathy 
(17 % vs 1 %). Febrile neutropenia occurred in 3 % vs 1 % of the patients in the two 
arms, respectively. In the  nab -paclitaxel/gemcitabine arm, neuropathy of grade 3 
improved to grade ≤1 with a median duration of 29 days. Currently,  nab -paclitaxel 
is indicated for the treatment of metastatic adenocarcinoma of the pancreas as fi rst- 
line treatment, in combination with gemcitabine. The recommended dosage of  nab - 
paclitaxel is 125 mg/m 2  IV over 30–40 min on days 1, 8, and 15 of each 28-day 
cycle, with gemcitabine administered on days 1, 8, and 15 of each 28-day cycle 
immediately after  nab -paclitaxel. 

 For advanced gastric cancer,  nab -paclitaxel was approved in Japan in 2013. In a 
multicenter phase 2 study in 56 Japanese patients with unresectable or recurrent 
gastric cancer who had received a prior round of fl uoropyrimidine-containing che-
motherapy (Sasaki et al.  2014 ),  nab -paclitaxel administered IV at 260 mg/m 2  q3w 
resulted in an ORR of 27.8 % (15/54 evaluable patients; 95 % confi dence interval 
[CI], 16.5–41.6) with one complete response and a disease control rate of 59.3 % 
(32/54; 95 % CI, 45.0–72.4). The median PFS and OS were 2.9 months (95 % CI, 
2.4–3.6) and 9.2 months (95 % CI, 6.9–11.4), respectively. The most common grade 
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3/4 toxicities were neutropenia (49.1 %), leucopenia (20.0 %), lymphopenia 
(10.9 %), and peripheral sensory neuropathy (23.6 %). 

 Overall, in head-to-head clinical comparison with CrEL-paclitaxel,  nab - 
paclitaxel consistently demonstrates greater clinical benefi ts and better safety pro-
fi le in multiple cancer types. Despite premedications, 171 unique cases of 
hypersensitivity following CrEL-paclitaxel infusion were identifi ed in a review of 
adverse event reports submitted to regulatory agencies in the United States, Europe, 
and Japan between 1997 and 2007, of which 34 % were fatal (Irizarry et al.  2009 ). 
In phase 3 studies in patients with MBC and NSCLC, no severe hypersensitivity 
reaction occurred in the  nab -paclitaxel arm even in the absence of premedication 
requirement, while three occurred in the CrEL-paclitaxel arm in spite of premedica-
tions (two patients with MBC and one patient with advanced NSCLC) (Gradishar 
et al.  2005 ; Socinski et al.  2012 ). Because of the rapid tissue distribution of pacli-
taxel from circulation by  nab -paclitaxel, the incidence of grade 4 neutropenia was 
signifi cantly lower in  nab -paclitaxel arm vs CrEL-paclitaxel arm (phase 3 MBC 
trial, 9 % vs 22 %,  P  < 0.001; phase 3 advanced NSCLC trial, 14 % vs 26 %, 
 P  < 0.001), despite higher paclitaxel dose intensity delivered with  nab -paclitaxel 
(Gradishar et al.  2005 ; Socinski et al.  2012 ). For neuropathy, the incidence of grade 
3 neuropathy was more common in the  nab -paclitaxel arm compared with CrEL- 
paclitaxel arm based on an every 3-week dosing schedule in the randomized phase 
3 study in patients with MBC (10 % vs 2 %,  P  < 0.001) (Gradishar et al.  2005 ), 
whereas signifi cantly lower neuropathy rates were observed in the weekly  nab - 
paclitaxel vs q3w CrEL-paclitaxel arm (grade 3: 3 % vs 11 %) in the phase 3 study 
in patients with advanced NSCLC (Socinski et al.  2012 ), suggesting that the inci-
dence of neuropathy is dose and schedule dependent. Importantly, neuropathy 
caused by  nab -paclitaxel treatment was reversible, and patients in general recovered 
quickly with treatment interruption or dose reduction.  

6.6     Conclusions and Outlook 

 Currently, there are numerous phase 3 clinical trials ongoing for  nab -paclitaxel in 
different solid tumor indications, including triple negative MBC, squamous cell 
NSCLC, adjuvant pancreatic adenocarcinoma, and gastric cancer. Studies are also 
exploring the combination of  nab -paclitaxel with novel therapeutic agents, such as 
stroma modulating agent PEGylated recombinant human hyaluronidase (PEGPH20, 
Halozyme Therapeutics, Inc.) and immunotherapy agent anti-PD-L1 antibody 
atezolizumab (Genentech/Roche). 

 Several other drugs based on the  nab  technology platform are also undergoing 
preclinical and clinical development for oncology and vascular disease indications. 
The mammalian target of rapamycin, mTOR, is a key regulator of cell proliferation 
and an important target in cancer and proliferative vascular diseases (Dancey  2010 ; 
Goncharova  2013 ).  nab -Rapamycin (ABI-009) is an albumin-bound injectable 
form of rapamycin. In a phase 1 study in 26 heavily pretreated patients with 
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advanced solid tumors,  nab -rapamycin was well tolerated with MTD established at 
100 mg/m 2  IV weekly and showed evidence of responses and stable disease with 
various solid tumors including renal cell carcinoma and bladder cancer, both known 
for mTOR overexpression (Gonzalez-Angulo et al.  2013 ). 

 In conclusion,  nab  technology-based drugs such as  nab -paclitaxel are highly 
complex nanoparticle products that utilize the natural transport pathways and tumor 
accumulation properties of albumin to achieve improved distribution, tumor target-
ing, effi cacy, and safety. The  nab  technology represents a major development in the 
delivery of hydrophobic drugs, with  nab -paclitaxel serving as a strong testament for 
the potential of albumin-based drug delivery system.     
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    Chapter 7   
 Optison ™  Albumin Microspheres 
in Ultrasound-Assisted Gene Therapy 
and Drug Delivery                     

     Alex     Jackson     ,     Jason     W.     Castle    ,     Adrian     Smith    , and     Christina     K.     Kalli   

    Abstract     Optison™ (Perfl utren Protein-Type A Microspheres Injectable 
Suspension, USP) is a sterile non-pyrogenic suspension of microspheres of human 
serum albumin with perfl utren (also known as perfl uoropropane). Optison ™  micro-
spheres are micrometre-sized gas-fi lled bubbles that have a shell consisting of 
human albumin. The size range is 2–4 μm in diameter and 95 % are less than 10 μm. 
This means that intravenously injected Optison™ may pass through the pulmonary 
capillary bed and access all parts of the systemic vasculature. The size distribution, 
shell properties and gas core provide a bubble that oscillates in response to and scat-
ters ultrasound at frequencies useful for clinical imaging. The established use of 
Optison™ is in the fi eld of echocardiography, where it provides echogenic contrast 
enhancement for suboptimal echocardiograms. 

 Optison™ is currently marketed in North America and Europe where researchers 
may gain access to the product for research and experimental use under their own 
institutional processes. One such experimental use that has shown promise is the use 
of ultrasound combined with a microbubble agent to induce transient changes to 
biological tissue with the aim of increasing delivery and penetration of therapeutic 
molecules. It has been known for decades that microbubbles can act as nucleation 
sites for a range of ultrasound-induced physical effects such as stable cavitation, 
inertial cavitation and jetting. These phenomena have been shown to have direct 
physical effects on biological membranes in the vicinity of the microbubble such as 
the creation of pores (sonoporation) which can persist for seconds up to several 
minutes depending on their size and the level of impact to the host cell. This 
approach has been applied as an alternative to viral vectors to address the signifi cant 
challenge of delivering genetic material for anticancer and cardiovascular gene ther-
apy. There are approximately 50 research papers on the use of Optison™ to enhance 
the transfection of oligonucleotides and plasmid DNA. This chapter will introduce 
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Optison™ and its characteristics in the context of established use in diagnostic clin-
ical imaging and experimental use in the delivery of therapeutic molecules. The 
methodology and results in the fi eld of drug delivery and gene therapy will be 
reviewed and summarised in the context of effectiveness, potential for clinical trans-
lation and potential impact in medicine.  

  Keywords     Optison™   •   Albumin   •   Microbubble   •   Microsphere   •   Ultrasound   • 
  Sonoporation   •   Drug delivery   •   Gene delivery  

7.1       Introduction 

 Contrast-enhanced ultrasound (CEUS) is a technique that improves the visualisa-
tion and assessment of cardiac function and tissue perfusion by using gas-fi lled 
microspheres to increase the echogenicity of the blood following intravenous injec-
tion. The safety and effi cacy of ultrasound contrast agents for diagnostic use in 
humans has been proven in clinical trials. Non-invasive, real-time nature of CEUS 
provided a technique that can be used repeatedly during various radiological appli-
cations such as diagnostic imaging, monitoring for tumour progression and recur-
rence as well as treatment planning, and for echocardiography. 

 Even before the 1970s, micrometre-sized bubbles producing acoustic interfer-
ence had been used to aid echocardiography. These studies used fi rst-generation 
ultrasound contrast agents (USCAs) which were little more than air-fi lled micro-
bubbles of agitated saline. However, microbubbles produced in this manner were of 
variable size and short duration and when injected intravenously enabled ultrasound 
imaging of the right side of the heart but were unable to traverse the pulmonary 
circulation to aid imaging of the left chambers of the heart and other parts of the 
body. Further work led to stabilisation of microbubbles of a consistently smaller 
size by using shells of albumin and lipids. Increased echogenicity was also achieved 
by replacing the air with heavy gases such as perfl uorocarbons (Goldberg et al. 
 1994 ; Stride and Saffari  2003 ).  

7.2     Optison ™  Product Information and Development 

 Microbubble contrast agents are small gas-fi lled microspheres with a typical diam-
eter between 1 and 10 μm (Sirsi and Borden  2009 ), similar to normal human red 
blood cells (6–8 μm). First-generation air-fi lled microbubbles (e.g. Albunex ® , 
Levovist ® , Echovist ® ) (Kim et al.  1996 ; Bao et al.  1997 ) encapsulated within a thin 
(10–15 nm) protein shell were characterised by low stability and limited utility due 
to high solubility of air in blood limiting their persistence within the vasculature 
(Hernot and Klibanov  2008 ). Second-generation microbubbles such as Optison ™ , 
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Sonazoid ™  (perfl uorobutane microbubbles, GE Healthcare, Oslo, Norway), 
SonoVue ®  (sulphur hexafl uoride microbubbles, Bracco Imaging S.p.A., Milan, 
Italy) and Defi nity ®  (perfl utren lipid microspheres, Lantheus Medical Imaging Inc., 
North Billerica, MA) are used today in clinical practice as tracers for imaging of the 
vasculature in organs such as the heart, liver and breast. In these agents, hydropho-
bic gases such as perfl uoropropane, perfl uorobutane and sulphur hexafl uoride, 
rather than air, are encapsulated in thin, stable, biocompatible shells, phospholipids 
and proteins (between 10 and 200 nm thick). The nature of the gas and shell 
increases the microbubble resistance to arterial pressure preventing them from 
rapidly dissolving in the blood stream (Alter et al.  2009 ; Wei et al.  1998 ; Averkiou 
et al.  2004 ). 

 Optison ™  was launched as the fi rst of the second-generation of USCAs in the 
North America market in January 1998 and in Europe in May of the same year. The 
second-generation USCAs had markedly improved echogenicity and stability suf-
fi cient to traverse the pulmonary circulation and provide contrast in the systemic 
circulation following intravenous injection. Consisting of a simple albumin shell 
(which is readily metabolised) and inert perfl uoropropane 1  gas (which is readily 
expired), Optison ™  provides up to 5 min of left ventricular ultrasound contrast 
(Cohen et al.  1998 ).  

7.3     Contrast-Enhanced Echocardiography 

 Contrast-enhanced echocardiography is used to enhance colour and spectral Doppler 
fl ow signals from the cavities and vessels; delineate the endocardium by left ven-
tricular cavity opacifi cation, which is particularly useful during stress echocardiog-
raphy; and image perfusion of the myocardium in patients with myocardial infarction 
and chronic ischaemic heart disease. Additional clinical applications such as assess-
ment of cardiac shunts are evaluated based on detection of contrast fl owing through 
a “hole” in the right atrium or ventricle allowing passage of microbubbles into the 
left atrium or ventricle before traversing the pulmonary circulation. The visualisa-
tion of contrast in the aorta and peripheral circulation without left heart opacifi ca-
tion indicates an extracardiac shunt, whilst the appearance of contrast in the left 
atrium via the pulmonary veins indicates pulmonary arteriovenous fi stula. An 
enhanced colour and spectral Doppler signal allows for the evaluation of tricuspid 
regurgitation, whilst contrast in the left atrium immediately after appearance in the 
right atrium refl ects patent foramen ovale. Further, diagnosis of a persistent left 
superior vena cava is identifi ed from visualisation of contrast in an enlarged coro-
nary sinus and right atrium following injection into the left antecubital vein (Stewart 
 2003 ; Becher and Burns  2000 ). Optison ™  is approved in the US and Europe for 
echocardiography: Optison ™  is indicated for use in “patients with suboptimal 

1   Perfl uoropropane is also known as perfl utren and octafl uoropropane, the chemical formula of 
which is C 3 F 8 . 
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echocardiograms to opacify the left ventricle (LV) and to improve the delineation of 
the left ventricular endocardial borders”. Therefore, any other clinical applications 
are strictly “off-label” and may only be carried out in compliance with the appropri-
ate legal/regulatory framework for clinical research.  

7.4     Ultrasound Contrast Agents in Gene Therapy 
and Drug Delivery 

 The goal of localised gene therapy and drug delivery is to increase effi cacy and 
safety by reducing systemic toxicity, eliminating potential immunogenicity and 
reducing non-specifi c gene/drug delivery or viral chromosomal insertion, whilst 
preserving or enhancing therapeutic effects. The need for safe and effi cient transfec-
tion delivery systems in vitro and subsequently in vivo has led researchers to inves-
tigate non-viral techniques. One of the most important emerging non-viral 
techniques to assist gene therapy and drug delivery is the use of ultrasound with 
microbubble contrast agents such as Optison ™ . 

 Microbubbles can act as vehicles incorporating the drug within the polymer, pro-
tein or lipid shell, inside the gas core or in liposomes associated with the micro-
bubble, whilst genes can be loaded onto lipid or protein microbubbles. When 
microbubbles act as carrier vehicles for drugs and genes, they can release their con-
tent to the targeted area when activated by the applied ultrasound acoustic pressure 
or ultrasound-induced hyperthermia resulting in microbubble disruption or com-
plete destruction. Additionally, studies have shown that enhanced delivery can be 
achieved when the drug or gene is not directly bound to the microbubble, but when 
they are introduced separately. This occurs by a mechanism known as “sonopora-
tion”, whereby the drug or gene enters the cell via pores created by ultrasound 
applied in the presence of microbubbles. Using these approaches, the delivery of the 
therapeutic agent may be targeted to a particular organ or tissue by the shape of the 
applied ultrasound beam. In some circumstances this can be an advantage over the 
targeting achieved, for example, by innate tissue tropism of viral vectors or lack of 
targeting in drugs.  

7.5     Sonoporation: Defi nition 

 Sonoporation is defi ned as the interaction of ultrasound with microbubble contrast 
agents resulting in transient or permanent cell membrane permeability. Sonoporation 
and consequently drug delivery and gene transfection effi cacy are affected by the 
applied ultrasound wave parameters. These parameters include frequency, acoustic 
pressure, ultrasound exposure time, pulse repetition frequency (pulse interval and 
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length), duty cycle 2  (DC) and the mechanical index 3  (MI) (Escoffre et al.  2013 ; 
Mehier-Humbert and Guy  2005 ). During transient pore formation, uptake of drugs, 
gene complexes and therapeutic agents from an extracellular environment is 
enhanced. In such cases, membrane alteration is brief following ultrasound expo-
sure; the pore resealing allows for drug/gene compounds to be retained within the 
cytoplasm. This process is defi ned as reversible sonoporation. When sonoporation 
results in permanent cell membrane permeability, subsequently leading to cell lysis 
and apoptosis, the phenomenon is defi ned as irreversible sonoporation (Endoh et al. 
 2002 ; Taniyama et al.  2002a ; Sheikh et al.  2011 ) and is generally avoided for drug 
delivery.  

7.6     Ultrasound and Microbubble Interactions: Inducing 
Sonoporation 

 Although the precise physical and biochemical mechanisms of sonoporation are not 
yet fully understood, the necessity of microbubbles indicates that they induce the 
process (Bao et al.  1997 ; Greenleaf et al.  1998 ). As the microbubbles undergo oscil-
lations within an ultrasound fi eld, they interact with the membranes of nearby cells 
or tissue. As the microbubbles are exposed to the acoustic waves going through 
phases of negative and positive pressure, the compressible microbubbles will volu-
metrically expand and contract (Qin et al.  2009 ). 

 During low pressure amplitudes, whilst the microbubble undergoes linear oscil-
lations (stable linear cavitation), their radius successively decreases and increases. 
During microbubble expansion, the surface of the cell membrane is pushed away 
(Fig.  7.1a ), whilst during contraction, the cell membrane is pulled towards the 
microbubble (Fig.  7.1b ). This expansion and compression perturbs the cell mem-
brane, resulting in pore formation. In addition, an imparting motion and a transla-
tional displacement upon the oscillating microbubble occur with ultrasonic radiation 
(Lum et al.  2006 ; Urban et al.  2010 ). The microbubble may lose part of its shell 
material, and thus any bound drug or gene may be delivered into the intracellular 
region (Fig.  7.1c ) (Delalande et al.  2013 ).

   As high pressure amplitudes are approached, the microbubble undergoes asym-
metric nonlinear oscillation thus growing in successive cycles. Once an unstable 
size is reached, the microbubble collapses violently and asymmetrically (inertial 
cavitation) giving rise to highly energetic liquid jets. The liquid jets move with sonic 
speeds and are capable of penetrating the cellular membrane (Fig.  7.1d ). As the 
microbubble collapses, micro-streaming (local steady fl ow) (Fig.  7.1e ), shear 

2   Duty cycle, DC, is the percentage time that ultrasound transmission takes place during treatment. 
Therefore, DC of 100 % is continuous wave. 
3   Mechanical index is a measure of ultrasound intensity. MI = peak negative pressure/square root 
of ultrasound centre frequency. 
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stresses, free radicals and shock waves are produced (Doinikov and Bouakaz  2010 ; 
Kuliszewski et al.  2011 ; Wu et al.  2002 ). During inertial cavitation, extremely high 
pressures and temperatures can be reached within the microbubble (Liang et al. 
 2010 ). These phenomena change the microbubble-to-cell environment, increasing 
heat transfer at the microbubble-to-cell interface. The friction along the interface 
results in pore formation on the cell membrane thus increasing permeability to 
extracellular molecules and substances. Further, an imparting motion and a transla-
tional displacement upon the oscillating microbubble occur with ultrasonic radia-
tion (Lum et al.  2006 ; Urban et al.  2010 ). As with stable cavitation, the microbubble 
can pass through the cell membrane, lose part of its shell and deliver drugs into the 
intracellular compartment (Delalande et al.  2013 ).  

7.7     Optison ™  In Vitro Gene Therapy and Drug Delivery 

 Optison ™  in vitro studies for gene therapy and drug delivery investigate the interac-
tion and bioeffects of therapeutic agents and microbubble-enhanced ultrasound on 
cell cultures, suspensions and monolayers. The aim is to defi ne the optimal acoustic 
conditions for sonoporation that will result in maximum transfection or delivery 
effi cacy whilst maintaining high cell viability. Depending on the application, the 
acoustic conditions may be optimised to achieve a balance between viability and, 
e.g., gene transfection. Current applications are mainly in gene transfection for 
research or to serve as preliminary experiments prior to in vivo studies. In the future, 
application could expand to include modifi cation of cells for therapeutic purposes. 
Researchers must choose between viral vectors, which may give near quantitative 
transfection but with some drawbacks, and non-viral methods, which have different 
attributes. 

b.a.

Low MPa

High MPa

c.

e.d.

Ultrasonic 
Transducer

  Fig. 7.1    Microbubble and cell interaction during ultrasound exposure (Kalli et al.  2014 )       
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 Published studies include work with cell lines such as blood cells, MCF7 breast 
cancer cells, human gingival squamous carcinoma cells (Ca9-22) and epidermoid 
cell monolayers (Jelenc et al.  2012 ; Cochran and Wheatley  2013 ; Qiu et al.  2010 ; 
Iwanaga et al.  2007 ). Experimental setups involve transducer placement either in 
direct contact with the cell culture or with the cell culture in a water bath, whilst the 
transducer is placed at a distance. For in vitro studies, the reported frequencies 
range from 1 to 10 MHz, whilst acoustic pressure is set at 0.06 MPa/MHz (Miller 
et al.  2008 ). 

 Iwanaga et al. ( 2007 ) observed the local delivery of chemotherapeutic cytotoxic 
drugs to human gingival squamous carcinoma cells (Ca9-22). The cells were 
exposed to sonoporation at a frequency of 1 MHz, an intensity of 11 W/cm 2 , a DC 
of 10 % and exposure duration of 20 s. Sonoporation was performed in the presence 
of Optison ™  (600 μL), to deliver bleomycin (BLM) and transfect gene pVIVO1- 
cdtB. Flow cytometry determined the percentage of apoptotic Ca9-22 cells based on 
the presence of hypodiploid DNA post-sonoporation; 17.7 % of the cells exposed to 
a combination of sonoporation and BLM were apoptotic compared to 8.4 % and 
8.5 % when exposed to sonoporation or BLM alone. The transfection of pVIVO1- 
cdtB was evaluated from the number of cells expressing β-galactosidase. Following 
sonoporation by cavitation of Optison ™ , the cell count was remarkably high (8 × 10 2 /
cm 2 ) in comparison with the control and ultrasound alone groups where cell count 
was null. Results support the potential use of cytotoxic chemotherapeutic drugs 
with sonoporation for improved cancer therapy. 

 In vitro experiments by Eshet at al. (Duvshani-Eshet et al.  2007 ) on human 
(LNCaP) and murine (PC2) prostate cancer cells and endothelial cells (EC) showed 
transfection of cDNA-PEX using therapeutic ultrasound (TUS: 1 MHz, 2 W/cm 2 , 
DC of 30 %, 30 min) and Optison ™  (10 % v/v) microbubbles. The biological activity 
of haemopexin-like domain fragment (PEX) expression was assessed based on sig-
nifi cant inhibition of proliferation (<65 %), migration (<50 %) and increase in apop-
tosis relative to control (-TUS, -PEX). Incubation of human umbilical vein 
endothelial cells (HUVEC) with conditioned media taken from LNCaP and PC2 
resulted in an increase in apoptosis of 18 ± 4 % ( P  < 0.001) and 17 ± 4 % ( P  < 0.001), 
respectively, from control 7 ± 2 %. Results signify the effi cacy of therapeutic ultra-
sound in delivering antiangiogenic drugs for prostate cancer therapy. 

 Optimal drug and gene delivery in human breast cancer cells (MCF7) by 
ultrasound- induced cavitation (3 MHz, 3 W/cm 2 , DC of 20 %, 1 min) with Optison ™  
(200 μL) were studied by Larina et al. ( 2005 ). Delivery of macromolecular anti-
drugs (fl uorescein isothiocyanate-dextrans) simulating antisense oligonucleotides 
(10 kDa), antibodies (70 kDa) and genes (2000 kDa) in MCF7 cells were 73.5 ± 3.3 %, 
72.7 ± 0.9 % and 62.7 ± 2.1 %, respectively. Optimal parameters provided 36.7 ± 4.9 % 
pEGFP plasmid DNA transfection of cells that survived, whilst apoptotic cells were 
determined by fl ow cytometry to be 13.5 ± 1.6 %. This study indicates the potential 
of applying optimised therapeutic parameters to obtain effi cient drug and gene 
delivery in cancer chemo- and biotherapy. 

 Miller et al. ( 2003 ) investigated DNA plasmid transfer in epidermoid cell 
monolayers (A434) with 2 % v/v Optison ™ , using a diagnostic ultrasound scanner 
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(1.5 MHz, 2.3 MPa). Induced gene transfer following ultrasound exposure (90 s) 
was assessed based on green fl uorescent protein (GFP) levels. GFP expression of 
3.7 % (1.2 % SD) was reported for the exposed group compared to 0.4 % (0.7 % SD) 
for the nonexposed group ( P  < 0.01). The percentage of apoptotic cells was greater 
at 28.6 % (6.3 % SD) for the exposed group compared to the control group at 3.4 % 
(1.7 % SD). These results indicate the potential for the future use of diagnostic ultra-
sound scanners and ultrasound contrast agents for gene transfer and clinical thera-
peutic applications. 

 Guzman et al. ( 2003 ) studied the bioeffects caused by changes in acoustic cavita-
tion and bubble density on human DUI145 prostate cancer cells at varying concen-
trations (2.5 × 10 5 –4.0 × 10 7  cells/mL). Cells were exposed to a range of ultrasound 
energy (500 kHz, 2–817 J/cm 2 , 0.64–2.96 MPa, 120–2000 ms) over a range of 
Optison ™  concentrations (3.6 × 10 4 –9.3 × 10 7  bubbles/mL). Results based on fl ow 
cytometry indicated the increase of calcein uptake (subgroups by calcein uptake 
level: nominal (0.013 ± 0.007 μM), low (1.49 ± 0.26 μM), high (11.2 ± 1.7 μM)) and 
cell viability based on cell concentration increase, whilst increase in bubble density 
did not affect calcein uptake and decreased cell viability. By correlating results with 
the cell-to-bubble ratio, bubble-mediated bioeffects were shown to have increased 
with cell concentration increase and decreased with bubble density increase. An 
estimate over which concentration of bubbles destroyed or permeabilised cells was 
established with maximum “blast radius” (3–90 times the bubble radius). The 
results of these experiments show that both high cell viability and molecular uptake 
can be achieved with low energy ultrasound exposure. 

 Lawrie et al. ( 2000 ) investigated the effect of cavitation for vascular gene deliv-
ery in porcine vascular smooth muscle cells (VSMC). The transfection of luciferase 
reporter DNA plasmids (pGL3 and pRSVLUC), liposomal plasmid (Promega Tfx- 
50- complexed plasmid DNA) and non-lipid polyamine plasmid (TransIT-LT1)-
mediated cell transfection was investigated. The cells were exposed to ultrasound 
settings at a frequency of 956 kHz, MI of 2 and DC of 6 % for 60 s in the presence 
of Albunex ®  or Optison ™  (10 % v/v). Luciferase activity enhancement for pGL3 in 
the presence of either microbubble contrast agent was similar at more than 200-fold. 
Enhancements observed for Albunex ®  and Optison ™  were 137.2 ± 89.7 LU/mg 
(range 1.6–487.9) and 128.8 ± 72.0 LU/mg (range 8.7–327.9), respectively, whilst 
representing equivalence to liposome-mediated transfection (82.9 ± 42.9 LU/mg) 
using Tfx-50. Luciferase activity enhancement in the presence of Optison ™  was also 
similar in parallel experiments for pRSVLUC and pGL3 (approximately 300-fold) 
with representative enhancements of 112.7 ± 33.4 LU/mg (range 23–290) for pRS-
VLUC and 110.7 ± 27.9 LU/mg (range 20–254) for pGL3. In addition, cavitation 
effects in the presence of Optison ™  on luciferase activity following TransIT-LT1 
indicated an increase in transgene expression of approximately 3000-fold. Results 
suggest the essential role of acoustic cavitation in the fi eld of targeted cardiovascu-
lar gene therapy. 

 An overview of a number of available in vitro studies with Optison ™  for gene 
therapy and drug delivery is displayed in Table  7.1 .

A. Jackson et al.



129

    Ta
bl

e 
7.

1  
  O

pt
is

on
 ™

  in
 v

itr
o 

st
ud

ie
s 

fo
r 

ge
ne

 th
er

ap
y 

an
d 

dr
ug

 d
el

iv
er

y   

 Y
ea

r 
[r

ef
er

en
ce

] 
 Ta

rg
et

 ti
ss

ue
/c

el
l t

yp
e 

 U
ltr

as
ou

nd
 s

et
tin

gs
 

 C
on

tr
as

t a
ge

nt
 a

nd
 r

es
ul

t 

 B
ao

 e
t a

l. 
( 1

99
7 )

 
 C

hi
ne

se
 h

am
st

er
 o

va
ry

 
ce

lls
 

 2.
25

 M
H

z,
 0

.8
 M

Pa
 

 A
lb

un
ex

 (
10

 %
);

 lu
ci

fe
ra

se
 p

la
sm

id
; 0

.3
3 

ng
 

lu
ci

fe
ra

se
 /1

0 6   c
el

ls
 

 G
re

en
le

af
 e

t a
l. 

( 1
99

8 )
 

 H
um

an
 c

ho
nd

ro
cy

te
s 

 1 
M

H
z,

 0
.3

2–
0.

41
 M

Pa
 

 A
lb

un
ex

, t
ra

ns
fe

ct
io

n 
of

 G
FP

 p
la

sm
id

: 4
3 

%
 

 L
aw

ri
e 

et
 a

l. 
( 2

00
0 )

 
 V

as
cu

la
r 

sm
oo

th
 m

us
cl

e 
ce

lls
 

 95
6 

kH
z,

 3
9–

12
8 

W
/c

m
 2   

 pG
L

3:
 1

10
.7

–1
12

.7
 L

U
/m

g,
 p

R
SV

L
U

C
: 1

12
.7

 ±
 3

3.
4 

L
U

/m
g 

 30
0-

fo
ld

 
 Fr

en
ke

l e
t a

l. 
( 2

00
2 )

 
 29

3 
ce

ll 
lin

e 
 1.

3 
M

H
z,

 1
.6

 M
I 

 A
lb

um
in

 m
ic

ro
bu

bb
le

, l
uc

if
er

as
e 

pl
as

m
id

: 4
1 

±
 3

 %
 

tr
an

sf
ec

tio
n 

 E
sh

et
 e

t a
l. 

(D
uv

sh
an

i-
 

E
sh

et
 e

t a
l. 

 20
07

 ) 
 H

um
an

 p
ro

st
at

e 
ca

nc
er

 
ce

ll 
lin

es
 (

L
N

C
aP

),
 

m
ur

in
e 

pr
os

ta
te

 c
an

ce
r 

ce
lls

 (
PC

2)
 

 1 
M

H
z,

 2
 W

/c
m

 2  , 
D

C
: 3

0 
%

, 3
0 

m
in

 
 O

pt
is

on
 ™

  (
10

 %
).

 P
ro

lif
er

at
io

n 
(<

65
 %

),
 m

ig
ra

tio
n 

(<
50

 %
),

 a
po

pt
os

is
: L

N
C

aP
: 1

8 
±

 4
 %

, P
C

2:
 1

7 
±

 4
 %

 

 L
ar

in
a 

et
 a

l. 
( 2

00
5 )

 
 M

C
F7

 h
um

an
 b

re
as

t 
ad

en
oc

ar
ci

no
m

a,
 

 3 
M

H
z,

 0
.1

7 
M

Pa
, 1

80
 J

/c
m

 2  , 
3 

W
/c

m
 2  , 

D
C

: 2
0 

%
, 1

 m
in

 
 O

pt
is

on
 ™

  (
20

0 
μl

/1
 m

l s
am

pl
e)

, F
IT

C
 d

ex
tr

an
s:

 
73

.5
 ±

 3
.3

 %
, 7

2.
7 

±
 0

.9
 %

, 6
2.

7 
±

 2
.1

 %
; p

E
G

FP
 p

la
sm

id
 

D
N

A
: 3

6.
7 

±
 4

.9
 %

; a
po

pt
os

is
: 1

3.
5 

±
 1

.6
 %

 
 K

in
os

hi
ta

 a
nd

 
H

yn
yn

en
 (

 20
05

 ) 
 H

eL
a 

an
d 

B
JA

B
 c

el
ls

 
 1.

69
6 

M
H

z,
 0

.5
 M

Pa
, 1

.8
–7

3 
J/

cm
 2  , 

D
C

: 
10

0 
%

, 2
–2

0 
s 

an
d 

PW
 (

50
 m

s 
pu

ls
e 

le
ng

th
, 

2 
H

z 
pu

ls
e 

fr
eq

ue
nc

y,
 1

00
 s

) 

 O
pt

is
on

 ™
  (

2 
%

),
 a

po
pt

os
is

: 3
5 

%
 

 E
sh

et
 e

t a
l. 

(D
uv

sh
an

i-
 

E
sh

et
 e

t a
l. 

 20
06

 ) 
 B

ab
y 

ha
m

st
er

 k
id

ne
y 

ce
lls

 
 1 

M
H

z,
 2

 W
/c

m
 2   (

0.
15

9 
M

I)
, D

C
: 3

0 
%

, 
30

 m
in

 
 O

pt
is

on
 ™

  (
10

 %
),

 D
N

A
 in

 c
yt

op
la

sm
: 1

6 
%

 o
f 

ce
lls

, 
D

N
A

 in
 n

uc
le

us
: 1

4 
%

 o
f 

ce
lls

 
 K

in
os

hi
ta

 a
nd

 
H

yn
yn

en
 (

 20
06

 ) 
 B

JA
B

 a
nd

 H
eL

a 
ce

lls
, 

C
16

6 
ce

lls
 

 1.
69

6 
M

H
z,

 2
.7

5 
W

, D
C

: 1
0 

%
 

 O
pt

is
on

 ™
  (

2 
an

d 
5 

%
),

 a
po

pt
os

is
, 3

5 
%

; s
up

pr
es

se
d 

ex
pr

es
si

on
 o

f 
E

G
FP

 in
 C

16
6 

ce
lls

, 1
5 

%
; 

an
d 

ce
ll 

ra
tio

, 2
5 

%
 

 L
aw

ri
e 

et
 a

l. 
( 2

00
3 )

 
 Po

rc
in

e 
va

sc
ul

ar
 s

m
oo

th
 

m
us

cl
e 

ce
lls

 (
V

SM
C

) 
 95

6 
kH

z,
 M

I:
 2

, D
C

: 6
 %

, 6
0 

s,
 1

20
 W

/c
m

 2   
 O

pt
is

on
 ™

  (
10

 %
),

 p
R

SV
-L

U
C

: 9
5 

L
U

/μ
g.

 M
ax

l 
hy

dr
og

en
 p

er
ox

id
e 

pr
od

uc
tio

n:
 1

.2
 μ

M
 

 M
ill

er
 e

t a
l. 

( 2
00

3 )
 

 E
pi

de
rm

oi
d 

ce
ll 

(A
43

4)
 

m
on

ol
ay

er
s 

 1.
5 

M
H

z,
 2

.3
 M

Pa
 

 O
pt

is
on

 ™
  (

2 
%

),
 a

po
pt

os
is

: 2
8.

6 
%

. G
FP

: 3
.7

 %
 

 Pu
ls

e 
du

ra
tio

n:
 1

.5
 μ

s,
 e

xp
os

ur
e 

du
ra

tio
n 

fo
r 

en
tir

e 
ch

am
be

r 
90

 s
 

(c
on

tin
ue

d)

7 Optison™ Albumin Microspheres in Ultrasound-Assisted Gene Therapy and Drug…



130

Ta
bl

e 
7.

1 
(c

on
tin

ue
d)

 Y
ea

r 
[r

ef
er

en
ce

] 
 Ta

rg
et

 ti
ss

ue
/c

el
l t

yp
e 

 U
ltr

as
ou

nd
 s

et
tin

gs
 

 C
on

tr
as

t a
ge

nt
 a

nd
 r

es
ul

t 

 L
aw

ri
e 

et
 a

l. 
( 2

00
0 )

 
 Po

rc
in

e 
va

sc
ul

ar
 s

m
oo

th
 

m
us

cl
e 

ce
lls

 (
V

SM
C

) 
 95

6 
kH

z,
 M

I:
 2

, 1
20

 W
/c

m
 2  , 

D
C

: 6
 %

, 6
0 

s 
 pG

L
3 

D
N

A
 d

el
iv

er
y:

 O
pt

is
on

 ™
 , >

20
0-

fo
ld

 in
cr

ea
se

, 
12

8.
8 

±
 7

2.
0 

L
U

/m
g;

 li
po

so
m

e-
D

N
A

 d
el

iv
er

y,
 

82
.9

 ±
 4

2.
9 

L
U

/m
g.

 p
R

SV
L

U
C

: O
pt

is
on

 ™
 , 3

00
-f

ol
d 

in
cr

ea
se

, 1
12

.7
 ±

 3
3.

4 
L

U
/m

g;
 T

ra
ns

IT
-L

T
1,

 9
27

 ±
 3

59
 

L
U

/m
g,

 3
00

0-
fo

ld
. H

 2 0
 2 :

 3
4 

μM
 

 Iw
an

ag
a 

et
 a

l. 
( 2

00
7 )

 
 H

um
an

 g
in

gi
va

l 
sq

ua
m

ou
s 

ca
rc

in
om

a 
ce

ll 
lin

e,
 C

a9
-2

2 

 1 
M

H
z,

 1
 W

/c
m

 2  , 
D

C
: 1

0 
%

, 2
0 

s 
 O

pt
is

on
 ™

  (
60

0 
μl

),
 p

E
F1

a-
b-

 G
A

L
: 8

00
/c

m
 2   

(c
el

l c
ou

nt
/c

m
 2  )

 

 Fo
rb

es
 e

t a
l. 

( 2
00

8 )
 

 C
hi

ne
se

 h
am

st
er

 
 C

en
tr

e 
fr

eq
ue

nc
y:

 3
.1

5 
M

H
z 

 O
pt

is
on

 ™
  (

1.
55

 ×
 1

0 7  /
m

l)
, v

ia
bl

e 
ce

lls
, 0

.6
3–

10
.2

 %
, 

no
n-

vi
ab

le
 c

el
ls

, 0
.7

4–
3.

9 
%

 
 O

va
ry

 c
el

ls
 

 PR
F:

 1
0 

H
z,

 1
20

 k
Pa

–3
.5

 M
Pa

 fi 
ve

 c
yc

le
s,

 
30

 s
 

 W
ar

d 
et

 a
l. 

( 2
00

0 )
 

 Ju
rk

at
 ly

m
ph

oc
yt

es
 c

el
ls

 
 2 

M
H

z,
 P

R
F:

 1
0 

kH
z,

 0
.2

 M
Pa

 
 R

ep
ar

ab
le

 s
on

op
or

at
io

n 
ob

se
rv

ed
 a

t a
 la

rg
er

 b
ub

bl
e-

ce
ll 

sp
ac

in
g 

vs
 le

th
al

 s
on

op
or

at
io

n 
(5

0 
m

m
 v

s.
 3

9.
7 

m
m

) 
 D

C
: 1

0 
%

 
 H

al
lo

w
 e

t a
l. 

( 2
00

6 )
 

 D
U

14
5 

hu
m

an
 p

ro
st

at
e 

ca
nc

er
 c

el
ls

, h
um

an
 

ao
rt

ic
 s

m
oo

th
 m

us
cl

e 
ce

lls
 (

A
oS

M
C

) 

 11
 a

nd
 3

.1
 M

H
z,

 0
.5

–2
 M

Pa
 

 H
ig

he
r 

fr
eq

ue
nc

y 
yi

el
de

d 
lo

w
er

 le
ve

ls
 o

f 
ca

vi
ta

tio
n 

ac
tiv

ity
. C

av
ita

tio
n 

ac
tiv

ity
 d

ec
re

as
ed

 w
ith

 d
ec

re
as

in
g 

pr
es

su
re

. I
nc

re
as

in
g 

O
pt

is
on

 ™
  c

on
ce

nt
ra

tio
n 

in
cr

ea
se

d 
am

ou
nt

 a
nd

 d
ur

at
io

n 
of

 c
av

ita
tio

n 
ac

tiv
ity

 

 0.
03

–4
05

 J
/c

m
 2,
  D

C
: 1

 %
, 3

–3
00

0 
m

s 

 G
uz

m
an

 e
t a

l. 
( 2

00
3 )

 
 D

U
14

5 
hu

m
an

 p
ro

st
at

e 
ca

nc
er

 c
el

ls
 

 50
0 

kH
z,

 0
.9

–4
.2

 M
Pa

, 2
–8

17
 J

/c
m

 2  , 
D

C
: 

6 
%

, 2
0–

20
00

 m
s 

 C
al

ce
in

 u
pt

ak
e:

 n
om

in
al

 u
pt

ak
e 

0.
01

3 
±

 0
.0

07
 μ

M
, l

ow
 

up
ta

ke
 1

.4
9 

±
 0

.2
6 

μM
, h

ig
h 

up
ta

ke
 1

1.
2 

±
 1

.7
 μ

M
; c

el
l 

de
at

h 
ra

te
 a

t 2
H

z 
=

 3
×

 c
el

l d
ea

th
 r

at
e 

at
 1

 H
z 

(9
5 

%
 

no
nv

ia
bl

e 
ce

lls
) 

 K
ar

sh
afi

 a
n 

et
 a

l. 
( 2

00
5 )

 
 K

H
T-

C
 c

el
ls

 
 50

0 
kH

z,
 0

.1
8–

0.
8 

M
Pa

, 6
–1

25
 J

/c
m

 2   
 O

pt
is

on
 ™

  (
7 

%
),

 8
0 

%
 p

er
m

ea
bi

lis
at

io
n 

 G
uz

m
an

 e
t a

l. 
 D

U
14

5 
pr

os
ta

te
 c

an
ce

r 
an

d 
ao

rt
ic

 s
m

oo
th

 
m

us
cl

e 
ce

lls
 

 50
0 

kH
z,

 0
.6

–3
.0

 M
Pa

, D
C

: 6
 %

 
 W

ith
 in

cr
ea

si
ng

 p
re

ss
ur

e 
an

d 
ex

po
su

re
 ti

m
e,

 m
ol

ec
ul

ar
 

up
ta

ke
 o

f 
ca

lc
ei

n 
in

cr
ea

se
d 

an
d 

ap
pr

oa
ch

ed
 e

qu
ili

br
iu

m
 

w
ith

 th
e 

ex
tr

ac
el

lu
la

r 
so

lu
tio

n.
 C

el
l v

ia
bi

lit
y 

de
cr

ea
se

d 
 Pu

ls
e 

le
ng

th
s:

 0
.0

2–
60

 m
s,

 1
20

–2
00

0 
m

s 

 G
uz

m
an

 e
t a

l. 
( 2

00
1 )

 
 D

U
14

5 
hu

m
an

 p
ro

st
at

e 
ca

nc
er

 c
el

ls
, a

or
tic

 
sm

oo
th

 m
us

cl
e 

ce
lls

 

 50
0 

kH
z,

 0
.6

–3
.0

 M
Pa

, D
C

: 6
 %

 
 N

om
in

al
 u

pt
ak

e 
10

 4  –
10

 5  , 
m

ol
ec

ul
es

/ c
el

l, 
lo

w
 u

pt
ak

e 
10

 6   m
ol

ec
ul

es
/c

el
l, 

hi
gh

 u
pt

ak
e 

10
 7   m

ol
ec

ul
es

/c
el

l 
 Pu

ls
e 

le
ng

th
s:

 0
.0

2–
60

 m
s,

 1
20

–2
00

0 
m

s 

A. Jackson et al.



131

7.8        Optison ™  In Vivo Gene Therapy and Drug Delivery 

 Since the discovery of ultrasound-enhanced delivery mechanisms, numerous stud-
ies reporting biological mechanistic and ultrasound parameter optimisation have 
been published (see Tables  7.1  and  7.2 ). Many of the published studies include 
control groups that either omit Optison ™  or ultrasound enhancement. These experi-
ments confi rm the specifi c combined effect of both the microbubble agent and ultra-
sound. This is important for both the optimisation of delivery and, in the long term, 
for assessing the safety of therapies that may be developed using this approach, 
since transfection or delivery should be minimal in other nontarget tissues. Some of 
the published studies confi rm this by sampling nontarget tissue, e.g., the liver for 
gene or protein products (Azuma et al.  2008 ).

   Several ultrasound parameter optimisation studies have used skeletal muscle 
delivery as a model system (Chen et al.  2011 ; Sakai et al.  2009 ). However, skeletal 
muscle is also a target tissue with clinical relevance in treatment of peripheral artery 
disease (PAD). Morishita et al. (Jaroslav Turánek et al.  2015 ) studied the effective-
ness of intramuscular injection of hepatocyte growth factor plasmid with Optison ™  
followed by fairly intense ultrasound pulses (1 min at 1 MHz, 2.5 W/cm 2 ). Effi cacy 
was demonstrated by increased angiographic score and capillary density. Research 
aiming to demonstrate the potential of non-viral gene therapy and targeted drug 
delivery techniques extends to organ systems such as the liver, kidney, lungs, brain, 
spinal cord, knee joints and glands, as well as to numerous tumour types and disease 
models (see Table  7.2 ) (Hashiya et al.  2004 ; Kondo et al.  2004 ; Lan et al.  2003 ; Lu 
et al.  2003 ; Pislaru et al.  2003 ; Shimamura et al.  2004 ,  2005  Song et al.  2002 ; 
Takeuchi et al.  2003 ; Taniyama et al.  2002a ,  b ; Choi et al.  2007a ,  b ; Duvshani-Eshet 
et al.  2007 , Duvshani-Eshet and Machluf  2007 ; Howard et al.  2006 ; Ka et al.  2007 ; 
Koike et al.  2005 ; Miao et al.  2005 ; Nakaya et al.  2005 ; Ng et al.  2005 ; Alter et al. 
 2009 ; Aoi et al.  2008 ; Azuma et al.  2008 ; Hart et al.  2008 ; McDannold et al.  2008 ; 
Sheikov et al.  2008 ; Shen et al.  2008 ; Treat et al.  2007 ; Xenariou et al.  2007 ; Castle 
et al.  2015 ; Ozaki et al.  2012 ; Wang  2011 ). Depending on the biological target of 
interest and the desired therapeutic effect, there is a balance between achieving high 
delivery/transfection effi ciency whilst limiting undesired bioeffects such as infl am-
mation and vascular damage. It may be the case that unique tailored conditions will 
be needed for each biological target and therapy. The example above for PAD may 
be one such application where some unwanted bioeffects may be acceptable in 
order to achieve a high level of transfection. Most of the gene/drug delivery studies 
report the use of a 1 MHz ultrasound, although a range of 0.3–14 MHz has also been 
utilised. Acoustic pressure varies from 1.2 to 4.6 MPa under vigorous conditions to 
0.1–0.5 MPa under mild conditions (Qiu et al.  2012 ; Hu et al.  2012 ). 

 Management of restenosis post-angioplasty is a therapeutic area with a clear 
medical need. Following an in vitro study, Morishita et al. (Taniyama et al.  2002b ) 
showed in model studies that delivery of luciferase plasmid to the carotid artery in 
a rat balloon injury model is dramatically increased 1000-fold compared to naked 
plasmid alone, by simultaneous treatment with Optison ™  and moderate energy 
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ultrasound (2 min at 1 MHz and 2.5 W/cm 2 ). In the same study, therapeutic potential 
was demonstrated by transfection of p53, since this protein is known to suppress 
neointimal formation. An approximate fi vefold increase in p53 expression was 
observed, and neointimal formation was signifi cantly inhibited in the injured sec-
tion. Importantly, no vascular damage was observed in control uninjured carotid 
segments subjected to ultrasound and Optison ™  treatment. A related study from the 
same group reported local delivery of E2F decoy oligodeoxynucleotides under sim-
ilar experimental conditions (Takeuchi et al.  2003 ). The Optison ™  and ultrasound 
group showed signifi cant reduction in intimal/medial ratio (I/M ratio) vs controls, 
and transfection was confi rmed by immunohistochemistry (IHC). A further study 
examined enhanced delivery of C-type natriuretic peptide (CNP) with Optison ™  and 
a long ultrasound exposure (1.8 MHz, MI 1.0, 30 Hz frame rate, applied for 10 min, 
repeated fi ve times at 3 min intervals). Treatment with CNP has been shown to pre-
vent neointimal formation when administered in high doses. The treatment group 
showed 17 % of the intimal/medial ratio (I/M ratio) vs controls, and the effect per-
sisted up to 28 days post injury. A high dose of CNP alone was also effective (I/M 
ratio was 18 % of control) demonstrating that the dose of a therapeutic peptide can 
be reduced whilst maintaining effi cacy. 

 Related to the above studies in the carotid artery injury model, there is interest in 
novel approaches to reducing LV remodelling following acute myocardial infarc-
tion. One approach is to introduce or promote the production of proangiogenesis 
signalling molecules which have the ability to promote new blood vessel growth 
thus reducing ischaemia. In vivo studies show that increased levels of hepatocyte 
growth factor (HGF) have both a protective and pro-recovery role in models of 
myocardial ischaemia. Kondo et al. ( 2004 ) reported the transfection of HGF pVax1 
gene plasmid in an acute myocardial infarction rat model. Plasmid was adminis-
tered systemically with a 20 % v/v solution of Optison ™ , and ultrasound settings 
were 1.3 MHz for 2 min at a peak negative pressure of 2.2 MPa. There was a 60 % 
reduction in infarct size compared with infarcts in controls, which was a greater 
effect than observed in previous in vivo HGF studies. The treated group also dis-
played increased angiogenesis and a low level of LV remodelling as determined by 
myocardial contrast echocardiography and histopathology. In a related study, 
Samarel et al. (Hart et al.  2008 ) studied the effect of Ca 2+ -dependent, nonreceptor 
protein tyrosine kinase (PYK2) inhibition by Cell Adhesion Kinase-β-Related Non- 
Kinase (CRNK) gene therapy in an acute myocardial infarction rat model. PYK2 
has been implicated in LV remodelling and heart failure. In this case, an adenovirus 
CRNK construct rather than a plasmid was used, and it was delivered to the myo-
cardium using a novel catheter-based technique and a high ultrasound frequency of 
10 MHz and 1.5 MI delivered transoesophageally. The therapy increased survival 
and ventricular shortening (measured by echocardiography) compared to control 
groups, and CRNK overexpression was confi rmed with IHC. 

 The ability to target genes or small molecular agents to the brain or spinal cord 
is an attractive target because the blood-brain barrier (BBB) presents an obstacle 
that limits intravascular therapeutic approaches. It has been shown in several studies 
that ultrasound with a microbubble can selectively open the BBB allowing the 
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delivery of therapeutic molecules that are usually blocked from transport into the 
brain. In ground breaking work, this principle has recently been demonstrated in the 
clinic through the intact skull using MR-guided ultrasound (Lipsman et al.  2014 ). 
Studies carried out in preclinical models have demonstrated the feasibility of this 
approach and have allowed the optimisation of, e.g., ultrasound settings for a plas-
mid and Optison ™  delivery method using model probes such as gadolinium-based 
MR contrast agents (Choi et al.  2007a ,  b ; Takahashi et al.  2007 ) or plasmid DNA of 
luciferase or horseradish peroxidase (Sheikov et al.  2008 ; Takahashi et al.  2007 ). 
Most studies use an ultrasound frequency of 0.69–1.5 MHz and moderate pressure 
amplitudes of 0.55–1.1 MPa. Generally, greater than a tenfold increase in gene 
transfection is observed, but up to a 1000-fold increase is possible. It has also been 
observed that the spatial distribution of deposited probe is determined by both the 
ultrasound beam shape and the vasculature of the brain region (Howard et al.  2006 ). 
These factors will have to be considered carefully, depending on the particular 
region of interest in the brain. In one study aimed at developing a novel antinocicep-
tive therapy, delivery of pCMV-luciferase-GL3 plasmid DNA to mouse spinal cord 
was investigated (Hart et al.  2008 ). After transdural injection of plasmid and 
Optison ™ , ex vivo IHC showed a large increase in transfection compared to con-
trols. However, no signifi cant effects were observed in behavioural models. 

 Ultrasound-enhanced delivery of therapeutic agents seems ideally suited to use 
in highly perfused parenchymal organs such as the liver and kidney since these 
organs are already routinely examined by ultrasound in the diagnostic fi eld (Piscaglia 
et al.  2011 ). Potentially, the liver could be a relevant target for transfection of many 
genes to achieve a therapeutic effect (Sakai et al.  2009 ; Pislaru et al.  2003 ; Miao 
et al.  2005 ; Nakaya et al.  2005 ; Ng et al.  2005 ; Aoi et al.  2008 ; Xenariou et al.  2007 ; 
Wang  2011 ). The therapeutic potential of Smad7 overexpression has been evaluated 
in several animal models such as the end-stage renal disease (unilateral ureteral 
obstruction, UUO) rat model (Pislaru et al.  2003 ), renal infl ammation remnant kid-
ney rat model (Aoi et al.  2008 ) and renal infl ammation and fi brosis in mice (Miao 
et al.  2005 ). Smad7 is a mediator for TGF-β, which is a key mediator in renal fi bro-
sis. Ultrasound settings were 1 MHz with continuous wave in 30 s intervals for 
30–120 s total. Throughout these studies, very high transfection rates were observed 
in glomerular cells giving up to a fi vefold increase in Smad7 expression. In one 
study where plasmid and Optison ™  were injected into the renal artery prior to ultra-
sound, tubulointerstitial myofi broblast accumulation was reduced by 85 %, and col-
lagen I and III mRNA and protein expression were reduced by 60–70 %. Some 
novel applications for gene transfection in the liver have been investigated. Miao 
et al. ( 2005 ) propose a treatment for haemophilia and demonstrate feasibility of 
transfection of human factor IX plasmid in a mouse model using relatively high- 
intensity ultrasound (1.18 MHz and peak negative pressure of 4 MPa). Gene deliv-
ery was enhanced (25-fold) in the best ultrasound group giving up to 63 ng/mL 
factor IX, which could be clinically therapeutic. Castle et al. (Jaroslav Turánek et al. 
 2015 ) demonstrate hepatic transfection of the apoA-I gene to increase the produc-
tion of HDL-C in rats. Tail-vein infusion and hepatic ultrasound resulted in elevated 
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serum HDL-C (increased by up to 61 %) which could be clinically relevant in modi-
fying risk factors post-myocardial infarction if translated to humans. 

 Targeted delivery of anticancer agents is an area that has potential benefi ts in 
terms of reduced systemic toxicity for drugs, or enhanced delivery of genes. With 
this approach, it may be possible to use fairly intense ultrasound in order to achieve 
high transfection of, e.g., antiangiogenic genes or a high concentration of cytotoxic 
drugs, since other potential ultrasound-induced bioeffects may be tolerable. In a 
mouse model of prostate cancer, plasmid antiangiogenic PEX gene delivery with a 
fairly long ultrasound exposure (1 MHz, 2 W/cm 2  for 20 min 30 % DC) gave a 
reduction in tumour volume with repeat treatments (Larina et al.  2005 ). The effect 
was modest, but signifi cant in the Optison ™  groups. In another study, subcutaneous 
tumours in mice were transfected (2 MHz, 2.5 W/cm 2 ) with herpes simplex thymi-
dine kinase gene for ganciclovir anticancer therapy (Aoi et al.  2008 ). Recurrent 
treatment gave fourfold reductions in tumour volume. 

 Further studies have demonstrated the feasibility of gene delivery to other tissues 
and organs such as the joint, bowel and lung (Ozaki et al.  2012 ; Xenariou et al. 
 2007 ; Nakaya et al.  2005 ). There is scope for many further in vivo studies to develop 
optimal ultrasound settings for particular therapies, for both of these and additional 
targets.  

7.9     Early Clinical Results 

7.9.1     Sonothrombolysis 

 One of the most clinically advanced applications of ultrasound and microbubble- 
mediated therapy is its use for the dissolution of clots following a heart attack. 
When a patient presents with acute ST segment elevation myocardial infarction 
(STEMI), current clinical intervention includes the use of lytic agents in addition to 
percutaneous angioplasty and stenting. Aside from patient discomfort post proce-
dure, a major concern following the use of thrombolytic agents is the risk of bleed-
ing. The advent of microbubble-assisted sonothrombolysis may offer an effective 
alternative to alleviate both of these side effects (Roos et al.  2014 ; Unger et al.  2014 ; 
Wu et al.  2014 ). In this context, USCAs are not only used diagnostically to identify 
location of thrombus but also used as a tool to impart mechanical energy at the site 
of blockage. This is accomplished by increasing the acoustic output, namely, the 
MI, precisely at the point of obstruction causing inertial cavitation and bubble 
destruction. As recently reported, several clinical trials are underway using 
sonothrombolysis in the acute care setting (Mathias et al.  2015 ; Kamp  2015 ; Kamp 
 n.d. ; Tavares et al.  2015 ; Porter  n.d. ). These studies aim to demonstrate the safety 
and feasibility of diagnostic ultrasound in conjunction with microbubbles to restore 
epicardial fl ow in acute STEMI. Early results are promising as the treatment has 
been well tolerated and effi cacious in patients whilst being readily incorporated into 
patient workfl ow in the emergency setting.  
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7.9.2     Pancreatic Cancer 

 In a fi rst of its kind study, a group of researchers have shown promising result in a 
pilot human study by increasing the overall survival in patients with pancreatic ade-
nocarcinoma. In addition to the standard chemotherapeutic regimen, following 
injection of USCA, sonoporation was induced to increase effi cacy of the circulating 
chemotherapeutic agent. Using modifi ed acoustics from a commercial ultrasound 
system, patients were on average able to tolerate 75 % more cycles of gemcitabine 
(Kotopoulis et al.  2013 ; Dimcevski  n.d. ; Gilje  2015 ). This improved tolerance leads 
to a reduction of tumour size or, at minimum, a reduced rate of tumour growth. With 
improved quality of life, the combination of chemotherapy with sonoporation has 
provided hope for patients with inoperable tumours who are otherwise out of treat-
ment options.   

7.10     Hardware and Software Requirements 

 In the case of sonothrombolysis once the region of interest – the location of throm-
bus – is selected, the ultrasound transducer should only transmit a high MI acoustic 
pulse for microbubble cavitation when appropriate, i.e., when USCA is present. 
This would enable complete microbubble destruction whilst allowing a suffi cient 
period of low MI imaging to ensure adequate reperfusion, thereby minimising the 
total amount of acoustic energy delivered and optimising appropriate amount of 
therapy. 

 Likewise to optimise sonoporation for enhanced effi cacy of chemotherapeutics, 
researchers must work with industry to develop application-specifi c improvements 
in probe design. Unlike for sonothrombolysis, where the target treatment area is of 
a very limited size, other drug delivery systems must be capable of affecting much 
larger diseased or target regions. Whether this is in the pancreas, liver or other 
organ, the therapeutic acoustics will need to be able to trigger sonoporation in three 
dimensions to be fully effi cacious. 

 As this technology continues to advance from the preclinical setting to early 
clinical trials, the requisite components will also need to progress. The translation 
of this technology into clinical practice will be greatly facilitated in large part by 
improved hardware and software. Such things as automation of contrast detection 
for impulse triggering and improved transducer performance for depicting human 
anatomy accurately will be critical. Generally, a strategy of using commercially 
available ultrasound systems as well as USCAs could offer several distinct advan-
tages. Using well-established and regulated apparatus may provide a lower barrier 
to entry of clinical acceptance; this includes the use of USCA dosing and acoustic 
energy within existing diagnostic guidelines.  
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7.11     Conclusions 

 Ongoing in vitro and in vivo investigations, together with early clinical study results 
represent strong evidence that the use of microbubbles offers a novel and promising 
approach for ultrasound-mediated targeted gene therapy and drug delivery. The cen-
tral concept is to restrict molecular uptake and thus treatment to the region of inter-
est, minimising toxic effects on healthy tissue. Although progress has been made in 
both technological and biological research areas, there is still the need of an 
increased understanding around delivery mechanisms before translation into routine 
clinical practice can be established to treat cancer, cardiovascular diseases and 
genetic disorders. 

 One of the most imminent needs in gene therapy and drug delivery is the devel-
opment of ideal vectors that refl ect characteristics of sustained high transfection 
effi cacy and expression whilst safely delivering multiple genes/drugs to specifi c 
target regions through a simple non-viral transfer procedure (Nozaki et al.  2006 ). 

 Focus should also be turned to the design components of the microbubble con-
trast agents to ensure their safety profi le along with their stability for longer circula-
tion in the vasculature. Since microbubbles can act as potential vehicles to deliver 
agents, components that directly affect transfection effi cacy during ultrasound 
exposure need to be reviewed, such as shell composition and optimal microbubble 
size, loading capacity, circulation life, drug release mechanisms and biodistribution 
(Mehier-Humbert et al.  2007 ; Kotopoulis et al.  2013 ). Target-specifi c gene/drug 
delivery could also be improved with the design of tumour or organ-specifi c 
microbubbles. 

 Further insight into defi ning optimised ultrasound parameters for a homoge-
neous acoustic fi eld with increased target specifi city and effi ciency for mediating 
therapeutic effects is an investigational priority. Great effort is required to devise 
technological advancements involving both design and parameter optimisation in 
both in vitro and in vivo systems regarding ultrasound hardware and software. 
Direct strategic partnerships amongst academia, industry and pharmaceutical com-
panies are of high importance in order to yield new technologies that share the same 
development goals and concerns of cellular physiology, genetics, physical  chemistry 
and acoustic physics affecting microbubble ultrasound-mediated delivery and ther-
apy (Castle et al.  2013 , Castle and Feinstein  2014 ).     
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    Chapter 8   
  S -Nitroso Adducts of Albumin Analogs: 
Characterization, Categorization, and Possible 
Future Therapeutic Applications                     

     Yu     Ishima     ,     Ulrich     Kragh-Hansen    , and     Masaki     Otagiri   

    Abstract     Nitric oxide (NO) is a ubiquitous messenger molecule that is involved in 
multiple cellular functions. In particular, NO has multiple important actions that 
contribute to the maintenance of vascular homeostasis. Thus, an inappropriate pro-
duction of NO leads to a disease state. To date, pharmacologically active compounds 
that release NO within the body, such as organic nitrates, have been used as thera-
peutic agents, but their effi cacy is signifi cantly limited by undesirable side effects. 
Therefore, novel NO donors with better pharmacological and pharmacokinetic 
properties would be highly desirable. The  S -nitrosothiol fraction in plasma is largely 
composed of endogenous  S -nitrosated human serum albumin (Mono-SNO-HSA), 
and that is why we are testing whether this albumin form has the potential to be 
therapeutically useful. Recently, we developed SNO-HSA analogs such as SNO-
HSA with many conjugated SNO groups (Poly-SNO-HSA) which were prepared 
using chemical modifi cation. Unexpectedly, we found striking inverse effects 
between Poly-SNO-HSA and Mono-SNO-HSA. Despite the fact that Mono-SNO-
HSA inhibits apoptosis, Poly-SNO-HSA exerts very strong proapoptotic effects 
against tumor cells. Furthermore, Poly-SNO-HSA can reduce or perhaps com-
pletely eliminate the multidrug resistance often developed by cancer cells. In addi-
tion, we recently developed an  S -nitrosated HSA dimer (SNO-HSA dimer) as a 
novel enhanced permeability and retention (EPR) effect enhancer. The SNO-HSA 
dimer increases the tumor accumulation of macromolecular antitumor drugs by a 
factor 3-4 and thereby their antitumor effects. In this review, we fi rst summarize the 
effective factors on the  S -nitrosation and  S -denitrosation of HSA both in vitro and 
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in biological systems. Finally, we propose the possibility that Poly-SNO-HSA and 
SNO-HSA dimer can be used as a safe and effective multifunctional antitumor 
agent and as a nano-EPR enhancer.  

  Keywords      S -nitrosation   •    S -transnitrosation   •   Ligand binding   •   Cytoprotection   • 
  Cytotoxicity   •   Antibacterial effect   •   Cancer therapy   •   Enhanced permeability and 
retention effect  

8.1       Introduction 

 Nitric oxide (NO), a free radical, possesses various modulatory effects on biological 
systems (Moncada et al.  1991 ; Mizutani and Layon  1996 ; Stamler et al.  1992a ,  b , 
 1993 ; Nathan  1992 ; Iyengar et al.  1987 ; Hibbs et al.  1988 ; Clancy and Abramson 
 1995 ; Clancy et al.  1994 ; Lancaster and Hibbs  1990 ; Furchgott and Zawadzki  1980 ; 
Palmer et al.  1987 ; Myers et al.  1990 ; Gaston et al.  1993 ; Lancaster  1994 ; Drapier 
et al.  1991 ; Stadler et al.  1993 ; Mülsch et al.  1993 ; Geng et al.  1994 ). For example, 
low concentrations of NO produced by constitutive NO synthase (cNOS) isoforms 
have several cytoprotective effects, such as the regulation of local blood fl ow as an 
endothelium-derived relaxing factor (Palmer et al.  1987 ), removal of superoxides 
(Gryglewski et al.  1986 ), and inhibition of superoxide anion production by 
neutrophils (Ródenas et al.  1998 ). Defects in NO production can lead to many 
cardiovascular abnormalities such as essential hypertension, stroke, atherosclerosis, 
and ischemia/reperfusion injury (Ignarro and Wei  2002 ). Therefore, replacement of 
or supplementing endogenous NO production by exogenously administered NO is 
an important and effective treatment for cardiovascular diseases. However, NO 
therapy still has some problems that need to be overcome, such as the following. 
First, the administration of NO gas has limited utility, partly because of its short 
half-life in vivo (~0.1 s) (Ignarro  2000 ). Secondly, it is important to be able to 
control reaction selectivity and the dose of the NO donor against reactive oxygen 
species such as in NO therapy in infl ammatory diseases. Thirdly, a local application 
of NO may be a very effective and safe form of NO therapy. Thus, it is essential to 
develop reliable NO donors with better pharmacological and pharmacokinetic 
parameters. 

 In our search for a reliable and safe NO donor, we pursued a novel approach, 
namely, to examine the possibility of using an “NO-traffi c protein.” An NO-traffi c 
protein is meant to be a protein with (i) a high effi ciency of  S -nitrosation, (ii) a high 
stability of the  S -nitroso form in the circulation, and (iii) a high effi ciency of 
 S -transnitrosation into cells. As a candidate in this respect, we focused on human 
serum albumin (HSA), because HSA is the most abundant plasma protein (35–
50 g/L) and because endogenous  S -nitrosothiols in the human plasma are largely 
associated with HSA (Marley et al.  2000 ).  S -Nitrosated HSA (SNO-HSA) is 
signifi cantly more stable than low-molecular-weight  S -nitrosothiols in human 
circulation (Katsumi et al.  2007 ). In addition, others have attempted to produce NO 
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delivery systems using a NO-albumin conjugate. Marks et al. ( 1995 ) and Ewing 
et al. ( 1997 ) synthesized a macromolecular  S -nitrosothiol, poly SNO-BSA, in which 
several  S -nitrosothiols are formed in bovine serum albumin (BSA) after reduction 
of the protein disulfi de bonds. Independently, Beak et al. ( 2002 ) developed a 
macromolecular NONOate, diazeniumdiolated BSA, in which several NONOate 
moieties are conjugated to native BSA. In a porcine coronary angioplasty model, 
the two NO-traffi c BSA forms, poly SNO-BSA and diazeniumdiolated BSA, were 
applied locally to the site of vascular injury and showed high retention at the 
administration site and reduced platelet attachment and activation. These effects 
were due to the strong binding of the modifi ed albumins to the injured vessel. 

 In the development of targeted NO delivery systems for intravenous use, the 
tissue distribution characteristics of the NO-carrier conjugate should be evaluated 
in vivo in order to identify the various obstacles to targeted delivery, such as 
extensive uptake by mononuclear phagocyte systems and rapid loss by glomerular 
fi ltration. Katsumi et al. ( 2005 ) also examined the pharmacokinetic properties of 
SNO-BSA. The results showed that serum albumin is a promising carrier for 
controlling the pharmacokinetic properties of NO after intravenous injection, 
because  S -nitrosated albumin shows a relatively high retention in the blood 
circulation after intravenous injection into mice. However, targeted NO delivery 
after intravenous injection using a macromolecular carrier has not been successfully 
achieved so far (Katsumi et al.  2005 ). To achieve the targeted NO delivery from 
SNO-HSA after intravenous injection, we need to understand the different functions 
and structure of HSA and its biological fate in detail. Therefore, we fi rst summarized 
the effective factors on the  S -nitrosation and  S -denitrosation of HSA both in vitro 
and in biological systems. Secondly, we introduce the biological characteristics of 
two SNO-HSA analogs, Poly-SNO-HSA, which possesses about seven SNO groups 
per HSA molecule, and SNO-HSA dimer. Finally, we focused on possible future 
therapeutic applications of the  S -nitroso adducts of albumin analogs in this chapter.  

8.2     Relationship of  S -Nitrosation of HSA and Endogenous 
Ligands of HSA 

 HSA is a non-glycosylated protein with a molecular weight of 66.5 kDa. The 
polypeptide is organized in the form of a heart-shaped protein with approximately 
67 % α-helix but no β-sheet structure (Peters  1996 ). It is composed of three 
homologous domains (I–III) each of which can be subdivided into subdomains (A 
and B) with distinct helical folding patterns connected by fl exible loops (Fig.  8.1 ). 
All but 1 (Cys-34) of the 35 cysteine residues are involved in the formation of 
stabilizing disulfi de bonds. In the circulation, the protein has an average half-life of 
approximately 20 days, and normally about 70 % of the Cys-34 residues are freely 
accessible; i.e., they are not oxidized or involved in ligand binding and represent the 
largest fraction of free thiols in the blood (Peters  1996 ).
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   In the blood, HSA functions as a transport and depot protein for numerous 
endogenous and exogenous compounds (Peters  1996 ; Kragh-Hansen  1981 ; Kragh- 
Hansen et al.  2002 ). HSA purifi ed from serum contains bound endogenous ligands, 
in particular fatty acids and perhaps also other exogenous ligands. The possible 
effects of these ligands on the  S -nitrosation of HSA were examined by incubating 
non-defatted and charcoal-treated albumin, with GS-NO. The  S -nitroso moiety of 
the former preparation was signifi cantly higher ( P  < 0.01) than that of the latter 
(Ishima et al.  2007a ). Thus, the presence of ligands greatly enhances the effi ciency 
of  S -nitrosation. Therefore, we studied the effects of the strongly bound ligands, 
oleate (OA) (C18:1), bilirubin (BR), and Cu 2+ , and weakly bound ligands, 
 L -tryptophan, progesterone, ascorbate, Zn 2+ , and Fe 2+ , on in vitro  S -nitrosation of 
HSA at Cys-34 by  S -nitrosoglutathione (GS-NO) and 1-hydroxy-2-oxo-3-(N-3- 
methyl-aminopropyl)-3-methyl-3’-triazene (NOC-7). In these experiments, two 
types of  S -nitrosating agents were used, namely, GS-NO which  S -transnitrosates via 
NO +  and NOC-7 which  S -nitrosates mainly via NO and N 2 O 3 . 

 In addition to the seven OA binding sites, the locations of the high-affi nity 
binding site for BR (BR(1)) and the high-affi nity binding site (Cu 2+ (1)) and a 
secondary binding site for Cu 2+  (Cu 2+ (2)) are indicated. Very recently, a 
crystallographic analysis of HSA complexed with BR has shown that the ligand is 
bound with a high affi nity in subdomain IB rather than in subdomain IIA (Zunszain 
et al.  2008 ). The subdivision of HSA into domains (I–III) and subdomains (A and 
B) is shown. The structure was simulated on the basis of X-ray crystallographic data 
for HSA-OA (PDB ID code 1gni) and modifi ed with the use of Rasmol (down-
loaded from   http://www.openrasmol.org    ). 

  Fig. 8.1    Crystal structure of HSA showing the locations of Cys-34 and the OA, BR, and Cu 2+  
binding sites       
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 The results obtained with equimolar amounts of protein and ligand are indicated 
in Table  8.1 . It can be seen that OA and BR enhance the effi ciency of GS-NO, but 
not that of NOC-7, whereas Cu 2+  increases the  S -nitrosation by NOC-7 but not that 
caused by GS-NO. In contrast, no signifi cant effect was observed when adding 
 L -tryptophan, progesterone, ascorbate, (CH 3 COO) 2 Zn, or FeCl 2 . We studied the 
positive effects of OA, BR, and Cu 2+ , which bind to different high-affi nity sites of 
HSA, in more detail (Fig.  8.1 ).

8.2.1       Effect of OA Binding 

 We investigated the effect of increasing OA binding on the  S -nitrosation of HSA by 
GS-NO in more detail. The increment in SNO-HSA formation was found to be dose 
dependent up to a OA:HSA molar ratio of 3; increasing the molar ratio further to 4 
or 5 did not result in additional  S -nitrosation. Because OA does not bind to Cys-34 
(Fig.  8.1 ), the observed effect is most probably due to binding-induced conformational 
changes of HSA making Cys-34 more accessible to GS-NO (Ishima et al.  2007a ). 
This proposal is supported by the fi nding that OA binding results in an almost linear 
increment in binding of the test compound 5,5′-dithiobis-2-nitrobenzoic acid 
(DTNB) to Cys-34 (Ishima et al.  2007a ). The proposal is also supported by crystal 
structure analysis (Gryzunov et al.  2003 ; Narazaki et al.  1997 ; Petitpas et al.  2001 ). 
According to that type of analysis, the reactive SH group of Cys-34 is located in a 
crevice on the surface of HSA. The binding of OA induces conformational changes 
in the protein, leading to a slight opening of the interface between the two halves of 
the albumin molecule (subdomains IA-IIA and IIB-IIIB, respectively) and the 
rotation of domain I. These structural changes result in a greater opening of the 
crevice that contains Cys-34, thus rendering the SH group of Cys-34 more readily 
available (Narazaki et al.  1997 ).  

8.2.2     Effect of BR Binding 

 The effect of BR binding on  S -nitrosation by GS-NO was also studied at different 
molar ratios of ligand to protein (Ishima et al.  2007a ). The binding of 1 mol of BR 
resulted in a signifi cantly higher level of  S -nitrosation ( P  < 0.01); increasing the 
molar ratio to 3 or 5 did not cause detectable additional  S -nitrosation. Thus, only 

     Table 8.1    Effect of ligands on S-nitrosylation of HSA by GS-NO and NOC-7   

 Oleic acid  Bilirubin  Cu  Zn  Fe  Tryptophan  Ascorbate  Progesterone 

 GS-NO  ↑  ↑↑  ↑  →  →  →  →  → 
 NOC-7  →  →  ↑↑  →  →  →  →  → 

  ↑:  P  < 0.05, ↑↑:  P  < 0.01 as compared with HSA alone  
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high-affi nity BR binding increases  S -nitrosation. Because this kind of binding takes 
place in another region of HSA than that containing Cys-34 (Fig.  8.1 ), the improving 
effect must be due to conformational changes in the protein related to accommodating 
the large BR molecule. 

 In contrast to GS-NO, the high-affi nity binding of BR did not infl uence 
 S -nitrosation by NOC-7 (Table  8.1 ). To test whether this lack of effect could be 
caused by interaction between NO and HSA-bound BR, we performed 
spectrophotometric experiments. The experiments showed that the exposure of 
HSA-BR to NOC-7, but not to GS-NO, resulted in a rapid decrease of absorbancy 
at 470 nm (representing λ max  for HSA-BR) and a concomitant and pronounced 
increase at 650 nm (representing λ max  for HSA-biliverdin). It therefore appears that 
the following reaction takes place: ( 34 Cys-SH)-HSA-BR + ⋅NO → ( 34 Cys-SH)-
HSA-BV + NO 2  − . Thus, the lack of effect of BR is due to its conversion to biliverdin 
(BV), and neither the ligand nor the NO 2  -  formed improves  S -nitrosation.  

8.2.3     Effect of Cu 2+  Binding 

 In contrast to the  S -nitrosating effect of GS-NO, the effect of NOC-7 was signifi cantly 
increased by Cu 2+  (Table  8.1 ). The increasing effect was the same, irrespective of 
whether the molar ratio of Cu 2+  to protein was 1:1, 3:1, or 5:1 (Ishima et al.  2007a ). 
Cu 2+  binds with a very high affi nity to a specifi c site in the N-terminal region of 
HSA, and His-3 is an essential element at that site (Peters  1996 ) (Fig.  8.1 ). To test 
whether the high-affi nity binding of Cu 2+ , which takes place at a distance from Cys- 
34, is responsible for the improving effect of NOC-7, or whether the effect is caused 
by other means, e.g., secondary binding, we mutated His-3 for an alanine. The 
positive effect of Cu 2+  disappeared when the His-3 had been replaced. This fi nding 
strongly suggests that high-affi nity binding explains the improved effect of Cu 2+  on 
 S -nitrosation by NOC-7. The positive effect of high-affi nity Cu 2+  binding is most 
probably caused by conformational changes induced in the HSA molecule, which 
renders the SH group of Cys-34 more reactive. Such a mechanism is supported by 
the results of Zhang and Wilcox (Zhang and Wilcox  2002 ). These authors, using 
isothermal titration calorimetry and different spectroscopic techniques, found 
evidence for an interaction between the fi rst Cu 2+  binding site and Cys-34 in 
BSA. However, the conformational changes are different from those caused by OA, 
because in contrast to the binding of OA, the binding of Cu 2+  does not affect the 
accessibility of Cys-34 (Ishima et al.  2007a ). In contrast to the above studies, 
Stubauer et al. ( 1999 ) found no effect of a high-affi nity-bound Cu 2+  on RS-NO 
formation. RS-NO formation was only initiated when that binding site had been 
saturated, and the authors proposed  S -nitrosation of Cys-34, when Cu 2+  binds with 
a low affi nity to the same residue. However, they used BSA and NO gas in their 
studies.  
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8.2.4     Methodological Aspects 

 Commercial HSA preparations for clinical use contain high concentrations of 
octanoate and  N -acetyl- L -tryptophanate, because they stabilize the protein during 
the pasteurization process and also protect it against oxidative stress (Anraku et al. 
 2004 ). The presence of these ligands greatly facilitates the formation of SNO-HSA, 
and a fast and simple method for making such preparations has been developed 
using GS-NO as the  S -nitrosylating agent. Interestingly, this method for preparing 
SNO-HSA is simple, fast, and straightforward; the cytoprotective effect against 
hepatic ischemia/reperfusion injury was better than that of a preparation carried out 
in a more traditional way (Ishima et al.  2010 ). Based on these results, we surmise 
that this cytoprotective activity of SNO-HSA is enhanced by bound fatty acids.   

8.3     Effect of Fatty Acids on  S -Denitrosation from HSA 

 The results presented above show that  S -nitrosation of HSA is facilitated by 
simultaneous high-affi nity ligand binding. The data discussed below show that the 
opposite is also the case, i.e., high-affi nity ligand binding can ease  S -denitrosation 
from SNO-HSA to other targets. This effect was observed using endogenous fatty 
acids as an example, and the effect was observed in both an animal model and in 
cultured cells. Most experiments were performed with OA, because quantitatively it 
is the most important fatty acid in human depot fat and because it is a major 
contributor to the albumin-bound fatty acids. As in the studies on  S -nitrosation, we 
used OA:HSA molar ratios up to 5:1. This was done in order to investigate the 
potential effect of physiological and pathological fatty acid concentrations. Thus, 
HSA usually carries a total amount of 1–2 M equivalents of fatty acids. However, 
this value can rise to 4 or more after maximal exercise or other adrenergic stimulation 
(Peters  1996 ). 

8.3.1     Cytoprotection Against Ischemia/Reperfusion Liver 
Injury in Rats 

 To determine the effect of OA binding on  S -denitrosation from SNO-HSA in vivo, 
we used an ischemia/reperfusion liver injury model (Ishima et al.  2008 ). To evaluate 
liver injury, the extracellular release of the liver enzymes aspartate aminotransferase 
and alanine aminotransferase was measured via plasma enzyme values. The 
administration of SNO-HSA diminished, to a signifi cant extent ( P  < 0.01), the 
enzyme concentrations measured at 60 min and 120 min. The protection of the liver 
cells by SNO-HSA was more pronounced, if the protein also carried OA. The effect 
of OA on SNO-HSA-mediated cytoprotection appeared to depend on the OA 
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content; e.g., the binding of 5 mol OA had a more pronounced effect than binding 
of 3 mol. We also found that caprylate (C8:0), a short-chain and saturated fatty acid, 
potentiated the cytoprotective effect of SNO-HSA. In addition, the pharmacokinetic 
characteristics of SNO-HSA have been studied in mice. The study showed that 
binding of as much as 5 mol of OA per mol of SNO-HSA does not affect either the 
plasma half-life of the protein nor its uptake by the liver, kidney, or spleen (Ishima 
et al.  2008 ).  

8.3.2     Cytoprotection of HepG2 Cells Exposed to an Anti-Fas 
Antibody 

 The advantageous effects of fatty acids on cytoprotection found in the ischemia/
reperfusion model may involve multiple mechanisms, including the maintenance of 
tissue blood fl ow, the induction of heme oxygenase-1 (a cytoprotective enzyme), the 
suppression of neutrophil infi ltration, and a reduction of apoptosis (Ikebe et al. 
 2000 ). Therefore, we investigated the effect of fatty acid binding in a simpler 
system, a cell line. We examined the infl uence of OA binding on the antiapoptotic 
effect of SNO-HSA on HepG2 cells treated with an anti-Fas antibody (Ishima et al. 
 2008 ). The results showed that SNO-HSA induced protection of the cells in a 
concentration-dependent manner. This protection was greatly increased by the 
binding of 5 mol of OA per mol of SNO-HSA. Thus, fatty acid binding also improves 
the cytoprotective effect of SNO-HSA in an in vitro system. 

 The above fi ndings clearly indicate that SNO-HSA  S -denitrosates in HepG2 
cells. We studied this aspect in a direct way, namely, by measuring the concentration 
of SNO-HSA. We found that the presence of the cells caused a decrease in SNO- 
HSA and that the decrease was faster and quantitatively more pronounced when OA 
was present. The effect increased with increasing OA concentration: from 1:1 to 3:1 
to 5:1 molar ratios. The OA-mediated promotion of SNO-HSA decay can be 
explained by an increased accessibility to the  S -nitroso moiety of HSA and/or by an 
intensifi ed interaction between SNO-HSA and cell surface thiols. Furthermore, we 
also examined the issue of whether the improving effect of OA binding on 
 S -denitrosation is unique for that fatty acid or whether the effect can also be exerted 
by a mixture of endogenous fatty acids. We used HSA preparations isolated from 
hemodialysis patients, because such treatment increases the fatty acid concentrations 
in the blood. The results showed a good linear correlation between T 1/2  and the 
amount of fatty acid bound to SNO-HSA. Thus, in addition to OA, a mixture of 
endogenous fatty acids facilitates the decay of SNO-HSA by HepG2 cells. This 
fi nding has biological and clinical implications, because the plasma concentrations 
of nonesterifi ed fatty acids can be increased in a number of situations. In addition to 
hemodialysis, an increase in fatty acids is seen in connection with exercise and other 
adrenergic stimulation and in pathological conditions such as the metabolic 
syndrome and diabetes mellitus (Ishima et al.  2008 ).  
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8.3.3      Cytoprotective NO Uptake of HepG2 Cells 

 As mentioned in Sect.   1.3.2    , fatty acid binding accelerates SNO-HSA decomposition 
by HepG2 cells. We investigated whether this decomposition is accompanied by the 
uptake of NO by the cells using intracellular DAF-FM DA fl uorescence (fl uorescence 
of diaminofl uorescein-FM diacetate) (Ishima et al.  2008 ). The intracellular NO 
concentration increased with incubation time and with increasing OA/SNO-HSA 
molar ratios. To clarify the  S -transnitrosation properties of a saturated fatty acid, we 
tested the effect of stearate (C18:0) on the uptake of NO by the HepG2 cells. Stearate 
had an effect on the  S -transnitrosation of SNO-HSA, which was very similar to that 
of OA. 

 The fatty acid-induced increment in the transfer of the NO from SNO-HSA into 
hepatocytes is completely blocked by the addition of fi lipin III. However, a basal 
mechanism, not affected by the addition of fi lipin III addition, shows the transfer of 
small amounts of NO or modifi cations thereof (e.g., NO + ). Both systems may 
involve a membrane protein and operate by transferring NO +  from one thiol to 
another. 

 We examined the issue of whether NO uptake involves contact between albumin 
and the cell membrane or components thereof using FITC fl uorescence (fl uorescence 
of fl uorescein isothiocyanate). SNO-HSA was labeled with FITC and the interaction 
with the HepG2 cells was analyzed by fl uorescence microscopy (Ishima et al.  2008 ). 
FITC-SNO-HSA was found to bind to the cells, and the degree of binding increased 
in a dose-dependent manner by the cobinding of OA. Similar results were obtained 
with HSA that was not  S -denitrosated. Adding fi lipin III had no effect on the protein- 
cell interaction. Thus, OA is proposed to enhance the interaction between SNO- 
HSA and HepG2 cells. Figure  8.2  proposes a model for the  S -transnitrosation of 
HepG2 cells by SNO-HSA. The binding of fatty acids introduces conformational 
changes in HSA that render the SH group, without or with  S -nitrosation, more 
accessible. Fatty acid binding also facilitates the binding of albumin to a receptor on 
hepatocytes, perhaps the albumin binding adaptor protein gp60 (Minshall et al. 
 2003 ). When bound to the receptor, SNO-HSA-OA  S -transnitrosates to HepG2 cells 
via two (or more) systems. Because OA-induced transnitrosation is completely 
blocked by fi lipin III, an inhibitor of caveolae (Pohl et al.  2002 ), it is proposed that 
caveolae are important for this type of  S -transnitrosation. These fi ndings strongly 
suggest that OA and NO of SNO-HSA-OA are transported by caveolae-associated 
proteins. Further studies will be needed to identify and clarify the mechanism for 
the caveolae-associated proteins.

   It is widely assumed that  S -transnitrosation from SNO-HSA to cells takes place 
solely or mainly via low-molecular-weight thiols (Simon et al.  1993 ; Shah et al. 
 2007 ; Crane et al.  2002 ). However, it should be noted that all the experiments with 
HepG2 cells were performed in the absence of GSH and other low-molecular- 
weight thiols. 

 Thus, fatty acid binding improves the cytoprotective effect of SNO-HSA in vivo, 
and reinforcement of an antiapoptotic effect by fatty acid binding contributes to this. 
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A fatty acid bound to SNO-HSA enhances the interaction between SNO-HSA and 
HepG2 cells and the  S -transnitrosation of SNO-HSA. This enhances NO transfer 
from SNO-HSA into hepatocytes and the antiapoptotic effect. We found a novel 
fi lipin III-sensitive mechanism for the transfer of NO from SNO-HSA into 
hepatocytes.   

8.4     Poly-SNO-HSA Has Multiple Anticancer Effects 

 To construct more effi cient SNO-HSA preparations, SNO-HSA with  ca . 7 
conjugated SNO groups (Poly-SNO-HSA) was prepared by means of chemical 
modifi cation using Traut’s reagent. The properties of this preparation were compared 
to those of SNO-HSA, which had, on average, 0.3 SNO group per HSA molecule 
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  Fig. 8.2    Proposed model for fatty acid-mediated increase in  S -transnitrosation of HepG2 cells by 
SNO-HSA. The model operates with two types of  S -transnitrosation reactions. A basal one and a 
much more pronounced process, caused by albumin binding of fatty acid, which can be blocked by 
fi lipin III. The model also proposes that  S -transnitrosation takes place without involving low- 
molecular- weight thiols (We used a modifi ed fi gure to that proposed in Ref. (Ishima et al.  2008 ))       
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(Ishima et al.  2011 ). For these comparative studies, we used cell culture systems 
using HepG2 cells and murine colon 26 (C26) tumor cells. The results showed that 
the cellular uptake of NO from SNO-HSA partly takes place via low-molecular- 
weight thiols and that it results in cytoprotective effects by the induction of heme 
oxygenase-1 (HO-1). A cytoprotective effect of SNO-HSA was also observed for 
HepG2 cells (Sect.  8.3.3 ). In contrast, the transfer of NO from Poly-SNO-HSA into 
the cells was faster and more pronounced. The infl ux mainly takes place by the cell 
surface protein disulfi de isomerase (csPDI). Surprisingly, the considerable NO 
infl ow results in apoptotic cell death by ROS induction and caspase-3 activation and 
not in cytoprotection. Thus, increasing the number of SNO groups on HSA does not 
simply intensify the cellular responses to the product but can result in very different 
effects that are summarized in Fig.  8.3 .
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  Fig. 8.3    Differences in the mechanisms and consequences of NO traffi c from SNO-HSA and 
Poly-SNO-HSA to cells. NO transfer from the SNO group of Cys-34 on SNO-HSA to the cell is 
partly mediated by the L-amino acid transporter (L-AT) via  S -transnitrosation to a free low- 
molecular- weight thiol. In contrast, the transfer of NO from Poly-SNO-HSA is mainly mediated 
by a cell surface protein disulfi de isomerase (csPDI) without  S -transnitrosation to a free low- 
molecular- weight thiol. The relatively slow transfer of NO from SNO-HSA avoids the presence of 
high intracellular NO concentrations and leads to cytoprotective activity through HO-1 induction. 
On the other hand, the NO infl ux from Poly-SNO-HSA is very fast and pronounced and leads to 
cell death caused by apoptosis (We used a modifi ed fi gure to that proposed in Ref. (Ishima et al. 
 2011 ))       
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   Interestingly, NO donors such as nitroglycerin have been reported to reverse the 
resistance to anticancer agents (Yasuda  2008 ). Therefore, we have evaluated the 
effect of Poly-SNO-HSA on the resistance of human myelogenous leukemic cells 
(K562 cells) to doxorubicin (Ishima et al.  2012a ). The results showed that treatment 
with Poly-SNO-HSA increased the accumulation of doxorubicin in doxorubicin- 
resistant K562 cells (K562/dx cells). Furthermore, Poly-SNO-HSA enhanced the 
anticancer effect of doxorubicin in K562/dx cell-bearing mice. Poly-SNO-HSA 
reverts doxorubicin resistance by decreasing the expression of P-glycoprotein 1 and 
HIF-1α (Ishima et al.  2012a ). 

 We also investigated the inhibitory effect of NO on autophagy by using Poly- 
SNO- HSA. Autophagy is one of the major causes of drug resistance. For example, 
the angiogenesis inhibitor bevacizumab shows only transient and short-term thera-
peutic effects, while long-term therapeutic benefi ts are rarely observed, probably 
due to hypoxia-induced autophagy. In a C26 cell culture system, SNO- HSA signifi -
cantly suppressed hypoxia-induced autophagy via inhibiting the phosphorylation of 
JNK and the expression of its downstream Beclin1. The effect of SNO-HSA was 
also confi rmed in vivo by combining it with bevacizumab (Ishima et al.  2015 ). 

 These data may open alternate strategies for cancer chemotherapy by taking 
advantage of the ability of SNO-HSA to suppress autophagy-mediated drug resis-
tance and enhance the effi cacy of chemotherapy (Fig.  8.4 ) (Ishima and Maruyama 
 2016 ).

8.5         S -Nitrosated Human Serum Albumin Dimer as a Novel 
Nano-EPR Enhancer 

 We synthesized a recombinant HSA dimer and found that its  S -nitrosated form 
(SNO-HSA dimer) caused cell death to C26 tumor cells, and the effect was NO dose 
dependent (Ishima et al.  2012b ). Intriguingly,  S -nitrosation improved the uptake of 
the HSA dimer in tumor tissue through augmenting the enhanced permeability and 
retention (EPR) effect. The EPR effect is a unique phenomenon associated with 
solid tumors, and it can serve as a basis for the development of macromolecular 
anticancer therapy. These data suggest that the SNO-HSA dimer behaves not only 
as an anticancer therapeutic drug but also as an enhancer of the EPR effect. 
Therefore, the SNO-HSA dimer would be a very appealing carrier for utilization of 
the EPR effect in the future development of cancer therapeutics. 

 To elaborate this idea further, we investigated the infl uence of the SNO-HSA 
dimer on the antitumor effect of two types of macromolecular antitumor drugs, 
namely, an N-(2-hydroxypropyl) methacrylamide polymer conjugated with zinc 
protoporphyrin (HPMA-ZnPP), which forms micelles and can be used for 
fl uorescence studies. The other drug was PEGylated liposomal doxorubicin (Doxil), 
a typical example of a stealth liposome that has been approved for medical usage. In 
mice bearing C26 tumors with a highly permeable vasculature (high endogenous 
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EPR effect), the SNO-HSA dimer increased the tumor accumulation of the drugs by 
a factor 3-4 and thereby their antitumor effects. Furthermore, the SNO-HSA dimer 
improved the anti-metastatic effects of Doxil and reduced its minor uptake in non- 
tumor organs such as the liver and kidney. The tumor accumulation of Doxil in B16 
tumors, which are characterized by a low permeable vasculature (low endogenous 
EPR effect), increased even more (sixfold) in the presence of SNO-HSA-dimer, and 
the improved accumulation led to a decreased tumor volume and an increased 
survival of the animals. The administration of the SNO-HSA dimer itself is safe, 
because it has no effect on blood pressure, heart rate, or on several other biochemical 
parameters. The present fi ndings indicate that SNO-HSA dimer is promising for 

  Fig. 8.4    Mechanisms of Poly-SNO-HSA as a safe and strong multiple antitumor agent. The fast 
and pronounced transfer of NO from Poly-SNO-HSA into the cell mainly takes place via 
csPDI. Within the cell, a high concentration of NO induces apoptosis and reverts dx resistance or 
hypoxia-induced autophagy by activating a cGMP-dependent pathway and HIF-1α (We used a 
modifi ed fi gure to that proposed in Ref. (Ishima et al.  2012a ))       
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enhancing the EPR effect and consequently the specifi c, therapeutic effects of 
macromolecular anticancer drugs (Fig.  8.5 ) (Kinoshita et al.  2015 ).

8.6        Concluding Remarks 

 SNO-HSA possesses cytoprotective effects both in cell cultures and in vivo, and 
endogenous fatty acids, and perhaps also other high-affi nity bound ligands, may 
serve as novel types of mediators for  S -denitrosation. Furthermore, SNO-HSA 
preparations have potent antibacterial effects against bacteria such as  Salmonella 
typhimurium  (Ishima et al.  2007b ). In contrast, Poly-SNO-HSA appears to be a 
useful candidate as an NO-traffi c protein for cancer therapy (Fig.  8.6 ). In this 
respect, the SNO-HSA dimer is perhaps an even better candidate, because in 
addition to its NO traffi cking properties, it has tumor targeting potential and superior 
blood retention properties (Ishima et al.  2012b ). However, further studies are 
warranted to explore the mechanism responsible for the cellular uptake of NO in the 
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  Fig. 8.5    Novel nano-EPR enhancer: SNO-HSA dimer. Administration of the SNO-HSA dimer 
results in a remarkable increase in vascular permeability that allows nanosized particles (micelles, 
liposomes, and albumin nanoparticle) to rapidly extravasate into tumor tissue, leading to super- 
enhanced permeability and retention. The increase in the EPR effect is highest in the fi rst 0.5–1 h 
after administration of the SNO-HSA dimer and reaches baseline levels by 24 h. In contrast, the 
distribution of the macromolecular drugs to other organs such as the liver and kidney is decreased 
in the presence of SNO-HSA dimer       
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pharmacological benefi ts of  S -nitrosated HSA and to improve the cell targeting 
properties of the system.
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  Fig. 8.6    Biological effects and potential therapeutic applications of SNO-HSAs. The fi gure above 
indicates some of the benefi cial effects of SNO-HSA and Poly-SNO-HSA, which appears to be 
potentially clinical useful. Our work shows that  S -denitrosation from SNO-HSA is greatly 
improved by the binding of fatty acids, and the NO entering the cells from SNO-HSA results in 
cytoprotection via HO-1 induction. The situation with respect to Poly-SNO-HSA is quite different. 
The great majority of the NO-moieties enters the cells via csPDI without  S -transnitrosation to free 
low-molecular-weight thiol groups, and the pronounced and fast infl ow of NO results in cytotoxicity 
that is exerted via caspase-3 activation       
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    Chapter 9   
 Hemoglobin–Albumin Clusters as a Red Blood 
Cell Substitute                     

     Teruyuki     Komatsu    

    Abstract     Core–shell protein cluster comprising bovine hemoglobin (HbBv) in the 
core and human serum albumin (HSA) at the shell was created as an artifi cial O 2  
carrier designed for use as a red blood cell (RBC) substitute. The protein cluster was 
prepared by covalent linkage between the Cys-34 residue of HSA and the surface 
Lys amino groups of HbBv using heterobifunctional cross-linker. The average HSA/
HbBv ratio of one cluster was determined as 3.0 ± 0.2; therefore we indicated this 
hemoglobin–albumin cluster as HbBv–HSA  3  . Human Hb A (HbA) can be also used 
for a core protein to synthesize HbA–HSA  3   cluster. The isoelectric point of HbBv–
HSA  3   ( p I = 5.1) was markedly lower than that of HbBv and almost identical to the 
value of HSA. SFM and TEM measurements revealed a triangular shape of HbBv–
HSA 3 . The complete 3D structure based on TEM data was reconstructed. The clus-
ters showed moderately higher O 2  affi nities than the native HbBv and HbA. Viscosity 
and blood cell counting measurements demonstrated that HbBv–HSA  3   has good 
compatibility with whole blood. Intravenous administration of HbBv–HSA  3   into 
anesthetized rats elicited no unfavorable increase in systemic blood pressure by 
vasoconstriction. The half-life of  125 I-labeled cluster in circulating blood is longer 
than that of HSA. All results indicate that HbBv–HSA  3   has suffi cient preclinical 
safety as an alternative material for RBC transfusion. Interestingly, clusters pre-
pared under N 2  atmosphere showed low O 2  affi nity resembling human 
RBC. Furthermore, the exterior HSA units possess a remarkable ability to bind 
antioxidant agent, such as Pt nanoparticle (PtNP). The peripheral HSA–PtNP shell 
prevents oxidation of the core HbBv, which enables the formation of an extremely 
stable O 2  complex even in H 2 O 2  solution. This chapter reviews the synthesis, struc-
ture, O 2 -binding property, and preclinical safety of hemoglobin–albumin cluster as 
a promising RBC substitute for practical use.  
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  Blood pressure   •   Blood retention  

        T.   Komatsu      (*) 
  Department of Applied Chemistry, Faculty of Science and Engineering ,  Chuo University , 
  1-13-27 Kasuga, Bunkyo-ku ,  Tokyo   112-8551 ,  Japan   
 e-mail: komatsu@kc.chuo-u.ac.jp  

mailto:komatsu@kc.chuo-u.ac.jp


166

9.1       Introduction 

 Over the last few decades, hemoglobin (Hb)-based O 2  carriers (HBOCs) of many 
kinds have been designed and developed as red blood cell (RBC) substitutes (Squires 
 2002 ; Jahr et al.  2011 ; Kluger and Lui  2013 ; Mondery-Pawlowski et al.  2013 ), such 
as intramolecularly cross-linked Hb (Snyder et al.  1987 ; Nagababu et al.  2002 ), 
polymerized Hb (Buehler et al.  2005 ; Pearce et al.  2006 ; Kluger and Zhang  2003 ; 
Hu and Kluger  2008 ), poly(ethylene glycol)-decorated Hb (Vandegriff et al.  2003 ; 
Manjula et al.  2003 ; Li et al.  2008 ,  2009 ), enzyme-conjugated Hb (D’Agnilloo and 
Chang  1998 ; Alagic et al.  2005 ), saccharide-linked Hb (Zhang et al.  2008 ), and 
nano-/microparticle-encapsulated Hb (Sakai  2012 ; Xiong et al.  2013 ). In any period, 
the social requests have promoted the development of the RBC substitute, for exam-
ple, a need in battlefi eld, a concern to virus diffusion, and a primary measure for 
crisis management. Currently, the motive of the artifi cial O 2  carrier is moving to a 
medical measure to supplement blood transfusion treatment. The declining birthrate 
and aging population make it diffi cult to retain a stable blood transfusion system. 
The number of old people will continue to increase, although the population of 
blood donors is expected to decrease. In fact, the Japanese Red Cross Society pre-
dicts a blood shortage equivalent to 890,000 people per year in 2027 (Ministry of 
Health, Labor and Welfare, Japan  2014 ). However, no HBOC product has been 
assigned yet for medical use (Jahr et al.  2011 ; Pearce et al.  2006 ; Natanson et al. 
 2008 ; Kluger  2010 ). The major concern of the Hb derivatives is vasoconstriction, 
which causes a mild increase in systemic blood pressure. This pressor response is 
inferred to be due to quick scavenging of nitric oxide (NO), the endothelial-derived 
relaxing factor, by Hb leaked into the extravascular space (Shultz et al.  1993 ; Rohlfs 
et al.  1998 ; Doherty et al.  1998 ). 

 Recently, we prepared a covalent core–shell structured protein cluster composed 
of Hb in the core and human serum albumin (HSA) at the shell as a unique HBOC 
(Fig.  9.1 ) (Tomita et al.  2013 ; Hosaka et al.  2014 ; Haruki et al.  2015 ). The average 

  Fig. 9.1    ( A ) Illustration of molecular structure of HbBv–HSA  3   in which an HbBv core is wrapped 
covalently by three HSAs (Tomita et al.  2013 ). ( B ) HbBv–HSA  3   solution (20 g/dL) in PBS (pH 
7.4)       
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HSA/Hb ratio of one cluster was 3.0 ± 0.2. We indicate this hemoglobin–albumin 
cluster as Hb–HSA  3  . It is noteworthy that intravenous transfusion of Hb–HSA  3   does 
not elicit the acute increase in blood pressure (Haruki et al.  2015 ). This is attributed 
to the fact that Hb–HSA  3   is not eliminated from the vasculature walls because of the 
electrostatic repulsion between the negative surface net charges of the cluster and 
the glomerular basement membrane around the endothelial cells. This chapter 
reviews the synthesis, structure, O 2 -binding property, and preclinical safety of Hb–
HSA  3   as a promising RBC substitute for practical use.

9.2        Synthesis and Structure of Hemoglobin–Albumin 
Cluster 

 HSA is a heart-shaped monomeric protein bearing one free sulfhydryl group of Cys 
at position 34 (Curry et al.  1998 ). Therefore, we used a heterobifunctional cross- 
linking agent,  N -succinimidyl-4-( N -maleimidomethyl)cyclohexane-1-carboxylate 
(SMCC), as a connector between the Cys-34 residue of HSA and the surface Lys 
amino groups of Hb to create a core–shell cluster of Hb and HSA (Fig.  9.2 ) (Tomita 
et al.  2013 ; Hosaka et al.  2014 ). First, SMCC was reacted with bovine Hb (HbBv) 
in phosphate-buffered saline (PBS, pH 7.4) solution. Then the resulting maleimide- 
activated HbBv was added dropwise into the HSA solution, followed by stirring at 
4 °C. Size-exclusion chromatography (SEC) of the resultant mixture showed dis-
tinct three peaks at the high molecular weight region. Native PAGE also exhibited 
three new bands above HSA (Tomita et al.  2013 ; Hosaka et al.  2014 ). Using gel 
fi ltration chromatography (GFC), unreacted HSA was removed and the major prod-
ucts were collected. Based on the Hb assay and protein assay, the HSA/HbBv ratio 
(mol/mol) of the cluster was determined to be 3.0 ± 0.2. We indicate this product as 
Hb–HSA  3   with italicized subscript 3. Reaction with human adult Hb (HbA) also 
generated similar protein cluster, HbA–HSA  3   (Kimura et al.  2015 ).

   The CD spectrum of HbBv–HSA  3   fi t perfectly with the sum of the HbBv spec-
trum and a threefold-enlarged HSA spectrum (Tomita et al.  2013 ; Hosaka et al. 
 2014 ). This result implies that (i) the HbBv:HSA ratio in one cluster is 1:3 (mol:mol) 
on average and (ii) the secondary structure of the individual protein unit remains 
constant after the cluster formation. The isoelectric points of HbBv–HSA  3   ( p I: 5.1) 
were markedly lower than the value of native HbBv ( p I, 7.0) and resembled to that 
of HSA ( p I: 4.9). These results supported that the HbBv core is covalently wrapped 
by HSAs (Tomita et al.  2013 ; Hosaka et al.  2014 ). 

 Scanning probe microscopy (SPM) images of HbBv–HSA 3  on a mica surface in 
PBS solution depicted clearly triangular shape of several entities (Fig.  9.3A ) (Tomita 
et al.  2013 ). We were convinced of a triangular core–shell structure with HbBv in 
the center and three exterior HSAs are formed.

   Furthermore, the 3D reconstruction of HbBv–HSA 3  based on transmission elec-
tron microscopy (TEM) images revealed a complete triangular structure (Tomita 
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et al.  2013 ). The original TEM pictures of HbBv–HSA 3  showed individual particles 
(diameter: approximately 10 nm), but detailed structure information was unavail-
able owing to the low contrast. Then we used additional image processing proce-
dure (single-particle analysis). From the obtained class sum images with an 
enhanced signal-to-noise ratio (Fig.  9.3B ) (Tomita et al.  2013 ; Kimura et al.  2015 ), 
the 3D volume of HbBv–HSA 3  was reconstructed. We calculated a presentation of 
the protein moieties by fi tting their PDB data into the reconstructed volume. The 
proposed geometries conferred a possible spatial arrangement of the HbBv interior 
and three HSA exterior. The fi tting of three HSAs defi ned an arrangement of the 
Cys-34 of HSA, which suggested the potential binding Lys partners on HbBv (Fig. 
 9.3C ). The HSA binding sites on HbA in HbA–HSA 3  are almost the same as those 
of HbBv–HSA 3  (Kimura et al.  2015 ).  

  Fig. 9.2    ( A ) Schematic illustration of the synthetic route of HbBv–HSA  3   using heterobifunctional 
cross-linker (SMCC). ( B ) The covalent linkage structure between the Lys residue of HbBv and the 
Cys-34 residue of HSA       
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9.3     O 2 -Binding Property of Hemoglobin–Albumin Cluster 

 The deoxy, oxy, and carbonyl forms of HbBv–HSA  3   in PBS solution under N 2 , O 2 , 
and CO atmospheres, respectively, showed identical absorption spectra to the cor-
responding forms of naked HbBv (Fig.  9.4 ) (Hosaka et al.  2014 ; Antonini and 
Brunori  1971 ). We reasoned that the electronic states of the prosthetic heme groups 
in HbBv were unaltered by the covalent linkages of HSAs.

   The O 2  affi nity ( P  50 : O 2  partial pressure where Hb is half-saturated with O 2 ) and 
the cooperativity coeffi cient (Hill coeffi cient:  n ) of the HbBv–HSA  3   were measured 
using an automatic recording system for blood O 2  equilibrium curve (Hemox 
Analyzer). The  P  50  of native HbBv was 23 Torr at 37 °C, whereas the value of 
HbBv–HSA  3   was 9 Torr (Table  9.1 ) (Hosaka et al.  2014 ). The  n  value decreased 
from 2.6 to 1.5. The results imply that the HbBv–HSA  3   shows higher O 2  affi nity 
than HbBv does. The  P  50  and  n  value reductions were also seen in HbA–HSA  3   ( P  50  
= 8 Torr,  n  = 1.4) (Table  9.1 ) (Kimura et al.  2015 ). There are two possible explana-
tions for the increase of O 2  affi nity and decrease in cooperativity. The fi rst is the 
binding of the maleimide terminal of SMCC to Cys-93( β ) in HbBv and 
HbA. Modifi cation of the sulfhydryl group of Cys-93( β ), which is located nearby 
the proximal His-92( β ) coordinated to the heme (Mueser et al.  2000 ), is known to 
enhance the O 2  affi nity (Manjula et al.  2003 ; Li et al.  2009 ; Zhang et al.  2008 ). 
Furthermore, it reduces the available motion of the  α  1  β  1 / α  2  β  2  interface and induces 

  Fig. 9.3    ( A ) SPM image of HbBv–HSA 3  bound on mica surface in PBS (pH 7.4) solution at 
25 °C. ( B ) A selected class sum image of HbBv–HSA 3 . ( C ) Spatial molecular view of HbBv–HSA 3  
derived from a 3D volume reconstruction. Color code: HbBv,  red ; HSAs,  chartreuse ,  lemon , and 
 pale green . Hemes ( C ,  gray ) in HbBv, Cys-34 (S,  yellow ) in HSA       
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disturbance of the quaternary structure of Hb from the Tense (T)-state to the Relaxed 
(R)-state (Zhang et al.  2008 ). In fact, the number of cysteinyl thiols per HbBv 
decreased from 2.0 to 0.2 after the SMCC reaction, indicating that two Cys-93( β ) of 
HbBv are blocked by SMCC maleimide. The second reason is the modifi cations of 
surface Lys groups of HbBv or HbA by succinimide terminal of SMCC. They are 
needed to create the cluster, but the chemical modifi cations of Lys groups on Hb 
infl uence the O 2  affi nity (Kluger and Zhang  2003 ; Hu and Kluger  2008 ; Vandegriff 
et al.  2003 ). In particular, Lys-82( β ) plays a key role to modulate the quaternary 
structural change from the T-state to R-state of Hb. Our 3D reconstruction sug-
gested that Lys-82( β ) is a binding partner of Cys-34 of HSA (Tomita et al.  2013 ; 

  Fig. 9.4    Visible absorption spectral changes of the HbBv–HSA  3   in PBS solution (pH 7.4) at 25 °C       

      Table 9.1    O 2 -binding parameters of HbBv–HSA  3   and HbA–HSA  3   in PBS solution (pH 7.4) at 
37 °C   

  P  50  (Torr)   n   Ref. 

 HbBv–HSA  3    9  1.5  Hosaka et al. ( 2014 ) 
 HbBv–HSA  4    9  1.5  Yamada et al. ( 2016 ) 
 HbA–HSA  3    8  1.4  Kimura et al. ( 2015 ) 
 HbA(T)–HSA  3    26  1.2  Kimura et al. ( 2015 ) 
  αα HbA(T)–HSA  3    35  1.4  Kimura et al. ( 2015 ) 
 HbBv  23  2.6  Hosaka et al. ( 2014 ) 
 HbA  12  2.4  Kimura et al. ( 2015 ) 

 12 a   2.4 a   Elmer et al. ( 2012 ) 
 RBC  25  2.5  Kimura et al. ( 2015 ) 

   a In Hemox buffer (pH 7.4), 37 °C  
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Kimura et al.  2015 ). It can be concluded that (i) the masking of Cys-93( β ) increases 
the O 2  affi nity and (ii) modifi cation of surface Lys groups locks the R-state confi gu-
ration of the central HbBv or HbA, resulting in the decrease of O 2 -binding coopera-
tivity. Interestingly, HbBv–HSA  4  , which is hemoglobin–albumin cluster bearing 
four HSA units (large-size variant), showed the same O 2 -binding parameters as 
HbBv–HSA  3   (Yamada et al.  2016 ). It implies that the central Hb conformation is 
independent of the binding number of HSA.

9.4        Preclinical Safety of Hemoglobin–Albumin Cluster 

 The viscosity of the HbBv–HSA  3   solution (20 g/dL, [Hb] = 5.0 g/dL) is dependent 
on the shear rate, namely, a Newtonian fl uid (Haruki et al.  2015 ). The viscosity at 
230 s −1 , the shear rate in the human arterial wall, was 2.8 cP, which is lower than that 
of blood (3.8 cP). A mixture solution of freshly drawn whole blood and HbBv–
HSA  3   (1/1, v/v) showed non-Newtonian viscosity, which obeyed a nonlinear corre-
lation to the shear rate. The viscosity was reasonably high: 3.3 cP at 230 s −1 . 
Furthermore, we counted the number of blood cell components [RBC, white blood 
cell (WBC), and platelet (PLT)] of the blood/HbBv–HSA  3   mixture solution in vitro 
(Haruki et al.  2015 ). The numbers of RBC, WBC, and PLT decreased in proportion 
to their respective dilution ratios. These results indicate that HbBv–HSA  3   has good 
compatibility with whole blood. 

 The HbBv–HSA  3   solution (20 g/dL) was injected into anesthetized rats 
(6 mL/kg) and observed their mean arterial pressure (MAP) (Haruki et al.  2015 ). 
Notably, a small transient alternation in MAP was observed after administration of 
HbBv–HSA  3   (Fig.  9.5 ). The slight elevation of ΔMAP (25.3 ± 2.9 mmHg) from the 
basal value was followed by a decrease to 10 mmHg and retained constant during 
the monitoring time. The response is almost identical to that observed after infusion 
of HSA (20 g/dL). On the contrary, the administration of ββ-cross-linked HbBv 
(XLHbBv, 5 g/dL) is associated with an acute increase in ΔMAP (55.5 ± 5.9 mmHg) 
and urinary excretion of Hb from 10 min after the injection.

   This non-vasopressor response of HbBv–HSA  3   is attributed to the negative sur-
face net charge and high molecular weight of the cluster. HSA shows low vascular 
permeability of less than 1/100 Hb because of the electrostatic repulsion between 
the albumin surface and the glomerular basement membrane around the endothelial 
cells (Haraldsson et al.  2008 ). The isoelectric point of HbBv–HSA  3   ( p I = 5.1) is 
close to that of HSA. Furthermore, the molecular weight of HbBv–HSA  3   (26.4 kDa) 
is much greater than that of HSA (66.5 kDa). Thus, the release of HbBv–HSA  3   into 
the extravascular space was attenuated. In contrast, the small XLHbBv having neu-
tral surface charge passes through the vascular endothelium and contributes to the 
consumption of NO. Moreover, XLHbBv passes through the renal glomerulus, 
thereby inducing excretion of Hb in urine. 

 The  125 I-labeled HbBv–HSA  3   was injected into rats to evaluate blood retention 
(Haruki et al.  2015 ). The  125 I-labeled native HbBv was cleared rapidly from 
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  Fig. 9.5    Difference of mean arterial pressure (ΔMAP) from the basal value after intravenous 
administration of HbBv–HSA  3  , HSA, and XLHbBv solutions to rats. Each data point represents 
the mean ± SD ( n  = 4). ** p  < 0.01 vs. XLHbBv. Basal values are 84.5 ± 4.4 mmHg in the HbBv–
HSA  3   group, 85.0 ± 7.3 mmHg in the HSA group, and 87.5 ± 5.1 mmHg in the XLHbBv group       

  Fig. 9.6    Relative plasma concentration of  125 I–HbBv–HSA  3  ,  125 I–HSA, and  125 I–HbBv after intra-
venous administration to rats. Each data point represents the mean ± SD ( n  = 6). ** p  < 0.01 vs. 
 125 I–HSA       
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 circulation with the half-life ( T  1/2 ) of 0.53 h (Fig.  9.6 ). On the one hand, the time 
course of HbBv–HSA  3   demonstrated very slow kinetics. The  T  1/2  of HbBv–HSA  3   
was signifi cantly long (18.5 h) and 1.7-fold greater than that of HSA ( T  1/2  = 11.0 h). 
The negative surface net charge and large molecular size of HbBv–HSA  3   prevent 
fi ltration by the renal glomerulus. We reasoned that the superior blood retention 
property of HbBv–HSA  3   is attributable to suppression of movement to the extravas-
cular space and renal fi ltration. All parameters of HbBv–HSA  4   were comparable to 
those of HbBv–HSA  3   (Yamada et al.  2016 ). The HSA-binding number on Hb is 
ineffective to extend the circulation persistence.

   All animals injected with HbBv–HSA  3   solution (20 g/dL, 6 mL/kg) were alive 
for 7 days (Haruki et al.  2015 ). No remarkable change was found in their appear-
ance or behavior during the measurement time. The body weight increased gradu-
ally thereafter. The 26 analytes of the serum biochemical tests after 7 days from the 
administration showed almost identical data to those of the control groups (HSA 
injection group, sham-operated group). Microscopic observations of the stained 
specimens of major organs (liver, kidney, spleen, lungs, and heart) showed no histo-
pathologic disorder in their tissues.  

9.5     Various Hemoglobin–Albumin Cluster Derivatives 

9.5.1     Low O 2  Affi nity Model 

 In general, HBOCs possess high O 2  affi nity compared to RBC (Nagababu et al. 
 2002 ; Kluger and Zhang  2003 ; Hu and Kluger  2008 ; Li et al.  2009 ). High O 2  affi nity 
is inferred (i) to prevent the transport of a suffi cient amount of O 2  to tissues under 
physiological conditions, but (ii) to avoid early O 2  offl oading on the arterial side of 
circulation, which may be benefi cial for targeted O 2  delivery to the hypoxic regions 
(Rohlfs et al.  1998 ; Intaglietta  2004 ; Winslow  2003 ; Zhang and Palmer  2010 ). One 
of the interesting challenges of artifi cial O 2  carrier is to prepare a novel HBOC with 
controllable O 2 -binding affi nity. It could become a promising RBC substitute and 
O 2 -providing therapeutic reagent for clinical situations. 

 The heterobifunctional cross-linker SMCC binds not only to the amino groups of 
Lys on HbA but also to the sulfhydryl group of Cys-93( β ). As a result, the HbA–
HSA  3   showed high O 2  affi nity as described before. In our synthesis, the HbA is kept 
in the carbonyl form to prevent the autoxidation of the hemes. It is known that the 
Cys-93( β ) in deoxygenated T-state HbA is less accessible to cross-linking agents 
(Buehler et al.  2006 ). We found that SMCC cannot bind to the Cys-93( β ) of deoxy 
HbA under N 2  atmosphere. As expected, the cluster prepared in N 2 , HbA(T)–HSA  3  , 
showed lower O 2  affi nity ( P  50  = 26 Torr) than the native HbA (12 Torr) does (Table 
 9.1 ) (Kimura et al.  2015 ). The  n  value of HbA(T)–HSA  3   was 1.2, indicating a loss 
of O 2 -binding cooperativity. We reasoned that the HbA center was locked in the 
T-state conformation by the binding of SMCC under N 2  atmosphere. Interestingly, 
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the cluster including an  αα -cross-linked Hb with bis(3,5-dibromosalicyl)fumarate 
(DBBF),  αα HbA(T), demonstrated markedly low O 2  affi nity ( P  50  = 35 Torr): lower 
than that of human RBC (Table  9.1 ) (Kimura et al.  2015 ). We inferred that the 
T-state conformation of the  αα HbA(T) core was preserved strongly by chemical 
modifi cation of the surface Lys groups. These HbA–HSA  3   clusters with different O 2  
affi nities can support a new generation of RBC substitute that is better tuned to a 
role in O 2  delivery.  

9.5.2     Antioxidation Model 

 If one can confer an additional functionality to the external HSA unit of Hb–HSA  3  , 
it would become a promising O 2  carrier with high performance. In this context, we 
designed to add antioxidant property to HbBv–HSA  3  . Pt nanoparticle (PtNP) is 
known to act as an effective catalysis for both O 2  •–  and H 2 O 2  dismutations (Kajita 
et al.  2007 ; Hamasaki et al.  2008 ; San et al.  2012 ) and shows almost no cytotoxicity 
against cells (Hamasaki et al.  2008 ). We found that small PtNP (diameter: approxi-
mately 1.8 nm) is incorporated into HSA. TEM images demonstrated the formation 
of equivalent complex of HSA and PtNP (Fig.  9.7 ) (Hosaka et al.  2014 ). Close 
inspections of TEM micrographs revealed that each PtNP is incorporated in the 
center of the protein. We reasoned that one PtNP binds to the positively charged 
cleft of HSA, forming a 1:1 HSA–PtNP complex. The obtained HSA–PtNP com-
plex showed superoxide dismutase (SOD) (O 2  •–  dismutation) activity and catalase 
(H 2 O 2  dismutation) activity with high effi ciency (Hosaka et al.  2014 ). The IC 50  

  Fig. 9.7    TEM images of HSA–PtNP complexes       
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value (the concentration of enzyme necessary to attain 50 % inhibition of the Cyt.  c  
reduction) of the HSA–PtNP complex was 0.16 μM, which resembled the value of 
native Cu, Zn-SOD (Weser and Schubotz  1981 ). The HSA–PtNP complex pos-
sesses a strong capability to catalyze the dismutation of O 2  •– . The catalase activity 
of the HSA–PtNP complex was determined by measuring the H 2 O 2  decomposition. 
The  T  50  value (time required for quenching half of H 2 O 2 ) of HSA–PtNP was 19 min, 
which is two orders of magnitude larger than that of native catalase.

   The HbBv–HSA  3   also possesses the capability of binding PtNP into the HSA 
shells (Hosaka et al.  2014 ). The  K  value and binding number of PtNP with the exte-
rior HSA unit were 1.1 × 10 7  M −1  and 1.1. The resultant HbBv–HSA  3  (PtNP) cluster 
forms a very stable O 2  adduct, even in aqueous H 2 O 2  (20 μM) solution. We can 
conclude that the HSA–PtNP shell acts as an effi cient scavenger for external H 2 O 2  
and achieves protection of the core HbBv. 

 The similar HbBv–HSA  3   derivative with high resistance toward oxidation reac-
tions was prepared by incorporation of Mn(II)-protoporphyrin IX into the exterior 
HSA units (Daijima and Komatsu  2014 ). These artifi cial O 2  carriers having triple 
functionalities (O 2  transport, O 2  •–  dismutation, H 2 O 2  dismutation) might be useful in 
clinical conditions with ischemia–reperfusion.   

9.6     Conclusion 

 Covalently wrapping of HbBv or HbA with the most abundant plasma protein, 
HSA, generated a core–shell structured protein cluster as a promising O 2  carrier for 
RBC substitute. The cluster was prepared by covalent linkage between Hb’s Lys and 
HSA’s Cys-34 using heterobifunctional cross-linker. Major products were isolated 
using gel fi ltration chromatography, and the average HSA/Hb ratio of the product 
was 3.0 ± 0.2. We designated the clusters as HbBv–HSA  3   and HbA–HSA  3  . The low 
isoelectric points ( p I = 5.1) of the clusters were almost equal to that of HSA, proving 
the covering of Hb core by negatively charged HSA. The 3D reconstruction of 
HbBv–HSA 3  based on TEM images revealed a complete triangular structure. The 
possible spatial arrangement of the HbBv center and HSA exteriors was determined. 
The HbBv–HSA  3   and HbA–HSA  3   showed higher O 2  affi nity ( P  50  = 9 Torr) than the 
native Hbs. The viscosity measurements and blood cell counting measurements of 
the mixture solution of whole blood and HbBv–HSA  3   revealed the high blood com-
patibility of this O 2 -carrier protein. The administration of HbBv–HSA  3   to anesthe-
tized rats caused a slight change in MAP, which is identical to that observed in the 
control group with HSA. This hemodynamic response contrasts against the acute 
hypertension occurred after infusion of XLHbBv. The  T  1/2  of HbBv–HSA  3   was 1.7- 
fold longer than that of HSA. The non-vasopressor response and superior blood 
retention property of HbBv–HSA  3   are attributable to the negative surface net charge 
and larger molecular weight of the cluster. The serum biochemical parameters 
resembled those of the control groups. Histopathologic inspections proved that 
HbBv–HSA  3   gave no negative side effects in any major organ. These results support 

9 Hemoglobin–Albumin Clusters as a Red Blood Cell Substitute



176

the preclinical safety of the HbBv–HSA  3   solution. Clusters prepared under N 2  atmo-
sphere showed low O 2  affi nity ( P  50  = 26 Torr). Moreover, the cluster containing an 
 αα -cross-linked HbA possessed markedly low O 2  affi nity ( P  50  = 35 Torr). A PtNP 
binds within a cleft of HSA, yielding a stable HSA–PtNP complex. This platinated 
protein showed high O 2  –•  and H 2 O 2  dismutation activities. The HbBv–HSA  3   also 
captured PtNP into the HSA units. The obtained HbBv–HSA  3  (PtNP) cluster formed 
very stable O 2  complex even in aqueous H 2 O 2  solution. All the results indicate that 
a series of hemoglobin–albumin clusters can be of tremendous medical importance 
as an alternative material to RBCs for transfusion in many clinical situations.     
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    Chapter 10   
 The Infl uence of FcRn on Albumin-Fused 
and Targeted Drugs                     

     Jeannette     Nilsen    ,     Kine     Marita     Knudsen     Sand    ,     Malin     Bern    ,     Peng     Lei    , 
    Inger     Sandlie    , and     Jan     Terje     Andersen    

    Abstract     Albumin escapes intracellular degradation by binding to the neonatal Fc 
receptor (FcRn), which results in a very long serum half-life of nearly 3 weeks in 
humans. The broadly expressed FcRn is unique in that it binds both its ligands, 
immunoglobulin G (IgG) and albumin, in a strictly pH-dependent fashion, and this 
has proven to be fundamental for rescue from degradation. Further, elucidation of 
the biology of FcRn as well as its relationship with albumin is necessary to obtain a 
better understanding of how albumin homeostasis is regulated. This will be of great 
importance for optimal applications of albumin as a therapeutic molecule. Indeed, 
albumin is attracting increasing interest as it is utilized to extend the serum half-life 
of drugs and improve pharmacokinetics. We review the current status of albumin- 
based therapeutics in light of FcRn biology and the prospect of a new generation of 
albumin molecules with improved binding to FcRn.  

  Keywords     FcRn   •   Albumin   •   The FcRn-albumin interaction   •   FcRn recycling   • 
  Albumin-based therapeutics   •   Albumin engineering   •   Half-life  

10.1       The Discovery That FcRn Protects Albumin 

 Long before a mechanistic explanation was provided, it was recognized that albumin 
features a half-life that is exceptionally long relative to that of other serum proteins 
and that also correlates with its serum concentration. This was demonstrated in stud-
ies conducted in the 1950–1970s, when the half-life of radiolabeled albumin injected 
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into humans with abnormally low albumin levels was estimated to be 50–100 days 
(Bennhold and Kallee  1959 ; Cormode et al.  1975 ; Gordon et al.  1959 ). The concen-
tration-catabolism relationship was fi rst revealed for IgG (Fahey and Robinson 
 1963 ), the only serum protein to share this property. In 1964, Brambell and col-
leagues proposed the now well-accepted hypothesis that IgG is protected from 
degradation by a saturable receptor-mediated mechanism (Brambell et al.  1964 ). 
Then, 30 years later, the receptor, named FcRn, identifi ed by Simister and Rees 
(Simister and Rees  1985 ) was shown to protect IgG from degradation, when reduced 
levels of circulating IgG were observed in mice defi cient for the β2-microglobulin 
(β 2 m) subunit of FcRn (Israel et al.  1996 ; Junghans and Anderson  1996 ). 

 In 1966, Schultze and Heremans postulated that the same mechanism is operat-
ing for albumin, based on studies of the relative catabolic rates of IgG and albumin 
in patients suffering from agammaglobulinemia and analbuminemia (Schultze and 
Heremans  1966 ). Yet, further progress followed fi rst in 2003 when Anderson and 
co-workers reported that FcRn actually binds albumin (Chaudhury et al.  2003 ). The 
interaction was discovered by chance when bovine serum albumin was co-eluted 
with recombinant soluble human FcRn (hFcRn) from an IgG affi nity column. In the 
same report, mice genetically engineered to lack expression of the receptor, either 
having a defective FcRn heavy chain (HC) or β2m gene, were used to provide evi-
dence for the involvement of FcRn in regulating albumin homeostasis. In both 
mouse strains, the serum concentration of albumin were measured to be about 40 % 
of normal levels, and in line with this, the half-life of injected albumin in these mice 
was shorter than in wild-type mice (Chaudhury et al.  2003 ). The role of FcRn in 
protection from degradation, and maintaining high serum levels, was further sup-
ported by an observation made in two siblings diagnosed with familial hypercata-
bolic hypoproteinemia, which showed low expression of functional FcRn due to a 
single-point mutation in the β2m gene, resulting in very low serum concentrations 
of both albumin and IgG (Waldmann and Terry  1990 ; Wani et al.  2006 ).  

10.2     FcRn Gene Expression and Tissue Distribution 

 FcRn is a heterodimer that consists of a major histocompatibility complex class I-like 
HC, which has three extracellular domains (α1, α2, and α3) followed by a segment 
that traverses the membrane and a cytoplasmic tail. The HC is non- covalently associ-
ated with the soluble β2m subunit, which is constitutively expressed (Burmeister et al. 
 1994a ,  b ; Simister and Mostov  1989 ). The HC-encoding  FCGRT  gene is located on 
chromosome 19q13 in humans and 7 in mice (Ahouse et al.  1993 ; Kandil et al.  1996 ). 

 There is limited knowledge about the mechanisms that regulate the expression of 
 FCGRT . Computational analysis of the  FCGRT  gene cloned from rat, mouse, and 
human has revealed several putative transcription factor binding sites in the promoter 
regions (Jiang et al.  2004 ; Mikulska et al.  2000 ; Mikulska and Simister  2000 ; 
Tiwari and Junghans  2005 ), and the relevance of these sites in the human promoter 
region was then demonstrated by their ability to bind their corresponding transcrip-
tion factors, including stimulating protein 1 (Sp1), Sp2, Sp3, c-Fos, c-Jun, and YY1 
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(Mikulska  2015 ). Furthermore, site-directed mutagenesis of the binding motifs 
altered promoter activity. For example, mutating the Sp1 binding site at nucleo-
tide-313 reduced promoter activity, as did mutating the AP-1 motif in position- 276, 
in both epithelial and endothelial cells, supporting their crucial role in human 
 FCGRT  gene regulation (Mikulska  2015 ). 

 Studies have also shown that FcRn expression may be modulated by the presence 
of pro-infl ammatory substances and cytokines. More specifi cally, tumor necrosis 
factor-α (TNF-α) or interleukin-1 (IL-1)-β stimulation of human epithelial cells, 
macrophage-like THP-1 cells and monocytes was shown to upregulate  FCGRT  
gene transcription. Upregulation was also observed when the two latter cell types, 
both expressing toll-like receptor (TLR) 4 and TLR9, were exposed to lipopolysac-
charide or CpG-containing DNA from bacteria. Importantly, the increase in FcRn 
expression was dependent on nuclear factor-kappaB (NF-kB) activation (Liu et al. 
 2007 ). Three identifi ed binding sequences in intron 2 and 4 of the human  FCGRT  
gene were shown to interact with the NF-kB p65 and p50 subunits and to modulate 
the promoter activity in a luciferase gene reporter system, further supporting NF-kB 
as a regulator of FcRn expression (Liu et al.  2007 ). Another study revealed that 
stimulating the same cells (human epithelial cells, macrophage-like THP-1 cells, 
and monocytes) with interferon (INF)-γ results in downregulation of  FCGRT  
expression via the JAK-STAT signaling pathway (Liu et al.  2008 ). 

 In rodents, FcRn expression is developmentally regulated in the intestine. During 
the fi rst weeks of life, the receptor is highly expressed and mediates IgG transfer 
from mother’s milk. It is then rapidly downregulated at the time of weaning (Martin 
et al.  1997 ; Israel et al.  1995 ). Interestingly, administration of thyroxine or cortico-
steroids to suckling rat pups decreases intestinal FcRn expression and IgG uptake in 
a dose-dependent manner (Martin et al.  1993 ). FcRn continues to be expressed in 
other tissues in adult life (Akilesh et al.  2007 ,  2008 ; Borvak et al.  1998 ; Kim et al. 
 2008 ; Montoyo et al.  2009 ; Schlachetzki et al.  2002 ; Spiekermann et al.  2002 ). 
Indeed, FcRn is expressed by a wide range of tissues and in many different species. 
More specifi cally, hFcRn expression has been detected in endothelial cells of the 
microvasculature of the skin (Ober et al.  2004b ), retina (Powner et al.  2014 ), and 
placenta (Antohe et al.  2001 ) and in epithelial cells in the liver (Andersen et al. 
 2012b ), kidneys (Haymann et al.  2000 ), lung (Spiekermann et al.  2002 ), eye 
(Powner et al.  2014 ), intestine (Dickinson et al.  1999 ; Israel et al.  1997 ), epidermis 
(Cauza et al.  2005 ; Cianga et al.  2007 ), mammary gland (Cianga et al.  2003 ), pla-
centa (Simister et al.  1996 ), and the female genital tract (Li et al.  2011 ). Hematopoietic 
cells, such as monocytes, macrophages, dendritic cells, and neutrophils, have also 
been reported to express the receptor (Vidarsson et al.  2006 ; Zhu et al.  2001 ). 

 Endothelial cells lining the interior of blood vessels were initially presumed to be 
the main site for FcRn-mediated rescue, until a study using bone marrow chimeras 
revealed that both non-hematopoietic and hematopoietic cells are of great impor-
tance (Akilesh et al.  2007 ; Kobayashi et al.  2009 ). The half-life of injected IgG in 
wild-type mice transplanted with bone marrow from FcRn-defi cient mice was found 
to be 2.3 days only, which was shorter compared to 5 days measured in wild-type 
mice with a bone morrow transplant from other wild-type mice. Moreover, in FcRn- 
defi cient mice with transplanted bone marrow from wild-type mice or other FcRn- 
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defi cient mice, the half-life of injected IgG was found to be 2.8 days and 1.3 days, 
respectively (Akilesh et al.  2007 ). These results demonstrate the involvement of 
hematopoietic cells in regulating IgG homeostasis. Furthermore, mice conditionally 
deleted for FcRn in endothelial cells and hematopoietic cells were shown to have 
four- and twofold reduced serum levels of IgG and albumin, respectively, compared 
to wild-type mice (Montoyo et al.  2009 ). This is similar to the observation made in 
mice globally deleted for FcRn expression (Chaudhury et al.  2003 ). Thus, in line 
with the functional expression of FcRn in a wide variety of hematopoietic cell types, 
it is clear that a signifi cant fraction of IgG and albumin protection is due to the 
activities of these cells. However, further studies are needed to fully understand the 
contribution of FcRn in various tissues and organs on homeostatic regulation of IgG 
and albumin such as the kidneys and the liver. In addition, it would be important to 
address the regulation of FcRn expression under different conditions.  

10.3     FcRn-Mediated Transport in the Cell 

 Insight into the mechanisms of FcRn-mediated intracellular transport of IgG has 
been obtained through studies using advanced live cell fl uorescence microscopy of 
epithelial and endothelial cells (Gan et al.  2013 ; Ober et al.  2004a ,  b ; Prabhat et al. 
 2007 ; Ward et al.  2003 ,  2005 ; Claypool et al.  2004 ; Tesar et al.  2006 ). These studies 
support a traffi cking model for FcRn that includes two main pathways, recycling 
and transcytosis. Following internalization of IgG and albumin, by fl uid-phase pino-
cytosis or receptor-mediated endocytosis, and endosome acidifi cation, the ligands 
bind FcRn in endosomal compartments. The complexes are then sorted to the cell 
surface, where exposure to the neutral pH of the extracellular milieu causes disso-
ciation and release of the ligands. Depending on the cell type, the complexes may 
be recycled to the cell surface of the side of entry or trancytosed to the opposite side 
of the cell. In contrast, molecules that do not have affi nity for FcRn, or that fi nd 
FcRn already occupied, are delivered to the lysosomes for degradation. Thus, once 
FcRn becomes saturated, unbound ligands progress through the lysosomal pathway. 
Indeed, the fate of endocytosed ligands depends on their concentration in the endo-
somes, which is directly proportional to the concentration in the serum, and in this 
way, FcRn acts as a homeostatic regulator. Illustrations of the FcRn-mediated trans-
port pathways are shown in Fig.  10.1a, b .

  Fig. 10.1    FcRn mediated recycling and transcytosis. ( a ) The model of FcRn-mediated recycling 
in an endothelial cell. (1) IgG and albumin enter the cell from the bloodstream through pinocytosis 
or receptor-mediated endocytosis and are sorted into early endosomes. (2) The ligands bind to 
FcRn in recycling endosomes at acidic pH. (3) FcRn recycles its ligands back to the plasma mem-
brane. (4) Release of the ligands back into the circulation is triggered by the neutral pH of the 
blood. (5) Proteins that are not recycled are degraded in lysosomes. ( b ) The model of FcRn medi-
ated transcytosis in an epithelial cell. (1) Acidic pH at epithelial surfaces may trigger binding of 
IgG and albumin to FcRn at the cell surface. (2) The ligands are sorted into endosomes and to the 
basolateral side of the cell. (3) Release of the ligands at the basolateral side of the cell is triggered 
by the neutral pH of the extracellular milieu (The fi gure is modifi ed from (Sand et al.  2015 ))       
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   Intracellular transport is regulated by small Ras-like GTPases, the Rab proteins, 
and in human endothelial cells, Rab4, Rab5, and Rab11 are present on FcRn- 
containing endosomes (Ward et al.  2005 ). Rab5 is found in early endosomes, 
whereas Rab4 and Rab11 are involved in recycling from sorting endosomes to the 
plasma membrane (Zhen and Stenmark  2015 ). Ward and colleagues have shown 
that FcRn can be sorted into tubulovesicular compartments positive for Rab4 and 
Rab11, while only Rab11 is associated with the receptor during exocytosis at the 
plasma membrane (Prabhat et al.  2007 ; Ward et al.  2005 ). Importantly, these studies 
support the so-called Rab conversion model, where Rabs are gradually lost and 
replaced by different Rab proteins as endosomes mature (Rink et al.  2005 ). 
Moreover, Rab11 has also been shown to be important for recycling of hFcRn to the 
basolateral membrane of polarized Madin-Darby canine kidney cells, while being 
dispensable for transcytosis. In contrast, Rab25 was found to regulate transcytosis 
of hFcRn in the same cells without affecting recycling from the same endosomal 
compartments (Tzaban et al.  2009 ). 

 Conserved tryptophan (W311) and dileucine (L322/L323) sorting motifs within 
the cytoplasmic tail of FcRn are important for traffi cking of the receptor (Wu and 
Simister  2001 ). Rat FcRn W311 interacts directly with the μ2-subunit of adaptor 
protein-2 (AP-2) (Wernick et al.  2005 ), while the dileucine motif interacts with the 
σ- and γ-subunits of the same adaptor protein, which links the membrane protein to 
the clathrin-coated pits forming in the initial phase of endocytosis (Edeling et al. 
 2006 ). Furthermore, substitution of residues in the two motifs with other amino 
acids affected the effi ciency of endocytosis in polarized rat cells, as well as subcel-
lular distribution, revealing their role in rapid endocytosis of the receptor from the 
plasma membrane into endosome and also in basolateral targeting (Newton et al. 
 2005 ; Wu and Simister  2001 ). 

 Calmodulin binds to yet another motif in the cytoplasmic tail of FcRn, including 
the two conserved arginine residues, R300 and R302, which are part of a putative 
amphipathic α-helix. The importance of this motif in FcRn traffi cking was demon-
strated when targeted mutagenesis, abolishing calmodulin binding, reduced the 
half-life and transcytosis of the receptor (Dickinson et al.  2008 ). Moreover, calmod-
ulin binding to FcRn was found to depend on the presence of calcium, and thus, 
calmodulin may control intracellular sorting through reversible binding to the 
receptor, according to the level of calcium (Dickinson et al.  2008 ; McMahon and 
Gallop  2005 ). 

 The intracellular traffi cking model is based on experiments done with IgG as a 
ligand; however albumin may follow the same pathways, as binding of each ligand 
occurs at distinct binding sites (Chaudhury et al.  2003 ; Oganesyan et al.  2014 ). Yet, 
evidence for simultaneous binding in a physiological relevant setting, where FcRn 
is membrane bound, is lacking. Furthermore, albumin has one binding site for the 
receptor, whereas IgG has two that could potentially crosslink FcRn molecules in 
the membrane and in turn have an impact on traffi cking (Chaudhury et al.  2003 ; 
West and Bjorkman  2000 ). In addition, the presence of other albumin-binding 
receptors may affect the route taken by albumin in different cell types (Bern et al. 
 2015 ). Further studies are needed to fully understand how cellular traffi cking of the 
ligands is orchestrated in different types of cells. 
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 The fi rst set of data that supports FcRn-mediated transcytosis of albumin comes 
from studies in the kidneys. Proximal tubule cells (PTC) lining the proximal convo-
luted tubule reabsorbs albumin that enters the glomerular fi ltrate (Birn and 
Christensen  2006 ; Maunsbach  1966 ). These cells express FcRn (Haymann et al.  2000 ) 
as well as the megalin-cubilin complex (Kozyraki et al.  2001 ), another albumin- 
binding receptor, and several lines of evidence support a role of both  receptors in 
retrieval of albumin (Sarav et al.  2009 ; Tenten et al.  2013 ; Amsellem et al.  2010 ; 
Aseem et al.  2014 ; Birn et al.  2000 ; Cui et al.  1996 ). They may work in concert, such 
that albumin is taken up by receptor-mediated endocytosis after binding to the 
megalin-cubilin complex (Amsellem et al.  2010 ; Aseem et al.  2014 ; Birn et al. 
 2000 ; Cui et al.  1996 ), and delivered to acidifi ed endosomes where binding to FcRn 
takes place. From here, albumin in complex with FcRn is transcytosed to the baso-
lateral surface of the PTC and directed back to the circulation (Tenten et al.  2013 ). 

 In mice genetically modifi ed to express mouse serum albumin (MSA) in the 
kidney podocytes upon induction with doxycycline, MSA secreted into the fi ltrate 
was taken up by PTC and delivered intact into the circulation in an FcRn-dependent 
manner (Tenten et al.  2013 ). In yet another study, wild-type mice with a trans-
planted kidney from FcRn-defi cient mice developed hypoalbuminemia, whereas 
FcRn-defi cient mice that received an FcRn-expressing kidney had increased serum 
albumin levels (Sarav et al.  2009 ). Furthermore, dogs that have a defective cubilin 
gene and mice with 90 % reduced expression of cubilin in the kidneys due to condi-
tional Cre-loxP knockdown show reduced renal proximal tubular uptake, increased 
urinary loss, and decreased albumin serum levels (Amsellem et al.  2010 ; Birn et al. 
 2000 ). As cubilin associates with megalin, both mice and humans defi cient in mega-
lin expression also show markedly reduced tubular reabsorption of albumin (Birn 
et al.  2000 ; Moestrup et al.  1998 ; Storm et al.  2013 ). 

 Notably, this pathway may function as a selective process where only albumin 
with intact receptor binding properties are returned to the circulation, while modi-
fi ed albumin ends up in the urine or in intracellular compartments destined for 
degradation.  

10.4     The Nature of the FcRn-Albumin Interaction 

 The FcRn-albumin interaction has been studied extensively since its fi rst discovery. 
With the fi rst report came the clue that albumin and IgG bind to recombinant soluble 
FcRn simultaneously, as bovine serum albumin was co-eluted with hFcRn from an 
human IgG-coupled affi nity column, and like the FcRn-IgG interaction, the FcRn- 
albumin interaction was remarkably pH dependent (Chaudhury et al.  2003 ). Since 
then, site-specifi c mutagenesis and interactions assays have been central in mapping 
of the interaction (Andersen et al.  2006 ,  2010b ,  2012a ; Chaudhury et al.  2006 ). Data 
obtained through such studies, together with close scrutiny of available FcRn and 
albumin crystal structures, were used to build a docking model of hFcRn in complex 
with human serum albumin (HSA) (Andersen et al.  2012a ), which guided further 
characterization. 
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 Albumin consists of three homologous domains, named DI, DII, and DIII, where 
each is composed of A and B subdomains (DIA, DIB, DIIA, DIIB, DIIIA, and 
DIIIB) (Dockal et al.  1999 ). Using site-directed mutagenesis, three conserved histi-
dines (H464, H510, and H535) and a lysine in position 500 (K500) within DIII were 
identifi ed as key residues involved in FcRn-binding (Andersen et al.  2012a ). That 
the C-terminal DIII contains the main binding site for FcRn was fi rst revealed when 
an HSA variant lacking this domain failed to bind the receptor (Andersen et al. 
 2010b ). In addition, a recombinant DIII was shown to bind FcRn, although with 
tenfold weaker affi nity than full-length HSA, which also suggested that other parts 
of the molecule contribute to the interaction (Andersen et al.  2012a ). Indeed, two 
surface-exposed loops in the N-terminal DI were found in close proximity to the 
receptor in the docking model of the hFcRn-HSA complex, and their involvement 
was subsequently demonstrated when alanine substitution of selected loop residues 
gave rise to altered FcRn-binding affi nity (Andersen et al.  2012a ; Sand et al.  2014a ). 
An illustration of a crystal structure of HSA is shown in Fig.  10.2a .

   The HC of FcRn has three extracellular domains, α1 and α2, which sits on top of 
α3 and the non-covalently associated β2m subunit (Burmeister et al.  1994a ,  b ). In 
the α2-domain of FcRn, a fully conserved histidine at position 166 (H166) was 
found to be crucial for binding to albumin (Andersen et al.  2006 ). This was fi rst 
revealed by the complete loss of binding upon alanine substitution, while a struc-
tural explanation that H166 stabilizes a loop in the α1-domain when protonated at 
low pH was proposed after inspection of two crystal structures of hFcRn (Mezo 
et al.  2010 ; West and Bjorkman  2000 ). Moreover, the fundamental role of four con-
served tryptophan residues (W51, W53, W59 and W61) within this loop were dem-
onstrated when targeted mutagenesis resulted in abolished or reduced binding (Sand 
et al.  2014b ; Schmidt et al.  2013 ). This explained the need for a stabilized loop and 
emphasized the regulatory role of H166. Interestingly, this confi rmed that the inter-
action has a hydrophobic character, which had been previously predicted using iso-
thermal titration calorimetry (Chaudhury et al.  2006 ). An illustration of a crystal 
structure of hFcRn is shown in Fig.  10.2b . 

 Further insights into the molecular details of the interaction were provided with 
two reported co-crystal structures of hFcRn in complex with HSA, solved with 
either wild-type HSA or HSA13, a variant with four amino acid substitutions 
(V418M, T420A, E505G, and V547A) (Oganesyan et al.  2014 ; Schmidt et al.  2013 ). 

  Fig. 10.2    The crystal structures of HSA, hFcRn and the hFcRn-HSA complex. ( a ) The crystal struc-
ture of HSA with its three domains indicated. The major FcRn-interacting amino acids in DI, DIIIA, 
and DIIIB are highlighted as  ball  and  sticks  (Sugio et al.  1999 ). ( b ) The crystal structure of the 
hFcRn HC and the β2m subunit (Mezo et al.  2010 ). The IgG and the albumin-binding sites are high-
lighted. Some of the central residues involved in albumin binding are W53, W59, and H166. ( c ) The 
hFcRn-HSA co-crystal structure (Oganesyan et al.  2014 ). The main sites of the interaction are shown 
as close-ups. Residues in HSA DIIIA, T422, V426, L460, L463, H464, and T467 create a hydropho-
bic pocket for FcRn W59. FcRn W53 makes hydrophobic stacking with F507, F509 and F551 in 
DIIIB. HSA DI N111 and N109 in loop 2 interact with FcRn residues S58 and K63, respectively, and 
HSA DI R81 and D89 in loop 1 form an intramolecular hydrogen bond and R81 interacts with FcRn 
T153 (Oganesyan et al.  2014 ). The fi gures were made using PyMol and the crystal structure data of 
HSA (PDB 1AO6), hFcRn (PDB 3M1B) and hFcRn in complex with HSA (PDB 4N0F)       
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The latter was developed using yeast display and features improved binding affi nity 
for FcRn both at acidic and neutral pH (Oganesyan et al.  2014 ). Both co-crystals 
confi rmed the involvement of both DI and DIII in FcRn binding, and despite some 
differences between the two co-crystal structures, probably due to the introduced 
mutations in HSA13, the overall binding modes and the interaction cores are very 
similar. Notably, an additional crystal structure of hFcRn in complex with wild-type 
HSA and an engineered fragment crystallizable (Fc) fragment with improved bind-
ing to the receptor was also reported, which revealed that the mode of albumin bind-
ing is not altered by the presence of IgG (Schmidt et al.  2013 ). Both co-crystal 
structures show the two exposed DI-loops in contact with residues of the α1–α2 
helices of FcRn (Oganesyan et al.  2014 ; Schmidt et al.  2013 ). Furthermore, 
FcRn-W53 and FcRn-W59 make hydrophobic interactions with residues located 
within pockets of the subdomains DIIIB (F507, F509, F551, and T527) and DIIIA 
(T422, V426, L460, L463, and T467), respectively. Engagement of FcRn-W53 
requires a conformational change in a loop comprising residue 500–510 that 
 connects DIIIA and DIIIB, which is only stabilized upon protonation of H510 and 
H535 of albumin at acidic pH, while FcRn-W59 inserts into a hydrophobic area that 
is sustained by the nearby H464 of HSA (Oganesyan et al.  2014 ; Schmidt et al. 
 2013 ). Collectively, these fi ndings demonstrate that DIII is crucial for pH- dependent 
binding to FcRn, while DI modulates and stabilizes the interaction. An illustration 
of the hFcRn-HSA co-crystal structure with close-ups of the interacting residues is 
shown in Fig.  10.2c   

10.5     Albumin in Therapy 

 Small therapeutic peptides, proteins and chemical drugs have poor therapeutic effi -
cacy due to rapid clearance via the kidney and liver. This may be overcome by tak-
ing advantage of the long serum half-life of IgG or albumin (Kratz  2014 ; Czajkowsky 
et al.  2012 ; Elsadek and Kratz  2012 ; Sockolosky and Szoka  2015 ). One example of 
the use of IgG is etanercept (Enbrel ® ), which is a genetic fusion between the TNF 
receptor and the Fc region of human IgG1, which blocks binding of TNF-α to cel-
lular TNF receptors and inhibits pro-infl ammatory activity in autoimmune disease 
(Ducharme and Weinberg  2008 ). Strategies developed to exploit albumin include 
covalent association via genetic fusion to the N- or C-terminal end, chemical conju-
gation and encapsulation of drugs into albumin nanoparticles. Moreover, non- 
covalent association strategies target endogenous albumin via albumin-binding 
molecules (Elsadek and Kratz  2012 ). These strategies were all established before 
the FcRn-albumin relationship was appreciated, and whether the strategies interfere 
with receptor binding and transport of albumin has not been fully addressed. This 
aspect is important to consider prior to design of new albumin-based therapeutics. 
Illustrations of drugs targeting albumin via different strategies are given in 
Fig.  10.3 .
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10.5.1       Covalent Association with Albumin 

10.5.1.1     Genetic Fusion 

 The genetic fusion strategy is attractive in that the therapeutic is synthesized as 
one transcript without the need for further in vitro processing. There are a number 
of examples of therapeutic proteins that when genetically fused to wild-type 
albumin show improved pharmacokinetics. Examples are hirudin (Syed et al.  1997 ), 

  Fig. 10.3    Albumin targeting of drugs by different strategies. ( Middle ) The crystal structure of 
HSA with marked domains (DI, DII, and DIII) and its free C34 indicated in  black . ( a ) Covalent 
conjugation of the chemical drug MTX to C34 of HSA. ( b ) Genetic fusion of a scFv fragment to 
the N-terminal end of HSA. Association of HSA with ( c ) an AlbudAb-IL-1ra fusion and ( d ) an 
ABD-Z HER2:342  fusion. The fi gures were made using PyMOL with the following PDB fi les: HSA 
(1E7H), MTX (4OCX), scFv (3JUY), IL-1ra (1ILR), AlbudAb (1OP9), ABD (1GJT), and Affi body 
(2KZJ) (The fi gure is modifi ed from (Bern et al.  2015 ))       
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CD4 (Yeh et al.  1992 ), insulin (Duttaroy et al.  2005 ), growth hormone (Osborn 
et al.  2002 ), granulocyte colony-stimulating factor (Halpern et al.  2002 ), α- and 
β-interferons (Bain et al.  2006 ; Subramanian et al.  2007 ; Sung et al.  2003 ), and 
antibody fragments (Evans et al.  2010 ; McDonagh et al.  2012 ; Muller et al.  2007 ; 
Smith et al.  2001 ; Yazaki et al.  2008 ). 

 Recombinant INF-α2b, used in therapy for chronic hepatitis C virus infections, 
has a serum half-life of only 4 h in humans; however, upon genetic fusion to HSA, 
the half-life increases by 35-fold to 141 h (Bain et al.  2006 ). Another example is 
Tanzeum ® /Eperzan ® , a fusion of glucagon-like peptide-1 (GLP-1) to wild-type 
HSA, which was approved by the FDA in 2014 and is the fi rst albumin fusion that 
has entered the market. It is used for treatment of type II diabetes and has a half-life 
of 5 days compared to 2 min for the unfused drug (Poole and Nowlan  2014 ; Baggio 
et al.  2004 ). 

 Furthermore, a range of other wild-type HSA fusions is now in preclinical or 
clinical trials. For instance, genetic fusion of recombinant coagulation factors to 
HSA has shown promising results. Commercially available recombinant coagula-
tion factor IX (rIX/BeneFIX ® ) has a half-life of 22 h in humans, and patients require 
multiple infusions per week to minimize the number of bleeding episodes (BeneFIX 
 2015 ; Santagostino et al.  2012 ). Development of a fusion protein linking rIX to the 
N-terminal end of albumin (rIX-FP) via a cleavable linker, derived from the endog-
enous activation peptide in native FIX, allows for in vivo cleavage of activated FIX 
from HSA when required during blood coagulation (Metzner et al.  2009 ). This 
fusion has been extensively evaluated in clinical trials for treatment of hemophilia 
B (Metzner et al.  2009 ; Nolte et al.  2012 ; Santagostino et al.  2012 ,  2016 ). It is well 
tolerated, and a phase III trial was recently completed, which showed that the half-
life was extended by sixfold and the pharmacodynamic activity was considerably 
improved compared to rIX (Santagostino et al.  2016 ). Idelvion ®  (rIX-FP) was 
approved by the FDA in March of 2016. 

 Whether fusion to albumin interferes with pH-dependent binding to FcRn has 
not been given much attention. To our knowledge this has only been addressed in 
one study, where a peptide or an antibody single-chain variable fragment (scFv) was 
genetically fused via a glycine-serine linker to the N- or C-terminal end of HSA 
(Andersen et al.  2013 ). The results revealed that C-terminal fusion had a negative 
effect on binding to FcRn, which at most reduced the affi nity by twofold, compared 
to only minor effects observed upon N-terminal fusion (Andersen et al.  2013 ). No 
cellular studies have been conducted where the effects of N- and C-terminal fusions 
have been compared directly with regard to FcRn-mediated cellular transport. 
Although the fusions still bind FcRn well, an effect may be seen in vivo in the pres-
ence of high levels endogenous albumin competing for binding to the receptor. 
Binding to FcRn should be addressed for each individual HSA fusion as the nature 
of the fusion partners may affect receptor binding differently. Importantly, this 
potential limitation may be overcome by the use of HSA variants engineered for 
improved FcRn binding that has shown extended serum half-life (Andersen et al. 
 2014 ; Schmidt et al.  2013 ). One example is the single-point mutation variant, 
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K573P, which has been shown to maintain its favorable effect on receptor binding 
post fusion of a scFv molecule either to the N or C-terminal end and even to both 
(Andersen et al.  2014 ).  

10.5.1.2     Covalent Conjugation 

 Albumin accumulates at tumor sites and infl amed tissues, and this was early utilized 
for the delivery of antitumor agents by chemical conjugation to albumin (Kratz et al. 
 2007 ; Stehle et al.  1997a ; Wunder et al.  2003 ). Methotrexate (MTX)-albumin con-
jugates for treatment of renal carcinomas and autoimmune diseases is one example 
(Bolling et al.  2006 ; Stehle et al.  1997b ; Wunder et al.  2003 ). Random conjugation 
of drugs to surface-exposed amino acid residues on albumin may negatively affect 
FcRn binding and clearance, and a more controlled approach would be to target a 
free cysteine (C34) in DI of albumin. The Drug Affi nity Complex (DAC ® ) technol-
ogy performs such site-specifi c conjugation of drugs to either exogenous or endog-
enous albumin (Kratz et al.  2000 ). Exendin-4, a GLP-1 homolog (CJC–1131) for 
treatment of type 2 diabetes, bound to C34 (Baggio et al.  2008 ; Kim et al.  2003 ; 
Leger et al.  2004 ) has shown increased half-life of 9–15 days in human compared to 
a few hours for GLP-1 analogs (Giannoukakis  2003 ). Another example is aldoxoru-
bicin, a prodrug of doxorubicin, which rapidly binds to C34 after intravenous 
administration via an acid-sensitive linker (Kratz et al.  2000 ). Aldoxorubicin is in 
clinical trials for treatment of sarcoma and glioblastoma, and the strategy relies on 
the acidic environment at tumor sites to allow cleavage of the linker and release of 
the drug from albumin (Chawla et al.  2015 ; Kratz  2014 ). Whether the linker is pro-
tected or cleaved during FcRn-mediating transport remains to be investigated. In 
addition, little is known about the expression of FcRn in different types of cancer 
tissues. Such knowledge will be important to understand how FcRn handles albu-
min fusions in cancerous tissues. In a recent study, a cytotoxin-conjugated and 
tumor targeting designed ankyrin repeat protein (DARPin) was conjugated to C34 
of MSA, which extended the serum half-life of the DARPin from 11 min to 17.4 h 
in mice (Simon et al.  2013 ). In addition, the conjugate was shown to bind mouse 
FcRn (mFcRn) with expected pH dependency (Simon et al.  2013 ). 

 Another albumin-based approach that has been used to target drugs to tumors 
involves assembly of albumin and drugs into nanoparticles. Nanoparticle albumin- 
bound (nab)-paclitaxel (Abraxane ® ) consists of the lipophilic drug paclitaxel, which 
is encapsulated with HSA molecules under high pressure. Following administra-
tion, the nanoparticles dissolve and release HSA-bound paclitaxel into the blood-
stream. The drug was fi rst approved for treatment of metastatic breast cancer and is 
currently in clinical trials for treatment of non-small lung cancer, pancreatic cancer, 
and melanoma (Gradishar et al.  2005 ; Gupta et al.  2014 ; Hersh et al.  2010 ; 
Kottschade et al.  2011 ,  2013 ; Miele et al.  2009 ; Petrelli et al.  2010 ; Von Hoff et al. 
 2011 ). Whether albumin-based nanoparticles are capable of interacting with FcRn 
has not been investigated. 
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 The C34 residue is not located near the FcRn-binding site in DI (Oganesyan 
et al.  2014 ); however, a recent study demonstrated that conjugation of polyethylene 
glycol (PEG) polymers to C34 of HSA lowered binding to hFcRn by two- to three-
fold at acidic pH (Petersen et al.  2015 ). Notably, a larger drop in binding affi nity 
was observed when a 5 kDa PEG was attached compared to larger polymers of 10 
kDa and 30 kDa (Petersen et al.  2015 ). This suggests that covalent attachment to 
C34 may introduce conformational changes or steric hindrance that infl uences the 
interaction to FcRn, but to different degrees depending on the nature of the payload. 
This example highlights the need for case-specifi c assessment of potential impact 
on FcRn binding. In addition, the authors demonstrated that an engineered albumin 
variant (K573P) with improved affi nity for FcRn may be used to compensate for the 
decrease in binding caused by the C34-conjugated payload (Petersen et al.  2015 ).   

10.5.2     Non-covalent Association with Albumin 

 Non-covalent association with albumin has been explored as an alternative strategy 
to improve the pharmacokinetic properties of therapeutics and may be achieved by 
genetic fusion or conjugation of the drug to an albumin-binding molecule. Such 
albumin-binding molecules exist in various formats and albumin’s own ligands have 
also been used for this purpose (described in Chap.   1    ). Anti-albumin-binding anti-
body fragments are an alternative. One example is a bispecifi c antigen-binding 
(Fab) 2  fragment with one arm targeting TNF and the other albumin, which show 
fi vefold longer half-life compared to a monospecifi c anti-TNF F(ab) 2  in rats (Smith 
et al.  2001 ). The estimated half-life of 42.5 h was close to that measured for endog-
enous rat serum albumin (RSA), which was 49.1 h, supporting that the anti-albumin 
arm of the molecule does not interfere with binding to FcRn (Smith et al.  2001 ). 
Further, camelid-derived anti-albumin-binding nanobodies (Tijink et al.  2008 ) 
and variable domains of shark new antigen receptor have also been exploited 
(Muller et al.  2012 ). 

 To benefi t from FcRn-mediated half-life extension, it is important that binding of 
targeting molecules to albumin does not negatively affect receptor binding. 
Moreover, binding to albumin needs to be retained at neutral pH, as well as through 
the lower pH encountered in the endosomes. In addition to controlling these aspects, 
it is also necessary to consider cross-species reactivity of albumin-binding mole-
cules to albumin when choosing a preclinical animal model. When optimal binding 
to albumin is achieved, the only limitation is that the half-life cannot be extended 
beyond that of endogenous albumin. 

10.5.2.1     Albumin-Binding Peptides 

 Dennis and co-workers have revealed the potential of albumin-binding peptides in 
improving pharmacokinetic properties of short-lived molecules (Dennis et al.  2002 ). 
First, albumin-specifi c peptides sharing a core sequence (DICLPRWGCLW) were 
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identifi ed using phage display technology. Many of these could recognize albumin 
from mouse, rat, rabbit, and human. One of the selected peptides (SA21) was mea-
sured to have a half-life of 2.3 h in rabbit compared to only 7.3 min of an unrelated 
peptide of the same size (Dennis et al.  2002 ). Furthermore, a Fab molecule was 
shown to acquire albumin-binding properties upon attachment of a related peptide 
(SA06) while retaining its ability to bind antigen. This gave rise to 37-fold and 
26-fold increased half-life in rabbit and mouse, respectively, achieving 25–45 % of 
the half-life of albumin in these animals (Dennis et al.  2002 ). 

 In a follow-up study, the length of the SA06-peptide was modifi ed to generate a 
panel of peptide variants with different affi nities for albumin. These were fused to a 
Fab molecule, derived from the clinically approved antibody trastuzumab 
(Herceptin ® ), with specifi city for human epidermal growth factor receptor 2 (HER2), 
denoted AB.Fab4D5 (Nguyen et al.  2006 ). When injected into rodents, it was dem-
onstrated that albumin-binding affi nity correlated with serum half-life, as fusions 
with low-affi nity peptides were more rapidly eliminated than high-affi nity peptide 
fusions (Nguyen et al.  2006 ). 

 Furthermore, AB.Fab4D5 with the original SA06 peptide was compared to 
Fab4D5 lacking an albumin-binding peptide and to trastuzumab, the full-length 
parental antibody, in targeting of HER2-positive tumors in allograft mouse models 
(Dennis et al.  2007 ). AB.Fab4D5 showed more rapid targeting of the tumor com-
pared to trastuzumab and thus improved tumor to normal tissue ratio. In addition, 
both greater penetration and more even distribution within the tumor were observed 
for Fab4D5 and AB.Fab4D5 compared to the full-length antibody, with the latter 
being superior. Although both molecules localized rapidly to the tumor, Fab4D5 
was also quickly removed and found to accumulate in the kidneys. In contrast, 
AB.Fab4D5 showed prolonged tumor retention and did not accumulate in the kid-
neys, showing the importance of the albumin-binding peptide (Dennis et al.  2007 ). 

 The favorable tumor targeting properties of AB.Fab4D5 may be related to having 
a smaller size (120 kDa when complexed with albumin) compared to trastuzumab 
(150 kDa). However, it is also interesting that albumin accumulates at tumor sites 
and infl amed tissues (Kratz et al.  2007 ; Stehle et al.  1997a ; Wunder et al.  2003 ). 
Albumin-binding receptors, such as glycoprotein60 (gp60) and the secreted protein 
acidic and rich in cysteine (SPARC), have been suggested to mediate transport and 
accumulation of albumin from blood to the tumor site (Bern et al.  2015 ). Thus, 
receptor-mediated mechanisms may in part explain the more effi cient and even 
uptake of AB.Fab4D5 when in complex albumin. However, further characterization 
of the different albumin receptors in regard to tumor expression is needed to under-
stand how they contribute to the distribution of albumin-binding fusions.  

10.5.2.2     The Albumin-Binding Domain 

 The concept of improving the pharmacokinetic properties of therapeutics via 
albumin- targeting was fi rst demonstrated using a naturally existing albumin- binding 
domain (ABD), derived from the bacterial  Streptococcal  protein G (SpG), which 
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when fused to a soluble CD4, extended its serum half-life in mice (Nygren et al. 
 1991 ). Since then, a minimal three-helical domain within SpG, referred to as the 
ABD, which binds albumin from multiple species with low nM affi nity, has been 
widely used as a fusion partner (Johansson et al.  2002 ). For example, ABD has been 
genetically fused to the anti-HER2 Fab4D5, and in mice, the half-life was increased 
by tenfold to 20.9 h for the ABD fusion compared to 2.1 h for the Fab molecule 
alone (Schlapschy et al.  2007 ). 

 Similarly, ABD has also been fused to a dimeric anti-HER2 Affi body (Z HER2:342 ) 
molecule. The Affi body scaffold is a small domain, derived from the IgG binding 
domain of  Staphylococcal  protein A (7 kDa), which has been used to make phage 
display libraries, enabling selection of binders to various targets (Nord et al.  1997 ). 
When ABD-Z HER2:342  fusion molecules were radiolabeled and given to HER2- 
positive microxenograft mice, high tumor uptake and reduced accumulation in the 
kidneys were observed compared to Z HER2:342  not fused to ABD (Tolmachev et al. 
 2007 ). Thus, non-covalent association with albumin led to redistribution of the 
drug, similar to that observed for AB.Fab4D5. Notably, the ABD-Z HER2:342  fusion 
was shown to exhibit similar biodistribution profi le as RSA in wild-type rats 
(Andersen et al.  2011 ). Moreover, binding of ABD or the ABD-Z HER2:342  fusion to 
albumin did not affect pH-dependent binding to FcRn in vitro (Andersen et al. 
 2011 ). Thus, ABD binds to a site of albumin that does not interfere with pH- 
dependent FcRn binding. 

 Furthermore, the recently reported ABDCon is an engineered ABD molecule 
with high thermal stability that was developed from consensus analysis of ABD 
derived from SpG and close homologs from other bacterial proteins. The domain 
was shown to bind albumin from mouse, monkey, and human with affi nities in the 
pM range (Jacobs et al.  2015 ). Genetic fusion of ABDCon to a 10 kDa scaffold 
protein, which does not bind to any known target proteins, resulted in serum half- 
lives of 60 h in mice and 182 h in cynomolgus monkeys. Furthermore, it was dem-
onstrated that by introduction of single-point mutations in ABDCon, altering 
binding affi nity for albumin, the serum half-life of the fusion protein could be 
adjusted and fi ne-tuned in mice (Jacobs et al.  2015 ). In another study, the naturally 
occurring ABD was put through affi nity maturation using phage display, which 
gave rise to a variant with extremely high affi nity for HSA in the fM range (Jonsson 
et al.  2008 ). The Albumod ™  platform uses such high-affi nity binding ABDs to 
extend the half-life of biopharmaceuticals (Elsadek and Kratz  2012 ).  

10.5.2.3     The AlbudAb ™  Platform 

 The AlbudAb ™  technology exploits albumin-binding domain antibodies (dAb), to 
extend the half-life of short-lived drugs. A dAb consists of a single variable anti-
body domain, corresponding to variable region of the heavy (V H ) or light chain (V L ) 
of human antibodies and has a molecular weight of 11–13 kDa (Ward et al.  1989 ). 
The dAb was initially identifi ed when Ward and co-workers discovered that the V H  
chain domain could be expressed in the absence of a V L  chain domain and still bind 
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its antigen (Ward et al.  1989 ). Furthermore, highly stable and aggregation-resistant 
human dAbs have been selected using phage display technology (Jespers et al. 
 2004 ). Holt and colleagues were the fi rst to examine the potential of human dAbs as 
fusion partners to increase serum half-life of therapeutic drugs (Holt et al.  2008 ). To 
obtain dAbs with specifi city for albumin, phage display selections were performed, 
which gave rise to a large collection of unique human V H  and V K  dAbs with affi ni-
ties in the low nM range. Notably, promiscuous dAb variants with the ability to bind 
albumin from mouse, rat, and human were obtained by altering the albumin target 
during selection, which facilitates the evaluation of fusion candidates in preclinical 
animal models (Holt et al.  2008 ). 

 One of the variants (dAbr3), with an affi nity of 13 nM for RSA, was shown to 
exhibit a half-life of 49 h, being close to that measured for RSA, while another vari-
ant (dAbr16), with an affi nity of 1 μM, was estimated to have a shorter half-life of 
43 h, thus also demonstrating that binding affi nity for endogenous albumin corre-
lates with serum half-life (Holt et al.  2008 ). Moreover, the half-life of a dAbm16 
with an affi nity of 70 nM for MSA was measured to be 24 h when injected into 
mice, which was 51-fold longer than that of a dAb without albumin-binding affi nity 
(Holt et al.  2008 ). Next, dAbm16 was fused to an IL-1 receptor antagonist (IL-1ra), 
which is a potent inhibitor of IL-1 signaling and approved for treatment of rheuma-
toid arthritis. The resulting fusion protein exhibited a half-life of 4.3 h in mice com-
pared to 2 min for IL-1ra. Furthermore, in a mouse model of collagen-induced 
arthritis, the increase in half-life was demonstrated to improve the in vivo effi cacy 
of IL-1ra in a dose-dependent manner (Holt et al.  2008 ). Moreover, IL-1ra fused to 
a dAb (dAbh8) adopted a biodistribution profi le very close to that of MSA, while 
IL1-ra alone was primarily found in the renal cortex or in the bladder 24 h after 
injection (Holt et al.  2008 ). 

 The AlbudAb approach has also been tested with human INF-α2b fused to an 
albumin-binding dAb, denoted DOM7 h14 (Walker et al.  2010 ). In rat, the pharma-
cokinetics of INF-α2b-DOM7 h14 was compared to recombinant INF-α2b, as well 
as to INF-α2b fused to HSA (HSA-INF-α2b), and both fusion-proteins showed 
serum half-life extension by more than 12-fold compared to the 1.5 h of INF-α2b. 
In an antiviral assay using A549 human lung carcinoma cells challenged with 
encephalomyocarditis virus, the antiviral activity of INF-α2b-DOM7 was signifi -
cantly increased relative to HSA-INF-α2b. Moreover, INF-α2b-DOM7 was supe-
rior in suppressing tumor growth in a human melanoma xenograft mouse model 
(Walker et al.  2010 ). However, the result of this comparison may well be infl uenced 
by cross-species differences in FcRn binding as discussed in Sect.  10.7 . 

 Moreover, the fi rst evaluation of an AlbudAb-based drug was recently performed 
in human. Extendin-4 genetically fused to an AlbudAb (GSK2374697) was tested 
in healthy individuals in a phase I clinical trial (O’Connor-Semmes et al.  2014 ). 
Results from this study show that the AlbudAb improved the pharmacokinetic pro-
fi le of extendin-4, increasing the half-life from 2.5 h to 6–10 days. Furthermore, the 
drug showed the anticipated effects on glucose and insulin levels and gastric empty-
ing after a meal, as well as a tolerability profi le expected for a GLP-1 agonist 
(O’Connor-Semmes et al.  2014 ; Ko et al.  2014 ). 
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 The in vivo data showing that the serum half-life of AlbudAbs is close to that of 
endogenous albumin suggests that the FcRn-albumin interaction is not affected. In 
line with this, Herring and Schon have provided data indicating that the AlbudAbs 
selected by phage display are primarily domain 2 binders (Herring and Schon  2012 ). 
However, the fusion partner may still infl uence the interaction, which should be 
controlled in each case.    

10.6     Engineering of Albumin for Improved Binding to FcRn 

 Increased insight into FcRn biology and its relationships with IgG and albumin 
provides new opportunities in therapy. Importantly, engineering can increase serum 
half-life and function beyond that of endogenous albumin or IgG. So far, engineer-
ing of the FcRn-IgG interaction to optimize IgG effector functions and in vivo effi -
cacy has received the most attention. The major challenge has been to improve 
binding without disrupting the pH dependency of the interaction. However, there 
are several examples of IgG variants, with amino acid substitutions at the core or 
near the FcRn-binding site, that show improved pH-dependent binding and increased 
serum half-life (Dall’Acqua et al.  2006 ; Ghetie et al.  1997 ; Hinton et al.  2004 ,  2006 ; 
Mi et al.  2008 ; Zalevsky et al.  2010 ), which also have been demonstrated to benefi t 
treatment of infections and diseases in preclinical models (Zalevsky et al.  2010 ; 
Ko et al.  2014 ). 

 Engineering of albumin is also being increasingly explored, and the fi rst exam-
ples of albumin variants with altered FcRn-binding properties have been reported. 
Development of one such variant was inspired from a cross-species study demon-
strating that MSA binds more strongly to hFcRn than HSA (Andersen et al.  2010a ). 
Swapping of DIII from MSA onto DI–DII of HSA gave rise to a chimeric albumin 
variant with considerably improved binding toward hFcRn. Moreover, when the last 
C-terminal α-helix in HSA was replaced by the corresponding sequence in MSA, 
binding was improved by fourfold (Andersen et al.  2013 ). 

 Another study based on cross-species analysis identifi ed a single amino acid 
substitution (K573P) that gave rise to 12-fold improved binding affi nity to hFcRn 
when introduced in DIII of HSA (Andersen et al.  2014 ). All species have a proline 
at position 573, except for humans and orangutans. Notably, when K573 was 
replaced by any of the other 19 amino acids, improved binding to hFcRn was 
observed at pH 6 with no or minor effect on binding at pH 7.4 (Andersen et al. 
 2014 ). This positive effect on FcRn binding is not easily explained by the available 
co-crystal structures (Oganesyan et al.  2014 ; Schmidt et al.  2013 ). Introduction of 
K573P in HSA also improved binding to mFcRn by more than 20-fold, which partly 
explains why wild-type HSA binds poorly to the mouse receptor (Andersen et al. 
 2010a ,  2014 ). Nevertheless, improved FcRn-binding affi nity measured for HSA- 
K573P translated into 1.4-fold prolonged half-life in both hFcRn transgenic and 
wild-type mice and extended half-life by 1.6-fold in cynomolgus monkeys 
(Andersen et al.  2014 ). 
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 HSA variants with improved affi nity for hFcRn have also been identifi ed using 
yeast display technology (Schmidt et al.  2013 ). One variant, with two amino acid 
substitutions in DIII (E505G/V547A), showed more than tenfold improved affi nity 
at pH 6.0 with a minor increase at pH 7.4. This increase in affi nity extended the 
half-life by 1.5-fold and 1.3-fold, in hFcRn transgenic mice and cynomolgus mon-
keys, respectively (Schmidt et al.  2013 ). Another two variants, with three (V418M, 
T420A, and E505G) or four (V418M, T420A, E505G, and V547A) amino acid 
substitutions, showed further improved binding to FcRn at acidic pH but also at 
neutral pH, and these were eliminated faster from the circulation of hFcRn trans-
genic mice than wild-type HSA (Schmidt et al.  2013 ). The fast clearance could be 
due to increased binding affi nity at pH 7.4 that may disrupt effi cient release during 
FcRn-mediated recycling. In addition, the mice developed antibody responses toward 
the HSA variants, which may be part of the explanation (Schmidt et al.  2013 ). 

 Targeting amino acid residues in DI of HSA by mutagenesis have also generated 
variants with increased binding to the receptor, and thus combining DIII and DI 
mutations may potentially give rise to variants with superior FcRn binding (Sand 
et al.  2014a ). Importantly, these examples demonstrate that the serum half-life of 
albumin can be altered by modifying FcRn affi nity, which may be used to benefi t 
the next generation of albumin-based therapeutics.  

10.7      Preclinical Development of Albumin-Based 
Therapeutics 

 Rodents are commonly used in preclinical evaluation of the pharmacokinetics and 
pharmacodynamics of IgG- and albumin-based drugs. In this regard, it has become 
evident that the utility of conventional mice is limited due large cross-species differ-
ences in binding to FcRn (Andersen et al.  2010a ,  2014 ). Interaction studies using 
surface plasmon resonance have revealed that mFcRn has weak affi nity for HSA 
and binds MSA tenfold more strongly. In contrast, hFcRn has stronger affi nity for 
MSA than for HSA (Andersen et al.  2010a ). The consequence was demonstrated in 
wild-type mice when the serum half-life of wild-type HSA was measured to be 
close to that of a HSA variant (K500A) with more than 30-fold reduced affi nity to 
hFcRn (Andersen et al.  2014 ). Thus, the injected HSA was not rescued from degra-
dation by FcRn recycling, a result of weak binding affi nity in combination with the 
presence of high levels of competing endogenous MSA. Furthermore, the half-life 
of HSA in wild-type rats was found to be only 15 h compared to 49 h for RSA 
(Smith et al.  2001 ). 

 Differences in FcRn binding across species were fi rst revealed for IgG, when 
hFcRn was found to weakly interact with mouse IgG and mFcRn was found to bind 
more strongly to human IgG than to mouse IgGs (Ober et al.  2001 ). This provided 
an explanation for the rapid clearance of the fi rst mouse monoclonal IgG antibodies 
tested in humans (Frodin et al.  1990 ; Saleh et al.  1992 ) and also a reason for why 
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human IgG has longer serum half-life in wild-type mice than mouse IgG (Petkova 
et al.  2006 ; Roopenian et al.  2003 ). 

 Transgenic mice that express hFcRn and lack the mouse receptor have become 
valuable models for in vivo pharmacokinetic evaluations of human IgG-based thera-
peutics (Petkova et al.  2006 ; Roopenian et al.  2003 ; Proetzel and Roopenian  2014 ) 
and engineered IgG molecules with altered FcRn-binding kinetics, which have been 
shown to provide good predictions of behavior in monkeys (Zalevsky et al.  2010 ; 
Proetzel and Roopenian  2014 ; Tam et al.  2013 ). Notably, this is observed despite the 
lack of competition from endogenous mouse IgG, which is rapidly eliminated from 
the circulation due to low affi nity for the hFcRn. High levels of MSA in these mice 
make them less appropriate for preclinical use in regard to HSA-based therapeutics, 
as this give rise to a situation similar to that in wild-type mice, injected HSA being 
outcompeted for binding to hFcRn. 

 The fi rst generation of mice that may serve as more suitable models is emerging. 
It was recently reported that one of the original hFcRn transgenic strains has been 
further genetically engineered to lack expression of endogenous MSA (Roopenian 
et al.  2015 ). In these mice the serum half-life of intravenous administrated HSA was 
measured to be 24.1 days, as compared to 2.6 days in wild-type mice and 5.8 days 
in the original hFcRn transgenic strain (Roopenian et al.  2015 ). Thus, this novel 
mouse stain allows for studying the behavior of albumin-based therapeutics under 
the infl uence of FcRn, both in the absence of competition and potentially also in the 
presence of preloaded competing HSA. 

 Furthermore, double transgenic humanized mice, having the genes encoding 
mFcRn and MSA replaced by the human counterparts, have also been described 
(Viuff et al.  2016 ). Unlike the hFcRn transgenic mice developed previously, expres-
sion of the receptor, as well as albumin, is regulated by the endogenous mouse 
promoters, which may give rise to differences in tissue distribution. Nevertheless, 
high levels of HSA are maintained in these mice, and it was demonstrated that HSA 
variants with reduced or increased binding affi nity for hFcRn showed correlating 
reduced and increased serum half-life (Viuff et al.  2016 ). Thus, this novel mouse 
strain may prove to be a valuable model system for pharmacokinetic evaluation of 
recombinant HSA-based therapeutics, as well as for drugs whose action is based on 
reversible binding to endogenous albumin.  

10.8     Concluding Remarks 

 The long serum half-life of albumin is due to protection from intracellular degrada-
tion by the broadly expressed cellular receptor, FcRn, which transports internalized 
albumin back to the circulation through a mechanism that is strictly pH dependent. 
This feature of albumin has been greatly exploited therapeutically to extend the 
serum half-life of drugs that would otherwise have poor pharmacokinetics. A num-
ber of strategies involving albumin fusion, conjugation, or targeting have been 
employed, and a range of albumin-based drugs have shown improved therapeutic 
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outcome in clinical trials, and several have been approved for human use. Increasing 
knowledge about the FcRn-albumin relationship is likely to pave the way for the 
next generation of albumin-based therapeutics, as this offers new opportunities for 
design and tailoring. Indeed, the fi rst examples of engineered albumin variants with 
altered FcRn-binding kinetics have already been reported, and recent results show 
that improved pH-dependent binding to FcRn translates into prolonged serum half- 
life. Importantly, novel transgenic mice specifi cally designed for preclinical evalua-
tion of engineered HSA and HSA-based therapeutics may prove to be valuable 
assets in this rapidly growing area.     
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    Chapter 11   
 Human Serum Albumin in Blood 
Detoxifi cation Treatment                     

     Victor     Tuan     Giam     Chuang     ,     Toru     Maruyama    , and     Masaki     Otagiri   

    Abstract     Human serum albumin (HSA) is known to bind a broad spectrum of 
endogenous and exogenous substances. The ligand-binding property of albumin has 
been utilized to remove endogenous toxins in extracorporeal blood detoxifi cation 
methods such as single-pass albumin dialysis (SPAD), fractionated plasma separa-
tion and adsorption (FPSA), Prometheus ® , and molecular adsorbent recirculating 
system (MARS). Production of recombinant HSA including individual domains has 
been successfully attempted by a number of researchers. The albumin domains 
retain similar structural characteristics of the HSA. The ligand-binding properties of 
albumin domains are identical to those of HSA but with lower binding affi nity and 
percentage for most of the ligands studied. The albumin domains have an increased 
elimination profi le compared to that of the HSA. Molecular modifi cation of the 
albumin domains through site-directed mutagenesis for strengthening toxin binding 
is a feasible approach for improving the effi ciency and effectiveness of blood detox-
ifi cation treatment.  

  Keywords     Human serum albumin   •   Recombinant technology   •   Domain   • 
  Detoxifi cation  

        V.  T.  G.   Chuang      (*) 
  School of Pharmacy, Faculty of Health Sciences ,  Curtin University , 
  GPO Box U1987 ,  Perth   6845 ,  WA ,  Australia   
 e-mail: V.Chuang@curtin.edu.au   

    T.   Maruyama    
  Department of Biopharmaceutics, Graduate School of Pharmaceutical Sciences ,  Kumamoto 
University ,   5-1, Oe-honmachi, Chuo-ku ,  Kumamoto   862-0973 ,  Japan    

  Center for Clinical Pharmaceutical Sciences, School of Pharmacy ,  Kumamoto University , 
  5-1, Oe-honmachi, Chuo-ku ,  Kumamoto   862-0973 ,  Japan     

    M.   Otagiri    
  School of Pharmacy, Faculty of Health Sciences ,  Curtin University , 
  GPO Box U1987 ,  Perth   6845 ,  WA ,  Australia    

  School of Pharmaceutical Sciences ,  Kumamoto University , 
  1-5 Oe-honmachi ,  Kumamoto-shi ,  Kumamoto   862-0973 ,  Japan    

  School of Pharmaceutical Sciences ,  Sojo University , 
  4-22-1 Ikeda ,  Kumamoto-shi ,  Kumamoto   860-0082 ,  Japan    

mailto:V.Chuang@curtin.edu.au


210

11.1       Introduction 

 Albumin is an important transport protein especially for transporting hydrophobic 
protein-bound endogenous substances, drugs, and uremic toxins (Table  11.1 ). Most 
of these endogenous substances are produced in the body and are excreted into urine 
and feces via the kidney and liver (bile), respectively, in healthy subjects. A 
decreased detoxifi cation function associated with liver insuffi ciency is typically 
manifested by hyperbilirubinemia (jaundice), encephalopathy, and a reduction in 
synthetic function leading to the development of hypoalbuminemia. The accumula-
tion of albumin-bound water-insoluble toxins, as a result of impaired hepatic detox-
ifi cation and/or metabolism, includes, among others, aromatic amino acids, 
tryptophan, indoles, mercaptans, endogenous benzodiazepines, ammonia, pros-
tanoids, and nitric oxide. The accumulation of albumin-bound toxins is responsible 
for the associated end-organ dysfunctions (the kidney, circulation, brain). These 
toxins accumulate in the body and cause severe and life-threatening complications 
including coagulopathy, encephalopathy, cerebral edema, the hepatorenal syn-
drome, aggravating hyperdynamic circulation, and an increased susceptibility to 
infections (Stockmann and IJzermans  2002 ; Hoofnagle et al.  1995 ; Jalan and 
Williams  2002 ; Losser and Payen  1996 ; Shakil et al.  2000 ).

   On the other hand, in renal impairment or failure, a myriad of compounds with 
different water solubilities are retained and accumulate in the patients. Most of the 
water-insoluble compounds are protein-bound, mainly to albumin. The protein- 
bound uremic solutes identifi ed so far that contribute to the uremic syndrome, or 
uremic toxins, include p-cresol, indoxyl sulfate, hippuric acid, 3-carboxy-4-methyl-
5- propyl-2-furan-propionic acid (CMPF), and homocysteine. Uremic toxins at con-
centrations that are seen during uremia have been reported to cause a variety of 
negative effects on almost all organ systems, including the cardiovascular system 
and the development of immunological and neurological symptoms. They are also 
known to contribute to the increase of the rate of progression of renal failure.  

   Table 11.1    Protein-bound endogenous substances and toxins   

 Compound 
 Primary association 
constant, k 1  

 Secondary association 
constant, k 2   n  Reference 

 Bilirubin  5.50 × 10 7   1  (Jacobsen  1969 ) 
 CMPF  1.30 × 10 7   1  (Tsutsumi et al.  1999 ) 
 p-cresyl sulfate  1.00 × 10 5   1.96 × 10 4   2  (Watanabe et al. 

 2012 ) 
 Indoxyl sulfate  0.98 × 10 5   8.0 × 10 3   2  (Watanabe et al. 

 2012 ) 
 Tryptophan  1.14 × 10 4   1  (Mingrone et al. 

 1997 ) 
 Bile acids  1–20 × 10 4   3.0 × 10 2 –4.1 × 10 4   2  (Roda et al.  1982 ) 

   CMPF  3-Carboxy-4-methyl-5-propyl-2-furanpropionate  
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11.2     Albumin in Extracorporeal Blood Detoxifi cation 

 Numerous procedures have been used to remove these toxins, including plasma and 
blood exchange (Kondrup et al.  1992 ; Larsen et al.  1994 ; Trey et al.  1966 ), hemodi-
alysis (Keller et al.  1995 ; Kiley et al.  1958 ), hemoadsorption using activated char-
coal (Gimson et al.  1982 ; O’Grady et al.  1988 ), and hemodiabsorption with charcoal 
or ion-exchange resins (Hughes et al.  1994 ). However, it has been reported that 
these procedures are not capable of effectively removing protein-binding toxins 
such as bilirubin in both liver and renal failure, where these protein-binding toxins 
accumulate to signifi cant levels. In order to overcome this shortcoming, the toxin- 
binding property of albumin can be exploited for the removal of these protein- 
binding endogenous toxins in several types of albumin dialysis systems (Tsipotis 
et al.  2015 ). Three main albumin dialysis methods have recently emerged as the 
most promising extracorporeal blood detoxifi cation method (Table  11.2 ).

11.2.1       Single-Pass Albumin Dialysis (SPAD) 

 SPAD is the simplest form of albumin dialysis (Fig.  11.1 ). The use of SPAD in the 
clinic was initially described by Seige et al. in 1999 (Seige et al.  1999 ). In this pro-
cedure, plasma fl ows from a reservoir through a standard albumin-impermeable 
high-fl ux dialyzer and is dialyzed against a low concentration of an albumin dialy-
sate solution. Molecules that are small enough to pass through the membrane pores 
are retained in the dialysate as a result of binding to albumin. However, the albumin 
dialysate is not recyclable and is disposed of after a single pass.

   Table 11.2    A comparison of the characteristics of albumin dialysis systems   

 SPAD  Prometheus  MARS ®  

 Circuit  Refer to Fig.  11.1   Refer to Fig.  11.2   Refer to Fig.  11.3  
 Membrane with 
cutoff 

 <50 kDa  <250 kDa  <50 kDa 

 Adsorbents  No adsorbent  Neutral resin Anion 
exchanger 

 Uncoated activated 
charcoal Anion 
exchanger 

 Albumin dialysate 
(concentration) 

 Commercial HSA 
without precleaning 
(4.4 %) 

 No albumin dialysate  Commercial HSA with 
precleaning (20 %) 

 Extracorporeal blood 
volume 

 Small amount of 
extracorporeal blood 
volume 

 Large amount of 
extracorporeal blood 
volume 

 Small amount of 
extracorporeal blood 
volume 

  Modifi ed from Mitzner et al. ( 2006 )  
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11.2.2        Fractionated Plasma Separation and Adsorption 
(FPSA): Prometheus® 

 The FPSA (Prometheus ® , Fresenius Medical Care Allgemeine Gesellschaft, Bad 
Homburg, Germany) system was introduced by Falkenhagen in 1999, for the 
removal of both albumin-bound and water-soluble toxins (Falkenhagen et al.  1999 ) 
(Fig.  11.2 ). All toxin molecules with sizes that are equal to or lower than albumin 
are fi rst separated from the blood by a capillary dialyser (AlbuFlow ® , Fresenius 
Medical Care AG, Bad Homburg, Germany) made of polysulfone hollow fi bers with 
a size-selection threshold of 250 kDa which is permeable to both albumin and albu-
min-bound substances. After passage through the AlbuFlow ® , the patient’s blood is 
dialyzed through a high-fl ux dialyser (FX50), to eliminate water-soluble toxins. The 
albumin fi ltrate is then perfused through a column containing a neutral resin (pro-
meth01) and a second column containing an anion-exchange resin adsorber (pro-
meth02). All of the bound or unbound toxin molecules are captured by direct contact 
with the high-affi nity adsorbing material, thereby purifying the endogenous albu-
min in the albumin fi ltrate. The purifi ed endogenous albumin is then returned to the 
patient. In some cases, it is necessary to perform an infusion of an albumin solution 
to make up for albumin that is lost after the Prometheus treatment (Rifai et al.  2003 ).

11.2.3        Molecular Adsorbent Recirculating System (MARS®) 

 The MARS ®  (Gambro, Stockholm, Sweden) system, based on the principles of 
dialysis, fi ltration, and adsorption, was developed by Stange and Mitzner in 1993 
and was applied for the fi rst time in humans in 1996 (Stange et al.  1993 ) (Fig.  11.3 ). 

Albumin
Dialysate Waste

Dialyzer

  Fig. 11.1    Schematic confi guration of the SPAD system       
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FX50

Bicarbonate
Dialysate

A1

Albuflow

A2

  Fig. 11.2    Schematic confi guration of the Prometheus ®  system (Fresenius, Germany).  A1  pro-
meth01,  A2  prometh02       
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  Fig. 11.3    Schematic confi guration of the MARS ®  (Gambro, Germany)       
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MARS ®  does not require a plasma separation step or direct plasma perfusion over a 
sorbent. The patient’s blood is passed through a hollow-fi ber dialysis module where 
it is dialyzed across an albumin impregnated polysulfone membrane (MARS Flux 
dialyzer; membrane thickness: 100 nm; pore size: 50 kDa, surface area: 2.1 m 2 ), 
against an albumin-rich dialysate (600 ml of a 20 % human albumin solution). This 
enables water-soluble and protein-bound toxins, such as ammonia, bilirubin, bile 
acids, medium- and short-chain fatty acids, creatine, and urea, to be removed 
(Mitzner et al.  2001 ). The albumin-coated membrane transiently absorbs and holds 
the toxins upon making contact with the membrane, and the toxins are then released 
to the other side of the membrane by virtue of a concentration gradient where the 
toxins are retained as the result of dialysis against the albumin-containing dialysate. 
The toxin-enriched albumin dialysate is then passed through another dialyzer coun-
tercurrent to a standard buffered dialysis solution to remove water- soluble toxins by 
diffusion. Meanwhile, the protein-bound toxins are removed from the albumin by 
passing the albumin dialysate through two columns: an anion-exchanger column 
and an uncoated charcoal column to regenerate purifi ed albumin in the dialysate for 
the further removal of toxins from the blood.

11.3         Recombinant HSA Domains 

 The intracorporeal blood detoxifi cation methods that are in common use include 
forced diuresis, gastrointestinal adsorption, device-assisted or monitoring large 
intestinal purifi cation, peritoneal dialysis, and intestinal lavage. Like the extracor-
poreal blood detoxifi cation methods, most, if not all of the detoxifi cation proce-
dures, require that the patients be immobilized on a bed with the detoxifying 
equipment attached for a certain length of time. Thus, both intra- and extracorporeal 
blood detoxifi cation methods are not without their problems. 

 In particular, the removal of highly protein-bound uremic toxins remains an 
issue. Furthermore, a lack of a convenient, fl exible, and quick blood detoxifi cation 
method for the immediate relief of acute intoxication symptoms warrants further 
development of a novel or improved blood detoxifi cation method. In this regard, it 
would be logical to explore the use of a molecularly modifi ed form of albumin for 
the production of a more robust biomaterial that could satisfy the various needs of 
the blood detoxifi cation treatment procedures. One logical approach would be to 
increase the effi ciency of the molecule in terms of capturing toxins, as well as the 
dialyzable volume via the use of a compacted albumin matrix in the cleansing col-
umn or dialysate. This concept could be achieved by developing a binding protein 
with a smaller size than albumin that would occupy a smaller volume in the 
column. 

 HSA is a heart-shaped protein comprised of three homologous domains, each of 
which is further divided into two subdomains A and B (Curry et al.  1998 ). The heli-
cal pattern is similar for all three domains (Fig.  11.4 ). In addition to a high level of 
structural similarity among these three domains, the physicochemical properties of 
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each domain are infl uenced by the presence of different reactive amino acids that 
are unique to each domain (Peters  1996 ). Hence, identifi cation and production of 
the albumin domains that bind toxins could be explored for use as a detoxifying 
matrix.

11.3.1       Recombinant Production of Albumin Domains 

 The  in vitro  expression of albumin can be traced back to the early 1980s when 
attempts were made to achieve this in rat hepatoma cells (Cassio et al.  1981 ). 
Okabayashi et al. reported the secretary expression of HSA gene in yeast, 
 Saccharomyces cerevisiae  (Okabayashi et al.  1991 ). Shani et al. reported on the 
expression of HSA in milk of transgenic mice (Shani et al.  1992 ), while Fleer et al. 
expressed HSA using  Kluyveromyces  yeasts (Fleer et al.  1991 ). To date,  Pichia 
pastoris  is a popular yeast expression system for expressing HSA or for conducting 
site-directed mutagenesis for HSA studies (Kobayashi et al.  1998 ; Ohtani et al. 
 1997 ,  1998a ,  b ; Ikegaya et al.  1997 ; Watanabe et al.  2001 ; Chuang and Otagiri 
 2007 ). For recombinant albumin domain production, domains I and III were reported 
to have been successfully expressed and secreted in  Saccharomyces cerevisiae  
(Kjeldsen et al.  1998 ) and  Escherichia coli  (Mao et al.  2000 ) expression systems. 
However, neither of these expression systems were able to produce domain II satis-
factorily. In contrast, the expression of all three human albumin domains was suc-
cessfully accomplished using  Pichia pastoris  (Dockal et al.  1999 ; Matsushita et al. 
 2004 ; Park et al.  1999 ).  

11.3.2     Structural Properties of Albumin Domains 

 HSA has a high α-helical content (~67 %), no β-sheet, 10 % β-turn, 23 % extended 
chain and an unusually large number of 17 disulfi de bonds in total (Peters  1996 ). It 
is anticipated that all three individual albumin domains would have undergone a 

  Fig. 11.4    Three HSA domains, namely, Domains  I ,  II , and  III , prepared with RASMOL using pdb 
fi le 1E7E. Each highlighted domain is depicted in a cartoon representation and colored in the 
default domain mode, while the others are depicted in  wireframe  representation and colored in 
 monochrome        
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certain degree of structural change in comparison to HSA, as evidenced by studies 
conducted by Matsushita et al. ( 2004 ) and Dockal et al. ( 1999 ). In general, all stand- 
alone domains showed a decrease in alpha-helix content (to less than 66 %), an 
increase in beta-sheet content (to more than 6 %) except for domain III (0 %), a 
decrease in coil content (to less than 26 %) except for domain III (37 %), and an 
increase in turn content for all domains (more than 2 %) (Dockal et al.  1999 ). It is 
interesting to note that the ellipticities, calculated by combining three of the domain 
signals, approached that of a wild-type HSA (Matsushita et al.  2004 ). The structural 
changes of the domains as a consequence of genetic truncation or chemical cleavage 
can affect the physicochemical as well as functional properties of each of the 
domains, since the fl exibility of each domain would be expected to increase. 

 Domain I of HSA comprises the amino acid sequence starting from 1 to 197. 
Domain I undergoes a structural rearrangement with only minor changes in its sec-
ondary structure as the pH is reduced to between pH 5.0 and 3.5 of the N-F transi-
tion. At the pH 7.0 and 9.0 region of the N-B transition of the HSA, domain I 
undergoes a tertiary structural isomerization (Peters  1996 ; Dockal et al.  2000a ). In 
a functional analysis of the domain I protein expressed using a yeast system, 
Matsushita et al. reported the existence of weak esterase-like as well as enolase-like 
activity in domain I. Domain I has also been shown to exhibit antioxidant activity 
comparable to that of rHSA in the same study (Matsushita et al.  2004 ). 

 In the N-F transition (pH 5.0–3.5), domain II transforms to a molten globule-like 
state as the pH is reduced, but in the pH region of the N-B transition (pH 7.0–9.0), 
domain II experiences a tertiary structural isomerization (Dockal et al.  2000a ). 
Domain II has enolase-like activity in a pH 9.2 carbonate buffer and a low activity 
in a pH 7.4 phosphate buffer, but esterase-like activity has not been detected 
(Matsushita et al.  2004 ). 

 The loosening of the HSA structure in the N-F transition takes place primarily in 
domain III; in contrast, no alterations in tertiary structure are observed in the pH 
region of the N-B transition of HSA (Dockal et al.  2000a ). Independent domain III 
was found to have retained about 45 % of its esterase-like activity, in addition to 
showing a low enolase-like activity in a pH 7.4 phosphate buffer (Matsushita et al. 
 2004 ).  

11.3.3     Ligand-Binding Properties of Albumin Domains 

 Domain I contains a cysteine residue with a free thiol unit at 34 that can interact 
covalently with a number of drugs such as bucillamine and ethacrynic acid (Narazaki 
et al.  1996 ; Narazaki and Otagiri  1997 ; Bertucci et al.  1998 ). In addition, Cys34 
may account for more than 40 % of the total antioxidant effect of HSA in vivo 
(Anraku et al.  2011 ). S-Nitrosylation of Cys34 has been shown to provide a cyto-
protective effect on liver cells in a rat ischemia/reperfusion model (Ishima et al. 
 2008 ). HSA is known to have a metal-binding site for copper at the N-terminal 
involving His3 (Dixon and Sarkar  1972 ). Shearer et al. reported an analogous 
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copper- binding site (Asp-Thr-His) with peptide 1–24 of bovine serum albumin 
(Shearer et al.  1967 ). Although no study has been carried out using a single domain 
to evaluate the binding of copper thus far, a metal-binding site is still predicted to 
exist on the single domain protein, since it involves the N-terminal sequence of the 
protein (Fig.  11.5 ).

   Hemin and long-chain fatty acids were found to bind subdomain IB of HSA 
(Zunszain et al.  2003 ). This hemin-binding cavity in subdomain IB appears to be 
preserved when domain I is a stand-alone protein (Dockal et al.  1999 ; Monzani 
et al.  2002 ). 4Z,15Z-bilirubin-IXalpha bilirubin is an insoluble yellow-orange pig-
ment derived from the catabolism of heme. Although the binding region for 4Z,15Z- 
bilirubin- IXalpha bilirubin was proposed to be located in subdomain IIA (Sudlow 
site I), the more soluble and excretable isomer, 4Z,15E-bilirubin-IXalpha isomer, 
binds to an L-shaped pocket in subdomain IB (Zunszain et al.  2008 ) (Fig.  11.6 ).

   One molecule of a long-chain fatty acid was found to bind at subdomain 1B, 
while another binds at the interface of subdomains IA–IIA of HSA (Curry et al. 
 1998 ,  1999 ) (Fig.  11.7 ). However, a fatty acid-binding site at the interface of subdo-
mains IA–IIA may not exist on the independent domain I protein.

   Domain II, a major drug-binding site (Sudlow site I), contains the only trypto-
phan residue of HSA and spans from residue 189 to residue 385. From studies 
conducted by Dockal et al. and Matsushita et al., it appears that the binding of 
ligands to site I of domain II was somehow compromised (Dockal et al.  1999 , 
 2000b ). Negligible binding of warfarin and DNSA (normally bound at subbinding 
regions Ia and Ic of site I, respectively) was found to domain II, but the domain 
retains a considerable portion of subregion Ic (n-butyl p-AB) ligand-binding prop-
erty (9.4 % compared with 14.4 % of rHSA). The other two domains I and III showed 
comparatively low and insignifi cant binding percentages to all of these three site I 
binding subregion probes (Matsushita et al.  2004 ). This confi rms the importance of 
domain I on the binding of site I ligands to HSA, since Tyr150 from subdomain IB 
has been shown to play a role in the binding of site I ligands such as warfarin in 
drug-HSA complex crystal structures (Petitpas et al.  2001 ; Ghuman et al.  2005 ) 
(Fig.  11.8 ).

  Fig. 11.5    Domain I 
showing the reactive amino 
acid residues prepared with 
RASMOL using pdb fi le 
1E7E       
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   In addition to drugs, HSA is a major transporter of endogenous hydrophobic 
substances such as fatty acids, thyroxine, uremic toxin CMPF, and bilirubin. Two 
myristate molecules can bind at the interfaces of subdomains IA–IIA and IIB–
IIIA. The drug-binding site at subdomain IIA is considered to be an insignifi cant 
binding site for fatty acids (Fig.  11.9 ).

   Petitpas et al. (based on crystal analyses) reported four binding sites for thyrox-
ine that were distributed in subdomains IIA, IIIA, and IIIB (Fig.  11.10a ). In addi-
tion, the mutation of residue R218 (R218H and R218P) within subdomain IIA 
greatly enhanced the affi nity for thyroxine. A fatty acid was shown to replace thy-
roxine at all four sites and induced conformational changes that created a fi fth 
hormone- binding site in the cleft between domains I and III, at least 9 Å from R218 
(Petitpas et al.  2003 ). On the other hand, Park et al. produced an HSA fragment that 
was comprised of subdomains IA, IB, and IIA (amino acids 1–297) which had an 
affi nity for thyroxine and several thyroxine analogs similar to that observed for 

  Fig. 11.6    ( a ) Binding conformation of heme in the presence of myristates at subdomain 1B of 
HSA. ( b ) Binding conformation of 4Z,15E-bilirubin-IXalpha at subdomain IB of HSA. Both 
structures were prepared with RASMOL using pdb fi le 1N5U(A) and 2VUE(B)       

  Fig. 11.7    Binding conformation of two myristate molecules at the interface of subdomains IA–
IIA and subdomain 1B of HSA prepared with RASMOL using pdb fi le 1BJ5       
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wild-type HSA (Park et al.  1999 ). The protein-bound uremic toxin, CMPF, was also 
found to bind to subdomain IIA (Fig.  11.10b ).

   Domain III spans from residues 381 to the last residue 585 and contains a bind-
ing pocket at subdomain IIIA (Sudlow site II) to which a number of drugs bind with 
high affi nity. In contrast to domain II, domain III appears to have retained a good 
level of binding to site II ligands. Dockal et al. reported that, in independent domain 
III, the diazepam-binding site is preserved, in the absence of the other two domains 
(Dockal et al.  1999 ) (Fig.  11.11 ). This fi nding is in agreement with the fi ndings 
reported by Matsushita et al. where the percentage of binding for ketoprofen was 
64 % (80 % for rHSA) and 39 % for DNSS (62 % for rHSA), while the binding per-

  Fig. 11.8    HSA-DOM II, 189–385 prepared with RASMOL using pdb fi le       

  Fig. 11.9    ( a ) Binding conformation of warfarin at Sudlow drug-binding site I in the presence of 
myristates. ( b ) Back view of the same structure prepared with RASMOL using pdb fi le 2BXD       
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centage of these two ligands to the other two domains was insignifi cant (Matsushita 
et al.  2004 ). Liu et al. expressed the wild-type HSA domain III and a site-directed 
mutant of domain III (Y411W) in a yeast expression system. Both domain proteins 
retained their secondary structures and anesthetic-binding characteristics of an 
intact HSA molecule, but with fewer binding sites. The Y411W mutant domain III 
had a decreased binding affi nity for propofol but not for 2-bromo-2-chloro-1,1,1- 
trifl uoroethane (Liu et al.  2005 ).

11.3.4        Pharmacokinetics of Albumin Domains 

 Matsushita et al. genetically expressed each domain of HSA in  Pichia pastoris  and 
evaluated its total clearance as well as renal and hepatic uptake clearance in mice 
(Matsushita et al.  2004 ). All three domains exhibited a high level of renal clearance 
compared to rHSA, with about a 50-fold difference in total clearance between rHSA 
and the domains, but no signifi cant difference among the three domains (rHSA; 

  Fig. 11.10    ( a ) Binding conformation of thyroxine at the two major drug-binding sites as well as 
subdomain 1IIB of HSA. ( b ) Binding conformation of CMPF at the two major drug-binding sites 
of HSA. Both structures were prepared with RASMOL using pdb fi le 1HK1 (A) and 2BXA (B)       

  Fig. 11.11    HSA-DOM III, 381–585 prepared with RASMOL using pdb fi le       

 

 

V.T.G. Chuang et al.



221

3.65 ± 0.78 μl/min, domain I; 178.35 ± 9.72 μl/min, domain II; 181.37 ± 12.12 μl/
min, domain III; 184.80 ± 15.21 μl/min) was found. 

 Domain I showed a slightly lower renal clearance than the other two domains 
(rHSA; 0.28 ± 0.10 μl/min, domain I; 147.33 ± 10.57 μl/min, domain II; 
173.38 ± 12.35 μl/min, domain III; 171.14 ± 5.63 μl/min). Interestingly, domain III 
showed about a fourfold higher liver clearance than the other two domains (rHSA; 
0.69 ± 0.21 μl/min, domain I; 5.12 ± 0.98 μl/min, domain II; 5.20 ± 2.52 μl/min, 
domain III; 19.09 ± 4.16 μl/min). 

 The results reported by Matsushita et al. were in agreement with the fi ndings 
reported by Sheffi eld et al. where N-linked glycosylation and the truncation of rab-
bit albumin led to the shortening of the plasma half-lives of the proteins. The mean 
catabolic half-life was reduced to 2.87 days for the D494N glycosylated variant and 
to less than 0.071 days for all domains. These domains were found in the urine in 
tissue distribution experiments, suggesting a renal route of clearance. This indicates 
all three internally repeated albumin domains are required to maintain the slow 
in vivo clearance profi le of albumin (Sheffi eld et al.  2000 ).   

11.4     Potential Clinical Use of Domains 

 Bilirubin encephalopathy (kernicterus) is caused by very high levels of bilirubin, 
especially in the fi rst few weeks of life in newborns (Allen et al.  2009 ). 
Hyperbilirubinemia may be due to the underdevelopment of the liver in newborns 
and especially in premature infants, in whom this organ is not able to convert 4 Z , 
15 Z -BR to water-soluble forms, eg 4 Z ,15 E -BR, that can be excreted into the bile. 
Bilirubin-albumin binding has been reported to be an important parameter in the 
evaluation of jaundiced newborns (Ahlfors and Wennberg  2004 ). A 5 % albumin 
infusion prior to exchange transfusion was found to signifi cantly reduce post- 
exchange bilirubin levels and the phototherapy requirement (Mitra et al.  2011 ). The 
major preventative treatment for 4 Z , 15 Z -BR-induced encephalopathy is photother-
apy, during which 4 Z  is converted to 15 Z -BR, which primarily binds to its high- 
affi nity HSA-binding site, into more soluble nontoxic structural isomers that are 
more easily eliminated from the circulatory system. The rate of formation of iso-
mers and the isomeric composition of the reaction products were shown to be highly 
dependent on the conformation and electronic environment of 4 Z , 15 Z -BR bound to 
HSA (Khan et al.  2000 ). Onishi et al. reported that, as the serum bilirubin concen-
tration increases to high and potentially dangerous levels, HSA helps to promote its 
photocyclization. During irradiation, HSA appears to act by retaining low, useful, 
concentrations of bilirubin while facilitating the irreversible photoisomerization of 
excess bilirubin (Onishi et al.  1989 ). 

 Tsutsumi et al. reported that the primary binding site for CMPF (Fig.  11.10b ) and 
bilirubin was located at subdomain IIA (Tsutsumi et al.  1999 ). A site-directed muta-
genesis study of HSA by Petersen et al. suggested the existence of a dynamic, 
unusually fl exible high-affi nity binding site for bilirubin on HSA (Petersen et al. 
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 2000 ). We previously reported that both Lys195 and Lys199 in subdomain IIA of 
human serum albumin are important for the high-affi nity binding of 4Z, 
15Z-bilirubin-IXα (Minomo et al.  2011 ,  2013 ). Further screening of mutants that 
exhibit higher bilirubin binding affi nity with phage display identifi ed one such 
pan3_3-13 domain II mutant that has an increased binding affi nity for bilirubin, but 
also increased urinary excretion in disease model mice as compared to treatment 
with the wild-type domain II. These results suggest that pan3_3-13 has great poten-
tial as a therapeutic agent that can be administered intravenously to promote urinary 
BR excretion in hyperbilirubinemia. This also indicates that an albumin domain II 
mutant could be more useful than human serum albumin in albumin dialysis as a 
matrix for the dialysis column or imprinting onto a membrane to remove toxins, 
including bilirubin, from blood to improve the effi ciency of toxin removal.  

11.5     Conclusion 

 Similar development approaches could be implemented on the other two albumin 
domains. For example, domain I, which is known to bind copper, could be devel-
oped further as a therapeutic agent for treating Wilson’s disease. Further clinical and 
basic studies of the production of different albumin domain mutants including 
dimerization of albumin or albumin domains are expected to be of great use in the 
development of improved intra- as well as extracorporeal blood detoxifi cation 
devices and benefi cial treatment to prevent disease progression or alleviate toxicity 
symptoms for patients with liver or renal failure.     
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