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Non-covalent albumin-binding ligands for
extending the circulating half-life of small
biotherapeutics
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Peptides and small protein scaffolds are gaining increasing interest as therapeutics. Similarly to full-length

antibodies, they can bind a target with a high binding affinity and specificity while remaining small enough

to diffuse into tissues. However, despite their numerous advantages, small biotherapeutics often suffer from

a relatively short circulating half-life, thus requiring frequent applications that ultimately restrict their ease

of use and user compliance. To overcome this limitation, a large variety of half-life extension strategies

have been developed in the last decades. Linkage to ligands that non-covalently bind to albumin, the most

abundant serum protein with a circulating half-life of ∼19 days in humans, represents one of the most suc-

cessful approaches for the generation of long-lasting biotherapeutics with improved pharmacokinetic

properties and superior efficacy in the clinic.

1. Introduction

Peptides and small protein scaffolds have numerous potential
benefits as biotherapeutics, including a high binding affinity,
exquisite target specificity, low toxicity, and a relatively small
size (<50 kDa) that enables them to diffuse into otherwise in-
accessible spaces.1–3 However, their direct application as
drugs is often hampered by their rapid renal clearance that
results in a short systemic half-life. Though there are some
peptide drugs that do not need half-life extenders as they ex-
ert their desired pharmacological effect at the administration
site (e.g. toxin-derived peptide drugs),4 most peptides that
have the potential to function as critical therapeutics are not
available in the body long enough to be effective.1–3 Thus,
maintaining effective concentrations requires high dosages
and frequent injections, affecting patient compliance.5 In the
last decades, a diverse set of strategies has been developed to
prolong the half-lives of peptides and small proteins from mi-
nutes to several hours or even days. These approaches include
conjugation to synthetic and natural polymers and direct link-
age to genetically encoded, unstructured polypeptides and
long-lived serum proteins.5,6 Additionally, non-covalent bind-
ing to these long-lived endogenous proteins, such as serum
albumin,7–9 immunoglobulin (IgG),10–16 neonatal Fc receptor

(FcRn),17–19 transthyretin,20 transferrin and its receptor,21–23

can enhance the pharmacokinetic properties of small bio-
therapeutics. In this approach, peptides and small proteins
are directly connected to high-affinity binding moieties that
non-covalently tether them to the serum proteins after injec-
tion, thus impairing their renal filtration. The affinity of the
reversible ligands determines the percentage of free and
bound bioactive molecule and balances the fraction available
at the target site, which is irrelevant if the target is in the
plasma where it can be acted upon by free or bound therapeu-
tic. While most of these strategies have been thoroughly de-
scribed elsewhere,5,6 this review focuses exclusively on ligands
that bind non-covalently to serum albumin. The intrinsic ca-
pability of albumin to act as a non-covalent “taxi” for a pleth-
ora of exogenous and endogenous molecules has enabled the
development of small biotherapeutics with an extended half-
life and superior efficacy in the clinic.8,9

2. Albumin as carrier

Albumin is the most abundant protein in plasma, with an av-
erage plasma concentration of ∼40 g L−1 (600 μM), and it
possesses remarkable solubility and stability.8,24 It is a non-
glycosylated, single-chain polypeptide comprising 585 amino
acids in its mature form for a molecular weight of 66.5 kDa.
The amino acid composition is characterized by a high per-
centage of ionic amino acids, with 83 and 98 positively and
negatively charged residues, respectively.24 The resulting neg-
ative net charge highly increases the solubility of albumin in
aqueous solution. The protein also contains 17 disulfide brid-
ges that contribute to its stability and a single odd cysteine

1068 | Med. Chem. Commun., 2019, 10, 1068–1081 This journal is © The Royal Society of Chemistry 2019

a Institute of Chemical Sciences and Engineering, School of Basic Sciences,

Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne CH-1015,

Switzerland
bDepartment of Molecular Sciences and Nanosystems, Ca' Foscari University of

Venice, Via Torino 155, Venezia Mestre 30172, Italy
c European Centre for Living Technologies (ECLT), San Marco 2940, Venice 30124,

Italy. E-mail: alessandro.angelini@unive.it

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

7/
22

/2
01

9 
2:

16
:2

6 
PM

. 

View Article Online
View Journal  | View Issue



Med. Chem. Commun., 2019, 10, 1068–1081 | 1069This journal is © The Royal Society of Chemistry 2019

residue in position 34, which alone makes up 80% of the free
thiols in plasma.7,24 The secondary structure of albumin is
composed of 67% α-helix and no β-sheet elements, and the
tertiary structure forms a monomer with a globular heart-
shape for dimensions of 80 × 80 × 30 Å and a hydrodynamic
diameter of approximately 5 nm.9,24 The protein has three
homologous domains, named I, II and III, with similar
amino acid sequences and structures (Fig. 1).25 Despite these
similarities, each domain has its own unique interactions
with the others, and the relative orientations create an asym-
metrical module with several different ligand-binding sites
distributed throughout its tertiary structure. Each domain
contains two subdomains, denoted A and B, with four and
six α-helices, respectively.25 The overall structure is extremely
stable over a wide pH range from 4.0 to 9.0, though its fold
and shape can undergo a number of structural changes in re-
sponse to changes in pH.26

The plasma concentration of albumin is the result of a so-
phisticated equilibrium among different synthesis, degrada-
tion, and distribution mechanisms in the body.7,24 About 10–
15 grams of albumin are produced in the liver per day. A
healthy person of 70 kilograms has approximately 360 grams
of albumin, one third of which is located in the plasma, with
the remaining amount found in the extravascular compart-
ment.8,9 Several tissues catabolize an amount of albumin
daily that is comparable to the produced amount, and this
leaves a maximum circulatory half-life of 19 days in
humans.8,24 This long half-life is mainly related to its struc-
tural properties and its ability to bind FcRn.27 Renal elimina-
tion is mostly limited by the molecular weight and net nega-
tive charge, while the pH-dependent recycling process
mediated by the FcRn avoids intracellular lysosomal degrada-
tion. Mutagenesis and co-crystallization studies have revealed
that the binding site for FcRn on albumin is localized on do-
main III and that it does not overlap with the receptor's IgG
binding site.27 Notably, the FcRn is also involved in the res-
cue of albumin from glomerular filtration.27 In addition to
FcRn, albumin interacts with other cell-surface receptors that
are also responsible for its recycling, degradation, and intra-
cellular transport.8,28 All of these receptors, along with its hy-

drodynamic radius, overall negative charge, and high concen-
tration, ultimately contribute to albumin homeostasis and its
long half-life in humans, allowing it to take part in numerous
and important physiological activities. These include the
maintenance of the oncotic pressure and plasma pH levels as
well as the binding, transport, and distribution of a large va-
riety of ligands.8,24 Both covalent and non-covalent binding
to albumin are widely exploited, making it a suitable carrier
for several different therapeutics. In particular, the capacity
of albumin to extravasate from the bloodstream to reach the
lymphatic system and accumulate in cancerous or inflamed
areas has aroused a strong clinical interest in using it as a
platform to extend the half-life of therapeutic peptides and
small proteins.8,9

3. Albumin-binding small organic
compounds

Serum albumin can intrinsically bind a large diversity of
small endogenous and exogenous organic molecules,
shielding their hydrophobic character and strongly increasing
their solubility in plasma.8,24 In particular, albumin acts as
the key lipid delivery vehicle for the tissues, binding up to
seven molecules of long fatty acids simultaneously (Fig. 1).29

Two sites for binding medium-chain fatty acids have also
been identified, yielding a total of nine distinct fatty acid
binding locations distributed throughout its tertiary struc-
ture.30 Short- to medium-length fatty acids (6 to 12 carbons)
bind albumin with affinities between 0.5 and 60 μM, while
the longest ones (14 to 18 carbons) have 10-fold higher affini-
ties (below 50 nM).31,32 The ability of serum albumin to bind
long fatty acids with a high affinity inspired the use of post-
translational acylation as a safe and natural platform for
prolonging the half-life and the mode of action of peptides
and small proteins.5,6 Currently, fatty acids and derivatives
represent the only successful example of non-covalent albu-
min-binding ligands that has led to the development of four
approved drugs from Novo Nordisk: insulin detemir
(Levemir®), insulin degludec (Tresiba®), liraglutide (Victoza®
and Saxenda®), and semaglutide (Ozempic®), used for the
treatment of diabetes mellitus (type 1 and 2) and/or obe-
sity.6,33 The properties and applications of lipid tails for
extending the circulating half-life of small biotherapeutics
has been extensively described elsewhere6,33 and it will not
be further discussed here.

In addition to fatty acids, serum albumin can bind numer-
ous other small organic compounds by exploiting two major
structurally dissimilar binding sites, known as Sudlow sites I
and II (Fig. 1).34,35 Site I comprises a central zone from which
three distinct compartments extend, while site II is smaller
and consists of a single narrow cleft.35 Site I, also known as
the warfarin–azapropazone binding site, usually accommo-
dates dicarboxylic acids and/or bulky heterocycles carrying a
central negative charge, whereas site II, also known as the
benzodiazepine binding site, can discriminate ligands based
on their size and stereoselectivity. Generally, aromatic

Fig. 1 Crystal structure of human serum albumin. The crystal
structure of human serum albumin (PDB code 1AO6) representing the
domains, subdomains, fatty acids and Sudlow's binding sites. The
subdomains of albumin are shown in dark blue (IA), light blue (IB), dark
green (IIA), olive (IIB), orange (IIIA) and dark red (IIIB). Legend: FA =
fatty acid binding site.
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carboxylic acids with a peripheric negative charge, that is dis-
tantly located from the hydrophobic center, lodge in this
site.34,35 Because of their ability to non-covalently bind serum
albumin, several organic moieties that are structurally similar
to exogenous drugs (e.g. warfarin, ibuprofen and diazepam)
and dye molecules (e.g. Evans blue) have also been used. For
example, scientists at Genentech coupled several organic
compounds, based on sulfonamide or phosphate ester moie-
ties, to a peptide inhibitor of the coagulation factor VIIa
(fVIIa).36,37 Koehler et al. identified novel albumin-binding af-
finity tags by screening a focused library of compounds
appended to a model tetrapeptide and evaluated the resulting
compounds' ability to bind to serum albumin immobilized
on a column.36 The most promising hit, a naphthalene acyl
sulfonamide tag (Fig. 2a), was coupled to a peptide with a po-
tent affinity for fVIIa, and its activity was assessed in vitro
and in vivo. The tagged peptide showed comparable affinities
for fVIIa in the presence of human serum albumin, and when
administered to rabbits, it exhibited a 4-fold increased
plasma half-life compared to the peptide alone (Table 1).36

Similarly, Zoebel et al. envisioned identifying novel albumin-
binding affinity tags by screening a focused library of phos-
phate esters,37 mainly due to the fact that the diphenylcyclo-
hexanol phosphate ester moiety (Fig. 2b) of the FDA-
approved contrast agent Gadofosveset trisodium (trade name
Vasovist, Ablavar) bound to site II of albumin.38 The best con-
jugate retained its affinity for fVIIa and had a half-life 7-fold
longer than the peptide tagged with naphthalene acyl sulfon-
amide moiety and 53-fold longer than the unmodified pep-
tide in rabbits (Table 1).37

The 9-fluorenylmethoxycarbonyl (Fmoc) organic moiety
(Fig. 2c) associates with multiple albumin species with affini-
ties of around 20 μM. Importantly, the speed of hydrolysis of
Fmoc is significantly reduced (t1/2 ∼ 24 h) when incubated at
37 °C in aqueous buffer (pH 7.4) in the presence of a low
concentration of serum albumin.39 Fridkin and co-workers
exploited these properties to generate Fmoc derivatives
(named FMS) that could react with the amino groups of ther-
apeutic peptides and proteins, converting them into inactive
pro-drugs with desirable pharmacokinetic properties that

Fig. 2 Chemical structures of albumin-binding small organic compounds. a) naphthalene acyl sulfonamide moiety; b) diphenylcyclohexanol phos-
phate ester moiety; c) 9-fluorenylmethoxycarbonyl (Fmoc) moiety; d) Fmoc derivative linked to a 16-sulfanylhexadecanoic acid through a
maleimide group; e) dicoumarol derivative with a maleimide group; f) Evans blue derivative with a maleimide group; g) divalent diflunisal-
indomethacin moiety linked through a γGlu-Lys dipeptide coupled to a unit of 8-amino-3,6-dioxaoctanoic acid (O2Oc); h) lithocholic acid coupled
to a γGlu linker; i) 6-(4-(4-iodophenyl)butanamido)hexanoate coupled to carboxyfluorescein through a D-Lys; j) A083/B134 and k) A099/B344.
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could reactivate in body fluids. An insulin derivative (FMS3-
insulin) in which three FMS moieties were linked to three
amine functional groups (Gly1 of chain A, Phe1 and Lys29 of
chain B) recovered full biological potency only after four days
of incubation in normal human serum at pH 7.4 and 37 °C.
A single administration of this FMS3-insulin to streptozocin
(STZ)-treated rats lowered circulating glucose levels for a
prolonged period of 45 h.39 Afterwards, Sasson et al. devel-
oped an optimal reversible heterobifunctional agent that in-
cluded a hydrolysable FMS derivative linked to a 16-
sulfanylhexadecanoic acid with a higher affinity for albumin
(Fig. 2d). An insulin derivative conjugated to this novel probe
showed a half-life in rats exceeding more than five times that
obtained for insulin alone (Table 1). When tested in mice, this
derivative lowered glucose levels for a period of over 24 h.40

Han et al. has shown that conjugation of the small mole-
cule dicoumarol (Fig. 2e), a former exogenous anticoagulant
drug currently replaced by warfarin, to glucagon-like peptide-
1 (GLP-1), an endogenous peptide hormone involved in the
control of blood-glucose levels, resulted in an improved
in vivo half-life in rats, which was approximately 2- and 7-fold
greater than the long-acting GLP-1 analogs liraglutide and
exendin-4, respectively (Table 1).41 Importantly, the
dicoumarol-GLP-1 conjugate retained receptor activation effi-
cacy, exhibited improved albumin affinity and plasma stabil-
ity, and had prolonged in vivo antidiabetic effects.41

Evans blue (EB) is an azo dye that binds to site I of se-
rum albumin with low micromolar affinity (2.5 μM) and

has a long half-life in the blood.35 Because of its ability to
bind albumin, EB has been used clinically for many years
to estimate patient blood plasma volume and extravascular
protein leakage. Over the last few years, a series of func-
tionalized EB derivatives have been developed as diagnostic
MRI and PET imaging tracers for detecting lymph nodes
and identifying tumor lesions.42 Recently, novel chemical
entities based on the structure of EB have been designed
to extend the half-life of therapeutic peptides.43 Conjuga-
tion of a truncated EB moiety (Fig. 2f) to the peptide
exendin-4 (denoted as Abextide) showed prolonged drug re-
lease and an enhanced hypoglycemic effect in a mouse
model of type 2 diabetes.43 Abextide had a 7-fold extended
half-life and sustained normal glycemia levels four times
longer than the native exendin-4 (Table 1). An improved
form, named Abextide II, displayed an even higher stability
in both solution and powder form.44 Recently, Zhu et al.
showed that co-delivery of CpG adjuvant and peptide anti-
gens conjugated to an EB derivative (denoted as AlbiVax) to
lymph nodes induced potent and durable T-cell responses
in mice. AlbiVax in combination with an immune check-
point inhibitor significantly reduced the progression of
multiple established tumors.45

In an elegant study, Jensen and co-workers investigated di-
valent small-molecule albumin binders as an approach for
improving peptide pharmacokinetics.46 Toward this goal,
they performed a proof-of-principle study using GLP-1 ana-
logues conjugated to either or both of the nonsteroidal anti-

Table 1 Albumin-binding small organic compounds

Cargo Albumin-binding
molecule

Conjugate

Factor Ref.Type τ1/2 Affinity τ1/2

fVIIa
inhibitor†

7.6 min (i.v.)a Naphthalene
acylsulfonamide

n.a. 30 min
(i.v.)a

4a 36

4.2 min (i.v.)a Diphenylcyclohexanol
phosphate ester

n.a. 222 min
(i.v.)a

53a 37

Insulin† 3.3 h (i.v.)b Fmoc derivative with
a 16-sulfanyl
hexadecanoic acid

3.9c μM* 17 h
(i.v.)b

5b 40

Exendin-4† 2.8 h (s.c.)b Dicoumarol derivative
with maleimide

n.a. 19–22 h
(s.c.)b

7–8b 41

5.2 h (s.c.)d Evans blue derivative
with maleimide

n.a. 36.3 h
(s.c.)d

7d 43

GLP-1† n.a. Diflunisal-γGlu-
LysĲ±O2Oc)-
indomethacin

n.a. 5 h
(s.c.)d

Liraglutide
4.4 h
(s.c.)d

46

scFv§ 20–30 min (i.v.)d 6-(4-(p-Iodophenyl)
butanamido)
hexanoate

3.2c, 3.6d μM 16.6 h
(i.v.)d

33–50d 52

Fluorescein‡ 4.6 min (i.v.)d 108c, 118d nM# 495 min
(i.v.)d

108d 48
330c nM$

Gd-DTPA‡ 8.6 min (i.v.)d 3.3c μM 408 min
(i.v.)d

47d

Indicated terminal half-lives (τ1/2) and related factor of improvement were measured after intravenous (i.v.) or subcutaneous (s.c.) injection for
rabbit (a), rat (b), human (c) and mouse (d) species. Indicated albumin-binding affinities were reported as published dissociation constant (Kd)
or values calculated from published association constant (Ka) (Kd = 1/Ka; marked with an asterisk, *). Binding affinities determined using fluo-
rescence polarization (FP) and isothermal titration calorimetry (ITC) are marked with a pound (#) and a dollar ($), respectively. Legend: n.a. =
not available; † = peptide; § = protein; ‡ = chemical; fVIIa = coagulation factor VIIa; Fmoc = 9-fluorenylmethoxycarbonyl; exendin-4: peptide ago-
nist of the glucagon like peptide 1 (GLP-1) receptor; GLP-1 = glucagon-like peptide 1; Lys = lysine; O2Oc = 8-amino-3,6-dioxaoctanoic acid; scFv
= single-chain variable fragment; Gd-DTPA = gadopentetic acid (gadolinium (Gd) with diethylenetriaminepentaacetic acid (DTPA)).
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inflammatory drugs diflunisal and indomethacin (Fig. 2g).46

Diflunisal binds human albumin through both drug sites I
and II with affinities of 3 μM, while indomethacin binds
mainly to drug site I with an affinity of 0.7 μM.35 Studies on
GLP-1 analogues functionalized with diflunisal, indometha-
cin, or both showed that albumin affinity was increased for
the divalent analogue as a result of an avidity effect that
arose from combining multiple ligands targeting different
sites on serum albumin. In lean mice, the divalent GLP-1 an-
alogue showed superior biological efficacy and a promising
gain in circulatory half-life comparable to that reported for
liraglutide (Table 1).46 Analogously to liraglutide, binding to
albumin both prevented fast renal clearance and also
protected the GLP-1 peptide from degradation, a process that
occurs instantaneously in mouse plasma and is mediated by
the dipeptidyl peptidase IV (DPP-IV).46

Bile acids and derivatives are examples of endogenous mol-
ecules used as albumin binders.6,47 The most promising ana-
logue, a lithocholic acid (Fig. 2h) conjugated to insulin
(NN344), showed a certain affinity for albumin, and upon in-
jection it formed subcutaneous deposits that were gradually re-
leased in the blood. When administered to pigs, NN344 con-
trolled glucose levels for more than 24 h.47 However, this
molecule, as well as other cholic acid conjugates, appears not
to have been further advanced, probably because of the low
solubility of bile acids and their weak affinities for albumin.47

Finally, albumin ligands resembling the structures of
known organic small molecules have been identified by Neri
and co-workers by screening DNA-encoded chemical
libraries.48–51 Dumelin et al. identified several albumin-
binding affinity tags all featuring a 4-phenylbutanoic acid
moiety with different hydrophobic substituents on the phenyl
ring. The best 4-(p-iodophenyl)butyric acid derivative, named
428-d-Lys-FAM (Fig. 2i), displayed a stable non-covalent inter-
action with both mouse and human serum albumin and
exhibited comparable binding affinities (Table 1). Competi-
tion experiments made using known ligands indicated that
the derivative binds to site II of albumin.48 By using a larger
DNA-encoded chemical library (>105 different compounds)
composed of structurally diverse carboxylic acid building
blocks, Franzini et al. identified several ligands capable of
binding human serum albumin with sub-nanomolar binding
affinities (A083/B134: 0.4 nM; A077/B286: 0.7 nM; A083/B321:
0.9 nM).50 Replacement of either of the building blocks by an
acetamide group drastically decreased the affinity of the com-
pounds for albumin. Particularly, the 5-bromoindole moieties
were critical for albumin binding, and their substitution
raised the binding affinities by more than 2000-fold. To the
best of our knowledge, compound A083/B134 (Fig. 2j) is the
tightest small-molecule binder for human albumin reported
so far.50 By applying parallel affinity screening of a DNA-
encoded chemical library against rat, bovine, and human se-
rum albumin, Franzini et al. identified novel small-molecules
with distinctive binding specificities for the individual albu-
mins.51 Compounds with a binding preference to one of the
proteins and ligands with an affinity to all three targets were

isolated. For each serum albumin, the authors were able to
identify a small molecule that bound with an affinity below
10 nM and exhibited at least 10-fold specificity over the other
two proteins. Interestingly, the human selective A099/B344
(5.4 nM) is structurally distinct from the previously described
small molecules binding human albumin (Fig. 2k).51

Even though numerous sub-nanomolar albumin binders
have been recently isolated from these DNA-encoded chemical
libraries, only a few 4-(p-iodophenyl)butyric acid derivatives
have been characterized in vivo.48 Pharmacokinetic analyses of
the best 4-(p-iodophenyl)butyric acid derivative, named
Albutag, revealed a long half-life in the bloodstream of up to
24 h after injection.48 Attaching Albutag to an engineered ther-
apeutic antibody fragment (scFv-F8) resulted into a >30-fold
longer half-life and higher tumor uptake in a mouse model
(Table 1).52 Although efficacious in prolonging the pharmaco-
kinetic properties of small molecules or recombinant pro-
teins,48,52 Albutag appears to have found its major success as
portable albumin-binding moiety for the delivery of contrast
agents for biomedical imaging. Conjugating Albutag to fluores-
cein derivatives used for angiographic analysis of the retina in-
creased their half-life by approximately 100-fold in mice
(Table 1).48 Similarly, linking Albutag to the magnetic reso-
nance imaging (MRI) contrast agent gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA, Magnevist) en-
hanced its half-life by approximately 50-fold (Table 1).48 Ana-
logue approaches have been applied to enhance the tumor-to-
non-tumor ratio of multiple tumor-targeting contrast agents.53

In vivo single-photon emission computed tomography (SPECT)
imaging of an Albutag conjugated to a folic acid that was mod-
ified with a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) chelator for coordination of a therapeutic radio-
isotope (cm09) showed 5- to 6-fold higher tumor-to-kidney ra-
tios than those obtained with folate radioconjugated ligands
that lacked an albumin-binding entity.53 Radionuclide therapy
in tumor-bearing mice had positive results in terms of tumor
remission and significantly prolonged survival times when
compared with untreated controls.53 Babich and colleagues
used Albutag to develop a dual-targeting radioiodinated ligand
(RPS-027) that bound to both prostate-specific membrane anti-
gen (PSMA) and albumin to enable longer blood circulation
times.54 When tested in a preclinical model of prostate cancer,
RPS-027 demonstrated a favorable tumor-to-kidney ratio and
had a promising therapeutic profile that made it suitable for
the targeted radiotherapy (TRT) of prostate cancer.54 The same
research group has recently generated a novel class of
trifunctional ligands, consisting of the high-affinity PSMA-
binding domain, the Albutag, and the DOTA chelator for
radiometals, to facilitate the modification of the three moieties
independently and ultimately enable the generation of spatial
optimized conjugates.55 In vivo small-animal positron emission
tomography (μPET) imaging demonstrated that the
trifunctional ligands had high and persistent tumor uptake
with absorbed doses that were four times greater than those
observed for a similar compound lacking the albumin-binding
moiety.55 A further optimized trifunctional ligand, named
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68Ga-RPS-072, had an order of magnitude higher binding affin-
ity for albumin, showed a significantly delayed blood clear-
ance, and had a superior tumor-to-kidney ratio than those of
the other radioligands tested in the cancer prostate xenograft
model.56 Recently, Umbricht et al. used Albutag to develop
novel long-circulating albumin-binding PSMA-targeting PET
radioligands by substituting DOTA with 1,4,7-
triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA), a
chelator that has been shown to increase the in vivo stability
of longer-lived radionuclides.57 A PSMA-targeting PET
radioligand bearing NODAGA (PSMA-ALB-89) had a more fa-
vorable in vivo stability and increased tumor accumulation
when compared to the same ligand conjugated to DOTA
(PSMA-ALB-56).57

4. Albumin-binding peptide ligands

Alternatively to small molecules, an increasing number of
peptides have been used as albumin-binding molecules. In-
deed, albumin is known to bind not only low molecular
weight molecules, but also to peptides and proteins such as
insulin, bradykinin, and interferons, and several hundreds of
other binders have been identified or predicted.58,59 This ob-
servation suggested the application of in vitro techniques for
screening peptides that can bind albumin with a high affinity
and that could be used as carriers for half-life extension.60–63

In contrast to small chemical moieties, albumin-binding pep-
tides can easily be fused to any protein or peptide, either
recombinantly or chemically during solid-phase synthesis.64

Several linear peptides binding human albumin with nano-
molar affinities have been identified by Revets and Boutton
(WO2011095545).65 The best binder was an 18-amino acids
peptide named 89D03 (Ac-WWEQDRDWDFDVFGGGTP-NH2)
(Fig. 3a) that binds tightly to human albumin (15 nM).65 Fus-
ing 89D03 to the C-terminus of an anti-HER2 nanobody devel-
oped by Ablynx (clone 5F7) prolonged its half-life by more than
7-fold in cynomolgus monkeys. The further addition of two
89D03 peptides in tandem to the C-terminus of the nanobody
extended the half-life by more than 3 days (Table 2).65

Recently, Heinis and co-workers engineered a novel chi-
meric albumin-binding molecule consisting of a fatty acid
combined with a short linear peptide comprised of seven
amino acids (Fig. 3b).62 By applying iterative rounds of
amino acid substitution and affinity measurement by fluores-
cence polarization (FP), Zorzi et al. evolved an acylated
heptapeptide tag, named F-tag, able to bind human, rat, and
rabbit albumin with affinity values of 39, 220, and 320 nM,
respectively (Table 2).62 Binding experiments revealed that
the N-terminal fluorescein moiety used for FP analysis con-
tributed, along with the palmitate moiety and the specific
peptide sequence, to the affinity for albumin. Despite the
presence of the long hydrophobic tail of the palmitic acid
and the fluorescein, the lipidated F-tag peptide exhibits a
high solubility due to the four negative charges in the peptide
sequence. Importantly, the F-tag could easily be appended to
cargo peptides by automated synthesis on standard peptide

synthesizers. Pharmacokinetic experiments showed that the
acylated heptapeptide extended the circulation time of two
different bicyclic peptides in rats and rabbits by around 25-
fold, reaching half-lives of 7 and 5 h, respectively (Table 2).62

Furthermore, the presence of the F-tag improved the proteo-
lytic stability of the cargo peptides over the non-tagged pep-
tides. Finally, conjugation of the F-tag to a picomolar bicyclic
peptide inhibitor of the activated human coagulation factor
XII (hFXIIa) led to an efficient blockage of the intrinsic coag-
ulation pathway in rabbits for as long as 8 h, suggesting a po-
tential application in humans as anti-thrombotic drug.62

Dennis et al. used phage display to isolate cyclic peptides
bearing two fixed cysteine residues and varying loop sizes
that bind albumin with high affinity.60 They selected several
disulfide-cyclized binders for rabbit, rat, and human albu-
min, and a clone sharing high binding for all three species
was further subjected to affinity maturation. The best albu-
min binder was an 18-amino acids peptide called SA21 (Ac-
RLIEDIC_LPRWGC_LWEDD-NH2) (Fig. 3c) that bound albumin
from different species with nanomolar affinities (Table 2).
The pharmacokinetics of SA21 alone was tested in rabbits
and showed an 18-fold prolonged half-life compared to an
unrelated control peptide. The fusion of SA21 to the
C-terminus of an antigen-biding antibody fragment (Fab) effi-
ciently prolonged the half-life of the protein up to 37-fold in
rabbits and 26-fold in mice (Table 2).60 The importance of de-
veloping high-affinity peptides was confirmed in a follow-up
study where SA21 variants with 5- to 10-fold weaker binding
to albumin showed two to three times shorter half-lives.66

The capacity of SA21 to improve the half-life of bicyclic pep-
tides was recently investigated by Heinis and co-workers.
Through the chemical conjugation of SA21 to UK18, a bicyclic
peptide inhibitor of human urokinase-type plasminogen acti-
vator (huPA), Angelini et al. showed that non-covalent bind-
ing to albumin could improve both pharmacokinetic and
metabolic characteristics of the peptide conjugates without
interfering with the binding of the corresponding protein tar-
get.67 Experiments in mice revealed a ∼50-fold prolonged
bicyclic peptide circulation time, and the conjugate remained
fully intact and functional for more than 48 h (Table 2).67 In
a second study, Pollaro et al. showed that the same conjugate
diffused in high concentrations into tumor tissues and was
not limited by the high affinity of SA21 for the endogenous
murine albumin.68 The SA21 peptide was later applied to
other small proteins and exhibited promising preclinical
results.69,70

Recently, Neri and co-workers identified specific macrocy-
clic binders against human serum albumin by exploiting a
novel DNA-encoded chemical library displaying multiple di-
versity elements into one side of a structurally defined
β-sheet scaffold (Fig. 3d).63 The two enriched compounds fea-
tured the presence of diverse chemical element combinations
and revealed binding affinities in the single-digit micromolar
range (6.6 and 22 μM).63 Although not yet characterized
in vivo, these macrocycles have high potential for the selec-
tive in vivo delivery of payloads to tumors.
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5. Albumin-binding protein domains

Protein domains usually have a large interaction interface
with their target, leading to high binding affinities and speci-
ficities – key features for the development of albumin
binders. Several albumin-binding domains (ABDs) were dis-
covered in bacterial proteins, the best-characterized of which
are derived from protein G of Streptococcus strain GI48 and
from protein PAB of Finegoldia magna. These ABDs have 59%
homologous amino acid sequence identities, are very stable

despite their small size (∼5 kDa), and fold into a three-helix-
bundle domain that interacts with serum albumin primarily
along one of its faces.71 Importantly, both ABDs target the
same binding site on domain II of human serum albumin
(Fig. 4a) and do not overlap or interfere with binding to the
FcRn-binding site on albumin, which is located in domain III
(Fig. 4b). The affinity of ABDs for albumin was strongly im-
proved by phage display and rational design, reaching a bind-
ing affinity for human albumin of 50–500 fM (variant
ABD035).72 This engineered high-affinity variant, which

Fig. 3 Chemical structures of albumin-binding peptide ligands. a) linear peptide 89D03: Ac-WWEQDRDWDFDVFGGGTP-NH2; b) acylated
heptapeptide F-tag: fluorescein-EYEKĲpalmitate)EYE-NH2; c) disulfide cyclized peptide SA21: Ac-RLIEDIC_LPRWGC_LWEDD-NH2; d) head-to-tail
cyclized peptide HSA-1: A_K*K*PGK*AK*PG_ with variable lysine (K*).
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forms the basis of Albumod, improved the pharmacokinetics
of various recombinantly fused proteins, including soluble re-
ceptors,73 cytokines,74 bispecific single-chain diabodies
(scDb),75,76 lipocalin-derived anticalin® proteins,77

targeted immunotoxins,78,79 and affibody® scaffold
molecules.80–82 In a recent study, Levy et al. compared two
exendin-4 conjugates obtained by appending either the opti-
mized variant ABD035 or a shorter version of the cyclic pep-
tide SA21 to its C-terminus. Very different affinities for albu-
min were reported between the two formats, ranging from 5
to 40 pM or 200 to 1500 nM, respectively.83 The SA21-
exendin-4 conjugate showed a 10-fold higher potency in vitro
compared to the ABD variant, most likely related to differ-
ences in steric hindrance. In contrast, the remarkable differ-
ences in albumin affinity strongly impacted the pharmacoki-
netics in monkeys, which resulted in a 7-fold longer half-life
for the ABD-exendin-4 conjugate compared to the SA21 vari-
ant (14 days vs. 2 days) that potentially counterbalance its re-
duction in activity, while comparable values were obtained in
rats (Tables 2 and 3).83 A de-immunized ABD variant, named
ABD094, retained a high affinity for different serum albumin
species and is currently being tested in the clinic
(NCT02690142).82

Recently, Jacobs et al. have engineered a novel three-helix-
bundle albumin-binding domain, named ABDCon, that ex-
hibits high binding affinity for different serum albumins
(Table 3) while maintaining a high solubility and thermal sta-
bility (91 °C).84 The fusion of ABDCon to a fibronectin do-
main (Fn3) resulted in a long terminal half-life ranging from
3 to 8 days in mice and cynomolgus monkeys, respectively
(Table 3).84 The capacity of ABDs for prolonging the half-life
of conjugates does not correlate with further increased bind-
ing affinities for albumin, suggesting an intrinsic limit
connected to either the FcRn-mediated recycling or albumin
half-life.76,84

Other albumin-binding domains were recently engineered
from the bacterial protein Sso7d from the hyperthermophilic
archaeon Sulfolobus solfataricus. Sso7d is a small, cysteine-
free DNA-binding protein (∼7 kDa, 63 amino acids) with a
melting temperature of 98 °C. The three-dimensional struc-
ture consists of an oligonucleotide-binding (OB) fold with an
incomplete five-stranded β-barrel closed off by a C-terminal
α-helix (Fig. 4c).85 Traxlmayr et al. applied yeast display tech-
nology to engineer two high-affinity clones, M11.1.2 and
M18.2.5, that bound mouse serum albumin with affinities of
7 and 26 nM, respectively.86 Sso7d binders against multiple

Table 2 Albumin-binding peptide ligands

Cargo Albumin-binding
molecule

Conjugate

Factor Ref.Type τ1/2 Affinity τ1/2

Anti-HER2§ 4.3 h (i.v.)a 89D03
(15b nM)

n.a. Single copy: 31.2 h (i.v.)a 7a 65
Double copy: 84.5 h (i.v.)a 20a

huPA inhibitor† 18 min (i.v.)c F-tag
(39b, 220c, 320d nM)

168b, 780c nM 7.4 h (i.v.)c 25c 62
hFXIIa inhibitor† 13 min (i.v.)d 224a, 1600d nM 5.2 h (i.v.)d 24d

Fab§ 53 min (i.v.)d SA21
(467b, 266c, 320d, 7e nM)

320d nM 32.4 h (i.v.)d 37d 60
24 min (i.v.)e 10.4 h (i.v.)e 26e

huPA inhibitor† 30 min (i.v.)e 354b, 14e nM 24 h (i.v.)e 48e 67
Exendin-4† 30 min (i.v.)c 610a, 1560b, 210c nM 2 d (i.v.)a 22c 83

11 h (i.v.)c

Indicated terminal half-lives (τ1/2) and related factor of improvement were measured after intravenous (i.v.) or subcutaneous (s.c.) injection for
monkey (a), human (b), rat (c), rabbit (d) and mouse (e) species. Indicated albumin-binding affinities were reported as published dissociation
constant (Kd). Legend: n.a. = not available; † = peptide; § = protein; HER2 = receptor tyrosine-protein kinase erbB-2; huPA = human urokinase-
type plasminogen activator; hFXIIa = activated human coagulation factor XII; Fab = antigen-binding fragment.

Fig. 4 Three-dimensional structures of albumin-binding protein ligands. a) crystal structure of a bacterial ABD scaffold (GA, red) in complex with human se-
rum albumin (grey, PDB code 1TF0); b) crystal structure of the human neonatal Fc receptor (FcRn, light orange) in complex with human serum albumin (grey,
PDB code 4N0F); c) solution structure of the bacterial protein Sso7d (dark blue, PDB code 1SSO); d) crystal structure of a DARPin protein domain (dark green,
PDB code 1 MJ0); e) crystal structure of a single-domain antibody (dAb, dark orange, PDB code 3BD3); f) crystal structure of the fab domain (CA645, light
blue) in complex with human serum albumin (grey, PDB code 5FUO); g) crystal structure of a nanobody (Nb.b201, brown) in complex with human serum al-
bumin (grey, PDB code 5VNW); h) crystal structure of a VNAR domain (E06, light green) in complex with human serum albumin (grey, PDB code 4HGM).
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albumin species have also been engineered by Fisk and col-
leagues.87 The tighter binder (13A8) had an affinity for albu-
min of 2.1 μM when displayed on the surface of phage and
could discriminate among closely related human and bovine
serum albumins.87 Even though numerous Sso7d albumin
binders have recently been isolated, none have been charac-
terized in vivo. Given their small size and high thermal stabil-
ity, we expect the Sso7d-derived albumin-binding domains to
have pharmacokinetic properties similar to other ABD
domains.

Another strategy is the development of albumin-binding
designed ankyrin repeat proteins (DARPins®).88 These scaf-
folds are derived from naturally occurring ankyrin proteins
comprising up to 29 consecutive, tightly packed repeat mod-
ules. Each repeat is usually 33-amino acids long and forms a
structural unit consisting of a β-turn followed by two antipar-
allel α-helices. DARPins comprise usually 4 to 5 repeat motifs
with molecular masses of about 14 and 18 kDa, respectively
(Fig. 4d). Similar to other albumin-binding domains,
DARPins exhibit favorable biophysical properties, including a
high thermal stability.88 Using ribosome display technology,
Binz and co-workers selected several DARPin domains with
mid-nanomolar affinities to different serum albumins

(Table 3).89 Recombinant fusion of the best-engineered se-
rum albumin-binding domain to a DARPin drug candidate
led to a >300-fold prolonged half-life in cynomolgus monkey
(Table 3).89 Interestingly, constructs including two DARPin
albumin-binding domains with different affinities (2.5 and
11.2 nM) exhibited comparable serum half-lives in mice, indi-
cating that a low nanomolar threshold affinity is sufficient
for albumin-binding proteins, as half-lives are not extended
when higher-affinity or higher-valency molecules are
used.76,89

Similarly, antibody fragments have also been engineered
as albumin binders with promising results. Tomlinson and
co-workers applied phage display to isolate small (∼12 kDa),
stable, and fully human domain antibodies (dAbs) against
human, mouse, and rat albumins (Fig. 4e).90,91 Numerous
dAbs, also known as AlbudAbs, were isolated with different
degrees of species cross-reactivities and affinities (34–600
nM). Pharmacokinetic analyses with the high binding affinity
AlbudAbs revealed half-lives similar to that of albumin it-
self.91 Fusion of AlbudAb to an interleukin-1 receptor antago-
nist (IL-1ra) exhibited similar in vitro potency, improved
ex vivo stability, and a ∼130-fold longer in vivo half-life com-
pared to IL-1ra alone (Table 3). The half-life improvement

Table 3 Albumin-binding small protein scaffolds

Cargo Albumin-binding
molecule

Conjugate

Factor Ref.Type τ1/2 Affinity τ1/2

Exendin-4† 30 min
(i.v.)a

ABD035
(18a, 123b, 16c pM)

8a, 40b, 5c pM 16 h (i.v.)a 32a 83
14 d (i.v.)b

Fibronectin domain§ n.a. ABDCon
(61b, 75c, 3200d pM)

0.7c, 1.8d nM 193 h (i.v.)b n.a. 84
60 h (i.v.)d

DARPins drug candidate§ 0.008 d
(i.v.)b

DARPins
(91–266a, 63–110b,
11–21c,
56–142d, 77–185e nM)

n.a. 2.7–20.7 d (i.v.)b >330b 89
21–82 h (i.v.)d

IL-1rα§ 2 min
(i.v.)d

AlbudAbs 34–600 nMa,c,d 4.3 h (i.v.)d 130d 91

IFN-α2§ 1.2 h
(i.v.)a

22.6 h (i.v.)a 19a 92

1.5 h
(s.c.)a

28.3 h (s.c.)a

Anti-TNFR1§ n.a. 3.3–23.2 h (i.v.)d n.a. 93
Exendin-4† 2.5 h

(s.c.)c
6–10 d (s.c.)c 58–96c 94

Fab§ n.a. dsFv CA645
(54a, 3.3b, 4.6c,
7.1d, 162f nM)

n.a. 7.9 d (i.v.)b n.a. 96, 97
2.6 d (i.v.)d

Anti-TNF§ 35–54 min
(i.v.)d

Nanobody
(22c nM)

n.a. 2.2 d (i.v.)d 91d 99

Anti-IL-6R§ 4.3 h
(i.v.)b

1.7–6.6 d (i.v.)b 9–37b 100

Naïve VNAR§ 0.15 h
(i.v.)d

VNAR (E06)
(3a, 1c, 6d nM)

n.a. 22–25 h (i.v.)a 140–220d 102
164–210 h (i.v.)b

21–33 h (i.v.)d

Indicated terminal half-lives (τ1/2) and related factor of improvement were measured after intravenous (i.v.) or subcutaneous (s.c.) injection for
rat (a), monkey (b), human (c), mouse (d), dog (e) and rabbit (f) species. Indicated albumin-binding affinities were reported as published disso-
ciation constant (Kd). Legend: n.a. = not available; † = peptide; § = protein; DARPins = designed ankyrin repeat proteins; IL-1rα = interleukin-1
receptor antagonist; IFN-α2 = interferon alpha-2; TNFR1 = tumor necrosis factor receptor 1; TNF = tumor necrosis factor; IL-6R = interleukin-6
receptor; VNAR = variable domain derived from cartilaginous fish's immunoglobulin like new antigen receptors.
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resulted in an improved efficacy of the fusion when tested in
a mouse model of arthritis.91 The AlbudAb platform was re-
cently applied to enhance the half-life of other small pro-
teins, such as the interferon alpha-2 (IFN-α2)92 and an anti-
body domain antagonist for the mouse tumor necrosis factor
receptor 1 (TNFR1),93 both of which have an increased half-
life and a retained activity when compared to the small pro-
teins alone (Table 3).92,93 The AlbudAb technology, now be-
longing to GlaxoSmithKline (GSK), has been recently tested
in phase I in humans, wherein a fusion of AlbudAb to
exendin-4 (GSK2374697) resulted in a 58- to 96-fold increase
in the elimination half-lives in healthy patients (Table 3).94

While the AlbudAb has been mainly applied as genetic fu-
sion, a recent study demonstrated that it can also be chemi-
cally linked representing a significant advance in the use of
AlbudAb to extend the half-life of small biotherapeutics.95

The chemical conjugation of AlbudAb to an apelin-modified
peptide agonist (MM202) resulted in an improved plasma
half-life over both its parent compound and the endogenous
agonist.95 Notably, the MM202-AlbudAb conjugate retained a
high binding affinity to the human apelin receptor as well as
functional activity in vitro and in vivo.95

Furthermore, Adams et al. identified a Fab, named CA645,
with consistent cross-species reactivity and low nanomolar af-
finities for multiple serum albumins (Table 3).96 The crystal
structure of CA645 in complex with human serum albumin
revealed that the Fab binds to domain II (Fig. 4f). Impor-
tantly, the recognized epitope is distal from the main fatty
acid and drug-binding sites and does not inhibit the binding
of serum albumin to FcRn. When tested in mice, the CA645
exhibited a half-life of 3.5 days, 175-fold longer than a non-
albumin-binding Fab variant. Interestingly, in line with what
has been previously observed with other albumin-binding do-
mains, a >140-fold reduction in the affinity for mouse serum
albumin from 2.2 nM to 316 nM had no effect on the phar-
macokinetic profile and half-life. Even with a reduction in af-
finity up to 62 μM, the half-life was still extended up to one
day.96 Construction of a bispecific antibody format (Fab-
dsFv), obtained by fusing an anti-albumin Fv domain (645Fv)
derived from the humanized CA645 to another Fab with a dif-
ferent target specificity, led to serum half-lives of 2.6 days in
mice and 7.9 days in cynomolgus monkeys (Table 3).97

A recent trend is the development of albumin binders
based on the small (12–15 kDa) and stable variable domain
of the heavy-chain-only (VHH) antibodies (Nanobodies®) nat-
urally occurring in the Camelidae family.98 Structural analysis
showed that nanobodies present a typical immunoglobulin
variable domain (IgV) fold comprising nine β-strands and a
conserved disulfide bond. As in traditional IgV domains,
nanobodies contain three hypervariable loops connected by
four conserved framework regions. Ablynx's proprietary half-
life extension technology is based on a nanobody that binds
to human serum albumin with an affinity of 22 nM. Fusion
of this albumin-binding nanobody to two anti-TNF-targeting
VHH domains led to a bispecific three-domain nanobody
with a 90-fold prolonged half-life compared to a monomeric

anti-TNF nanobody (Table 3) as well as superior therapeutic
efficacy when tested in a mouse model of arthritis.99 Simi-
larly, linkage of the albumin-binding nanobody to a VHH do-
main targeting the interleukin-6 receptor (IL-6R) resulted in a
bispecific two-domains nanobody (ALX-0061) that exhibited
high potency in vitro as well as promising in vivo efficacy
when tested in non-human primate models of IL-6-induced
inflammation and arthritis.100 The pharmacokinetic profile
of ALX-0061 in cynomolgus monkeys showed half-lives rang-
ing from 1.7 to 6.6 days, whereas the non-extended anti-IL-6R
domain was cleared in few hours (Table 3).100 ALX-0061 is
currently in clinical development for the treatment of autoim-
mune diseases such as rheumatoid arthritis. Moreover, a
novel nanobody molecule (Nb.b201) with a modest affinity
for human serum albumin (430 nM) and no binding to the
related mouse serum albumin has recently been described by
Kruse and co-workers.101 The crystal structure of the protein
complex revealed that Nb.b201 recognized a convex protru-
sion on the surface of human albumin (Fig. 4g).101 However,
no data have been reported on the pharmacokinetic profile
of this molecule.

Finally, the variable domain (VNAR) derived from the im-
munoglobulin new antigen receptor (IgNAR) of cartilaginous
fish (IgNAR) represents another example of a single antibody
scaffold that has been successfully engineered to bind albu-
min with a high affinity.102 Similarly to VHHs, VNARs are
small (∼12 kDa) and stable proteins with a β-sandwich
fold.103 By screening an immunized VNAR phage library,
Müller et al. have selected multiple clones with high affinities
against different albumin species.102 The lead VNAR clone
(E06) exhibited single digit nanomolar affinities for different
serum albumins (Table 3) and binds a non-overlapping epi-
tope on domain II of serum albumin (Fig. 4h), enabling it to
retain binding to FcRn. When linked to a random naïve
VNAR domain in different orientations, clone E06 prolonged
the half-life of the fusions up to one day in rats and mice as
well as more than seven days in cynomolgus macaques
(Table 3).102

6. Conclusions

The use of non-covalent albumin-binding ligands has proven
to be an effective strategy to prolong the in vivo plasma resi-
dence time of numerous small biotherapeutics. When bound
to albumin, the peptides and small proteins are sterically
shielded from proteolytic degradation and protected from
rapid renal filtration due to the relatively larger hydrody-
namic volume of albumin and its ability to bind the recycling
FcRn. Moreover, the choice of a reversible, non-covalent asso-
ciation with serum albumin allows for the detachment of the
biotherapeutic, facilitating its interaction with its target as
well as its penetration and diffusion into small regions that
are not otherwise accessible to larger molecules.

The ability of albumin to bind molecules of such different
natures through multiple sites distributed throughout its ter-
tiary structure has led to the development of numerous
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extension tags, each with its own advantages and disadvan-
tages. Many have been tested in preclinical models, while
others are already in clinical use. The choice of one albumin-
binding ligand at the expense of another depends primarily
on the intrinsic properties of the bioactive molecule and its
clinical application. Therefore, an albumin-binding ligand
must be carefully evaluated for each biotherapeutic and the
consideration of other parameters besides half-life, such as
biodistribution, penetration and accumulation in tissue, and
immunogenicity, are important factors.
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