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Single-domain antibody fragments derived  
from heavy-chain antibodies: a review
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ABSTRACT: Single-domain antibody (sdAb) fragments derived from heavy-chain antibodies of camelids and cartilagi-
nous fish represent a new generation of therapeutic agents and immunoreagents. Due to their unique characteristics, 
such as low molecular weight, high physical-chemical stability, good water solubility, and the ability to bind antigens 
inaccessible to conventional antibodies, they could potentially act as a substitute for conventional therapeutic drugs 
in the treatment of serious human diseases, and, moreover, could be broadly used in analyses and diagnostics. In this 
review article, an analysis of 826 publications oriented to heavy-chain antibodies and their sdAb fragments indexed 
in the Web of Science® database since 1993 has been carried out. Attention has predominantly been paid to papers 
published from 2010 to June 2012. Key publications are presented in tables and are characterised by descriptive words, 
abstracts and references. The presented publications have been sorted according to seven basic criteria: review articles 
and monographs, heavy-chain antibodies of camelids and sharks, production of sdAb fragments using recombinant 
technology, characteristic properties of sdAb fragments, application of sdAb fragments in therapy, application of sdAb 
fragments in diagnostic and immunoanalytical methods and other prospective uses of sdAb fragments. This review 
article should highlight the typical properties of heavy-chain antibodies and sdAb fragments which differentiate them 
from conventional antibodies and other available recombinant fragments, and also emphasize their extremely broad 
application potential, mainly in human disease therapy. At the same time it allows an easy and rapid orientation in 
numerous publications written on this subject, and facilitates the search for the required data.
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1. Introduction

A surprising discovery was made in the 1990s: in 
addition to conventional antibodies, mammals of 
Camelidae family and also some cartilaginous fish 
have evolved a distinctive type of antibody molecule 
composed entirely of two identical heavy chains 
(Hamerscasterman et al. 1993; Greenberg et al. 
1995). Because these antibodies are devoid of light 
chains, they are called heavy-chain antibodies. The 
antigen-binding site of heavy-chain antibodies is 
confined to one single domain referred to as the VHH 
(Variable domain of the Heavy chain of the Heavy-
chain antibody) in Camelidae and VNAR (Variable 
domain of the shark New Antigen Receptor) in car-
tilaginous fish. These variable domains can be eas-
ily expressed in bacteria, yeasts or in other hosts 
as recombinant single-domain antibodies (sdAb), 
which are the smallest available intact antigen-bind-
ing fragments. SdAb fragments derived from llama 
and camel heavy-chain antibodies are often referred 
to as nanoantibodies or nanobodies®. Due to their 
biophysical and pharmaceutical properties, which 
are conferred by their single-domain nature and 
small molecule size, sdAb fragments offer a broad 
application potential, especially as new immuno-
therapeutic drugs and also as efficient reagents in 
immunoanalytical and diagnostic methods. The aim 
of this review is to highlight the unique features 
of heavy-chain antibodies and sdAb fragments and 

show their numerous novel feasible applications in 
research and in clinical development. Publications, 
which contain key information concerning heavy-
chain antibodies and their sdAb fragments, are in 
this new designed review presented in tables and 
are characterized with a few descriptive words, full 
or shortened abstracts and source references. The 
text in the tables contains several format imperfec-
tions, which exist in the Web of Science® database 
and are caused by transmission and copying of data 
between various information sources. The missing 
format of lower and upper indexes (e.g. Ig(2) instead 
of Ig2 or 10(–6) instead of 10–6) can be given as a 
typical example. Special characters, such as α, Å or 
°C were transcribed as alpha, angstrom or degree C, 
respectively. The attention is predominantly focused 
on papers published in the last three years, although 
some older key papers had been also included. The 
presented publications have been classified ac-
cording to seven basic criteria: review articles and 
monographs, heavy-chain antibodies of camelids 
and sharks, production of sdAb fragments using 
recombinant technology, characteristic properties 
of sdAb fragments, application of sdAb fragments in 
therapy, application of sdAb fragments in diagnos-
tic and immunoanalytical methods and other pro-
spective uses of sdAb fragments. This review article 
should facilitate orientation in the above mentioned 
subjects and enable rapid and easy searching for 
particular data and information.

Table 6A. Application of single-domain antibody 
fragments in therapy: inhibition of enzymes, 
toxins and other soluble proteins

Table 6B. Application of single-domain antibody 
fragments in therapy: activity modulation of cell 
surface proteins

Table 6C. Application of single-domain antibody 
fragments in therapy: pathogen neutralisation

Table 6D. Application of single-domain antibody 
fragments in therapy: intracellular expression 
of single-domain antibody fragments

Table 6E. Application of single-domain antibody 
fragments in therapy: oral administration of 
single-domain antibody fragments

Table 6F. Application of single-domain antibody 
fragments in therapy: prevention of amyloid 
plaque formation and protein aggregation

Table 6G. Application of single-domain antibody 
fragments in therapy: multispecific and multi-
functional constructs

Table 6H. Application of single-domain antibody 
fragments in therapy: humanised single-domain 
antibody fragments

Table 7. Application of single-domain antibody frag-
ments in diagnostic and immunoanalytic methods

Table 8. Other prospective uses of single-domain 
antibody fragments

Figure 1. The number of publications on heavy-chain 
antibodies and single-domain antibody frag-
ments during the period from 1993 to June 2012 

Figure 2. Structure of antibodies. (a) Molecule of con-
ventional antibody (down), recombinant fragments 
(up); (b) molecule of camelid heavy-chain antibody 
(down), single-domain antibody fragment (up); (c) 
molecule of shark heavy-chain antibody (down), 
single-domain antibody fragment (up)
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2. Review

2.1. Methods of searching and publication 
analysis

The publications were retrieved from the Web 
of Science® database using the following search 
profile: Topic = (nanobod* OR nanoantibod* OR 
“single-domain antibod*” OR “heavy-chain anti-
bod*” OR “heavy chain-only antibod*” OR VHH 
OR IgNAR OR “llama* antibod*” OR “camel* an-
tibod*” OR “new antigen receptor”), Timespan = 
all years or 2010–2012, Citation databases = SCI-
EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, 
BKCI-S and BKCI-SSH, Chemical Databases = 
CCR-EXPANDED and IC.

Using the above mentioned search profile, a total 
of 826 publications were retrieved. The first paper 
describing the occurrence of heavy-chain antibod-
ies was published in 1993 by a Belgium research 
group. Since 2003, publication activity on the topic 
has sharply increased (Figure 1). In the last three 
years, 297 papers were published. In 2012, sixty-four 
papers have already been published at the time of 
our manuscript preparation. The older publications 
are predominantly oriented to the elucidation of the 
structure and characteristics of heavy-chain anti-
bodies and their antigen-binding sites. The latest 
papers describe the possibilities of practical use of 
sdAb fragments, especially in medicine and therapy.

The Web of Science® utilities have been em-
ployed for search results analysis. Of all the pub-
lished papers, original research articles prevail 

(78.2%). Our analysis shows that 262 institutions 
from 47 countries are concerned with the subject of 
sdAb fragments derived from heavy-chain antibod-
ies. Authors, institutions, countries and scientific 
journals which show the highest publication activi-
ties (Top 5) are listed in Table 1.

2.2. Review articles and monographs

Eighteen review articles are listed in Table 2 and 
characterized by key words (left column), abstracts 
(in the middle), and references (right column). 
These papers offer an overall review regarding all 
important topics, especially about the structure, 
properties, generation and evolution of heavy-chain 
antibodies in camelids and sharks (Conrath et al. 
2003; Tillib 2011), engineering of sdAb fragments 
(Deffar et al. 2009), their production, structure and 
properties (Muyldermans et al. 2001; Harmsen and 
de Haard 2007), use of sdAb fragments as building 
blocks for the construction of multivalent and mul-
tispecific conjugates (Saerens et al. 2008), applica-
tion of sdAb fragments in therapy (Van Bockstaele 
et al. 2009; Wesolowski et al. 2009) and in im-
munoanalytical and diagnostic methods (Huang 
et al. 2010; de Marco 2011). All these topics are 
discussed in detail also in original papers, which 
are presented in Tables 3 to 8. Recently, the new 
monograph “Single Domain Antibodies” (Saerens 
and Muyldermans 2012) has been launched with 
a complete methodology and key protocols for the 
construction of sdAb libraries and for the selec-
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Figure 1. The number of publications on heavy-chain antibodies and single-domain antibody fragments during the 
period from 1993 to June 2012
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tion and expression of sdAb fragments and their 
advanced derivatives. This publication hihlights the 
broad application potential of sdAb fragments and 
can be used as a practical guide to sdAb recombi-
nant technologies.

2.3. Heavy-chain antibodies of camelids  
and sharks

Heavy-chain antibodies are homodimers of di-
sulphide-linked heavy chains (Figure 2) that occur 
naturally in the serum of camelids and cartilaginous 
fish. The total amount of heavy-chain antibodies of 
all serum immunoglobulins has been determined 
to be about 45% in llama species, while in camels 
it is about 75% (Hamerscasterman et al. 1993). The 
function of heavy-chain antibodies in the immune 
system has not yet been completely explained. Due 
to the lack of light chains, the antigen-binding site 
of heavy-chain antibodies is formed by only three 
complementary determining regions (CDRs), com-
pared to six CDRs in conventional antibodies. The 
CDR3 region of the heavy-chain antibody, which 
usually plays a crucial role in an antibody-antigen 
interaction, can be formed by a long finger-like 
polypeptide loop. Therefore, the antigen-binding 
site of the heavy-chain antibodies often exhibits 
a convex shape and differs sharply from the con-
cave, groove-shaped antigen-binding site of con-
ventional antibodies. With regard to the shape of 
the antigen-binding site, heavy-chain antibodies 
recognise preferably epitopes buried in clefts on 
protein surfaces, e.g. in enzyme active sites, which 
are usually less antigenic to conventional antibod-
ies (Lauwereys et al. 1998; Decanniere et al. 1999; 
De Genst et al. 2006). The convex shaped antigen-
binding site of heavy-chain antibodies is not very 
suitable for the binding of small molecules (hap-
tens). Therefore, only a few papers focused on anti-
hapten heavy-chain antibodies have been published 
to this date (Spinelli et al. 2001; Ladenson et al. 
2006; Alvarez-Rueda et al. 2007). Other structural 
features of heavy-chain antibodies, which differen-
tiate them from conventional antibodies, include 
a higher proportion of hydrophilic amino acids in 
variable domains (VHH/VNAR), the presence of 
disulfide bonds stabilizing the antigen-binding site, 
and an unusually high number of mutational hot 
spots responsible for structural variability of heavy-
chain antibodies (Harmsen and de Haard 2007). 
In addition to structural studies, recent research 

has been focused also on the evolution of heavy-
chain antibodies (Nguyen et al. 2002; Flajnik et al. 
2011), their possible function in the immune system 
(Ferrari et al. 2007; Saccodossi et al. 2012), and 
molecular mechanisms of germline gene segment 
rearrangement (Nguyen et al. 2000). Some investi-
gators have also used heavy-chain antibodies as a 
suitable alternative to conventional polyclonal an-
tibodies, mainly for diagnostic purposes (Anderson 
and Goldman 2008; Torigoe et al. 2012). Twenty-
three papers (eleven of them published from 2010 
to 2012) are presented in Table 3.

2.4. Production of sdAb fragments using 
recombinant technology

Due to their simple modular structure and a 
single-gene nature, sdAb fragments are easily 
produced in vitro as recombinant proteins. The 
production of sdAb fragments is based on the 
cloning of VHH or VNAR gene segments into 
phage display vectors, construction of large phage 
libraries and selection of high-affinity binders us-
ing a biopanning process. SdAb fragments are ef-
fectively expressed in different microbial hosts, of 
which Escherichia coli, Saccharomyces cerevisiae 
and Pichia pastoris are the most commonly used 
(Makvandi-Nejad et al. 2011; Ezzine et al. 2012; 
Gorlani et al. 2012). Bacterial species enable high-
yield expression of sdAb fragments in the cytosol 
or in periplasm, whereas yeast cells utilize secre-
tory pathways resulting in efficient disulfide bond 
formation, N-glycosylation and secretion of the 
recombinant product into the growth medium. 
Recent papers also describe several alternative 
strategies for sdAb fragment engineering and pro-
duction, such as yeast or ribosome display systems 
(Yau et al. 2003; Ryckaert et al. 2010), expression 
of recombinant fragments in filamentous fungi 
(Joosten et al. 2005), in mammalian cells (Bazl et 
al. 2007) and in transgenic mice (Zou et al. 2005). 
Mutagenesis and recombination of CDR regions 
to improve the affinity and specificity of sdAb 
fragments have also been discussed (Swain et al. 
2010; Fanning and Horn 2011). Current studies 
are focused on the development of new cloning 
and expression strategies to produce humanised 
fragments, multivalent constructs and fusions of 
antibody fragments to other proteins (Saerens et al. 
2005; Vincke et al. 2009; Bell et al. 2010; Pollithy et 
al. 2011). Selected articles are presented in Table 4.
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2.5. Characteristic properties of sdAb 
fragments

Recombinant sdAb fragments are formed from 
only one single polypeptide chain containing about 
120 amino acids. Due to their size (4 × 2.5 nm) 
and molecular weight (12 kDa to 15 kDa), sdAb 
fragments are the smallest available recombinant 
antibodies. Their small molecular size enables 
sdAb to penetrate easily into tissues and inter-
cellular spaces, but is, however, the cause of their 
rapid clearance from the blood by renal filtration 
(Cortez-Retamozo et al. 2002). The rapid clear-
ance of sdAb fragments from the blood by kid-

neys can negatively affect their therapeutic activity. 
Therefore, several strategies to prolong the half-life 
of sdAb fragments in serum have been described, 
e.g. conjugation of sdAb to another recombinant 
fragment binding specifically to serum albumins or 
immunoglobulins (Harmsen et al. 2005). SdAb frag-
ments that bind to and are internalised by cerebro-
microvascular endothelial cells are able to cross the 
blood-brain barrier and transmigrate into tissues of 
the central nerve system (Abulrob et al. 2005). Due to 
their simple monomeric structure, sdAb fragments 
are conformationally very stable (Dumoulin et al. 
2002) and refold easily after heating to achieve their 
original native structure (Dolk et al. 2005b; Walper et 

Figure 2. Structure of antibodies. (a) Molecule of conventional antibody (down), recombinant fragments (up); (b) 
molecule of camelid heavy-chain antibody (down), single-domain antibody fragment (up); (c) molecule of shark 
heavy-chain antibody (down), single-domain antibody fragment (up)
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al. 2012). They show an increased resistance to high 
pressure and to low pH (Dumoulin et al. 2002) and 
maintain their biological activity even in an environ-
ment with a high concentration of proteases and 
detergents (Dolk et al. 2005a; Hussack et al. 2011a). 
Owing to a higher content of hydrophilic amino 
acids, sdAb fragments are characterised by good 
solubility in water and limited agglutination ability 
(Conrath et al. 2005). Another characteristic feature 
particularly concerns the affinity of sdAb fragments, 
which remains usually equivalent to that of the native 
heavy-chain antibodies. This is a substantial differ-
ence from other recombinant fragments, that show 
often lower affinity compared with their polyclonal 
or monoclonal counterparts. Eight papers published 
from 2010 to 2012 describing typical properties of 
sdAb fragments are presented in Table 5. Eight older 
articles should also be considered.

2.6. Application of sdAb fragments 
in therapy

The unique physicochemical and pharmacological 
properties of camelid and shark sdAb fragments give 
them a prospective use as new-generation thera-
peutic agents for the treatment of serious human 
diseases. At present, some sdAb-based drugs are in 
the stage of preclinical testing on animal models or 
in vitro. Some other drugs have advanced to phase I 
or II of clinical testing in volunteers. The therapeutic 
effect of sdAb fragments is particularly based on the 
following principles: Firstly, a remarkable prefer-
ence of sdAb fragments for binding into clefts and 
cavities on protein surfaces offers the possibility to 
develop selective therapeutics for efficient inhibition 
of enzymes (Paalanen et al. 2011), neutralization of 
proteolytic toxins (Hussack et al. 2011b) and activity 
modulation of cell surface proteins, such as recep-
tors, ion channels and leukocyte ecto-enzymes (Wei 
et al. 2011; Altintas et al. 2012) involved in cancer 
and inflammatory diseases. Moreover, sdAb frag-
ments recognize also cryptic epitopes hidden deeply 
in the clefts of virus capsids and in surface envelopes 
of parasites (Stijlemans et al. 2004; Henderson et al. 
2007; Forsman et al. 2008). Secondly, intracellular 
expression of sdAb fragments as “intrabodies” is a 
potential strategy to target intracellular antigens, 
e.g. anti-apoptotic proteins, oncogenes or several 
viral proteins (Vercruysse et al. 2010). Thirdly, the 
high structural stability of sdAb fragments in harsh 
conditions makes them ideally suited for the immu-

notherapy of gastrointestinal disorders using oral ad-
ministration (Harmsen et al. 2006; Vandenbroucke 
et al. 2010). Fourthly, the ability of sdAb fragments 
to transmigrate across the blood-brain barrier and to 
prevent amyloid plaque formation could be utilized 
in the diagnostics and therapy of neurodegenerative 
diseases (De Genst et al. 2010; Rutgers et al. 2011). 
Fifthly, a modular nature of sdAb fragments allows 
an easy engineering of multivalent or multispecific 
formats that show an increased therapeutic potency 
compared with monovalent sdAb fragments. Recent 
research is focused also on the generation of bifunc-
tional constructs by coupling of sdAb fragments with 
enzymes and toxic substances for specific drug de-
livery to bacterial or tumour cells (Zhang et al. 2004; 
Stone et al. 2007). Finally, the non-human origin of 
camelid and shark sdAb fragments could elicit their 
neutralisation by the human immune response and 
a decrease in their therapeutic effect. Therefore, a 
general strategy to produce humanised sdAb frag-
ments has been described as a promising way for 
lowering the potential risk of immunogenicity of 
therapeutic sdAb fragments (Vincke et al. 2009). 
More than half of the 826 analysed papers discuss 
possible therapeutic applications of sdAb fragments. 
Key publications are presented in Tables 6A to H.

2.7. Application of sdAb fragments 
in diagnostic and immunoanalytical 
methods

Their effective penetration into tissues makes sdAb 
fragments good candidates for the construction of 
imaging probes used for in vivo monitoring of tu-
mours, metastatic lesions, amyloid fibrils, etc. Such 
immuno-imaging probes are prepared by the labelling 
of sdAb fragments with short-lived isotopes, mainly 
with 99mTc. In contrast to radiolabelled monoclonal 
antibodies, small sdAb fragments show rapid antigen 
targeting and fast clearance from blood resulting in a 
contrast-enhanced imaging signal, reduced accumula-
tion of labelled fragments in liver and lower radiation 
burden. The main limitation of sdAb-based imaging 
probes, however, is their high non-specific uptake in 
kidney and bladder (Vaneycken et al. 2010, 2011b). An 
innovative approach based on sdAb fragments fused 
to fluorescent proteins and expressed in living cells as 
“chromobodies” offers the possibility to trace intra-
cellular antigens and to modulate protein function in 
living cells (Schmidthals et al. 2010). Nanoantibodies 
can also be used in immunoassays and in biosensors 
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for the quantitative analysis of contaminants and tox-
ins in food and environmental samples (Conway et 
al. 2010; Dona et al. 2010; Kim et al. 2012) and also 
for diagnostics of serious human diseases (De Marni 
et al. 2012). Their small size and lower aggregation 
propensity enable immobilisation of extremely high 
numbers of nanoantibody molecules on the surface 
of the well of microtitre plate or biosensor transducer, 
which leads to a substantial increase in the sensitivity 
of the immunodetection system. Moreover, highly 
stable sdAb fragments are resistant to denaturing con-
ditions used during biochip regeneration. For details 
of new publications see Table 7.

2.8. Other prospective uses of sdAb 
fragments

Besides possible therapeutic, diagnostic and 
immunoanalytic applications, sdAb fragments 

derived from camelid and shark heavy-chain an-
tibodies can also be employed as crystallography 
chaperones to stabilise the conformation of pro-
teins during crystallisation trials (Abskharon et al. 
2011). Immunoaffinity chromatography represents 
another prospective field for sdAb fragment ap-
plication. SdAb fragments are highly resistant to 
the effects of organic solvents used for the elution 
of the captured ligands and for regeneration of im-
munoaffinity columns (Franco et al. 2010). Recent 
applications, such as the development of transport 
systems across epithelia (Iqbal et al. 2011), inacti-
vation of phages infecting dairy bacterial cultures 
(Hultberg et al. 2007) and mimotope selection strat-
egies (Simmons et al. 2008) show the extremely 
broad application potential of sdAb fragments. Ten 
recent publications discussing some alternative ap-
plications of sdAb fragments are listed in Table 8. 
This table also includes two older papers which 
make the review complete.

Table 1. Authors, countries, institutions and journals (Top 5) showing the highest publication activities con-
cerning heavy-chain antibodies and single-domain antibody fragments (Web of Science®, 826 papers from 1993 
to June 2012)

Item Number of publications
Authors (685 in total)
Muyldermans S 96
Wyns L 32
Rahbarizadeh F 28
Conrath K 25
Tanha J 23
Verrips CT 23
Institutions (262 in total)
Free University of Brussels/Flanders Institute for Biotechnology 188
Utrecht University 61
National Research Council Canada 47
Ablynx NV 32
Ghent University 23
Countries (47 in total)
USA 200
Belgium 193
Netherlands 115 
England 78 
France 63
Journals (140 in total)
Journal of Biological Chemistry 30
Journal of Molecular Biology 25
Molecular Immunology 24
Journal of Immunological Methods 22
PLoS ONE 19
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