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Abstract

The possibility of using variable domain heavy-chain antibodies (VHH antibodies) as diagnostic tools for dengue virus
(DENV) type 2 NS1 protein was investigated and compared with the use of conventional monoclonal antibodies. After
successful expression of DENV type 2 NS1 protein, the genes of VHH antibodies against NS1 protein were biopanned from a
non-immune llama library by phage display. VHH antibodies were then expressed and purified from Escherichia coli.
Simultaneously, monoclonal antibodies were obtained by the conventional route. Sequence analysis of the VHH antibodies
revealed novel and long complementarity determining regions 3 (CDR3). Epitope mapping was performed via a phage
display peptide library using purified VHH and monoclonal antibodies as targets. Interestingly, the same region of NS1,
which comprises amino acids 224HWPKPHTLW232, was conserved for both kinds of antibodies displaying the consensus
motif histidine-tryptophan-tryptophan or tryptophan-proline-tryptophan. The two types of antibodies were used to prepare
rapid diagnostic kits based on immunochromatographic assay. The VHH antibody immobilized rapid diagnostic kit showed
better sensitivity and specificity than the monoclonal antibody immobilized rapid diagnostic kit, which might be due to the
long CDR3 regions of the VHH antibodies and their ability to bind to the pocket and cleft of the targeted antigen. This
demonstrates that VHH antibodies are likely to be an option for developing point-of-care tests against DENV infection.
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Introduction

Dengue infection, commonly called bone breaker illness, is

mosquito (Aedes aegypti/Aedes albopictus) borne. This disease ranges

across tropical and sub-tropical regions around the world,

especially in Asian and Latin American countries. The global

incidence of dengue has increased 30-fold in recent decades. It was

recently estimated that 50–100 million dengue infections occur

each year and almost half of the world’s population lives in

countries where dengue is endemic [1–2]. DENV belongs to the

Flaviviridae family with four distinct serotypes (DENV1, DENV2,

DENV3 and DENV4). Infection with any of these serotypes causes

clinical symptoms including dengue fever, dengue hemorrhagic

fever (DHF) and dengue shock syndrome (DSS). Due to the

absence of a suitable vaccine, effective, early and rapid diagnosis

against all serotypes of DENV is of significance to reduce the

morbidity and mortality of DHF and DSS, especially in

developing countries [3–4]. DENV contains a single open reading

frame of approximately 11 kb with three structural (C, prM and E)

and seven non-structural proteins (NS1, NS2A, NS2B, NS3,

NS4A, NS4B and NS5) [5]. NS1 is one of the most important

nonstructural glycoproteins (40–50 kDa) and is considered to be

immunogenic either secreted as a soluble hexamer form or as a

membrane-associated protein on DENV infected cells [6–7]. NS1

represents an interesting target antigen for diagnosis due to its

presence in the blood of infected patients mostly from days 1–6

after the onset of clinical symptoms and in significant amounts

from days 6–10 in both primary and secondary infection [8–9].

The diagnosis of dengue infection has always been a great

challenge due to the short life cycle of the virus. Many methods

have been explored and used to diagnose dengue infection,

including virus isolation [10], viral RNA direct detection [4], virus-

specific IgM antibody detection [11], antigen capture enzyme

linked immunosorbent assays [12–13] and immunochromato-

graphic assays [14]. Among these methods, the gold nanoparticle-

based immunochromatographic assay has drawn much attention

as a promising tool for the development of a biosensor for early

and rapid detection of the disease. Usually, monoclonal antibodies
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(MAbs) are used for immunochromatographic assays [14–16].

Although there are many advantages of MAbs in biomedical

research, there are also several limitations, such as the long time

period and effort required, especially in the cloning and selection

process, to obtain a successful monoclonal antibody.

The discovery of variable domain heavy-chain antibodies (VHH

antibodies or nanobodies) of the Camelidae family by Hamers–

Casterman launched a new era providing valuable ligands for

diagnosis, imaging and therapy that are better than monoclonal

antibodies [17]. Nanobodies are the smallest intact antigen-

binding fragments (around 15 kDa) that have full antigen-binding

capacity in the absence of light chains due to their long CDR3 and

good shelf-life [18–20]. These new VHH domains with their

versatile structural and functional properties form the basis of a

new generation of antibodies for the diagnosis of infectious diseases

as they bind to the pocket and cleft of the targeted antigen [21]. So

it is highly likely that nanobodies will be potential tools in the

development of biosensors based on immunochromatographic

assays.

The generation of serotype-specific antibodies makes it possible

to identify serotype-specific epitopes that can be used to investigate

the mechanism of NS1-mediated immunologic functions, diagno-

sis and vaccine development [22]. A phage library displaying

different peptide sequences exposed to targets (antibodies) and the

elution of specifically bound phages can provide the information of

fragments binding with the targets [23].

The objectives of the present study are to screen and purify

nanobodies against recombinant NS1 protein of DENV type

2 from a non-immune llama (Lama glama) library; determine the

binding epitopes of VHH antibodies using the phage displaying

peptides library (Ph.D12 kit); and investigate the possibility of

developing VHH antibodies as a diagnostic tool as an alternative

to conventional monoclonal antibodies.

Materials and Methods

Ethics Statements
The study was approved by the Institutional Review Board

(IRB) of the National Engineering Laboratory of Point-of-Care

Tests, Wondfo, Guangzhou, China (permit number: 20110503).

The specific approval number for experimental animal use was

SCXK (Yue) 2011-002. Blood samples of patients used for the

experiments were collected from No. 8 Provincial People’s

Hospital, Guangzhou, China. All participants provided written

informed consent for the use of the clinical samples in this study

and this consent procedure was also approved by the Ethics

Committee of No. 8 Provincial People’s Hospital, Guangzhou,

China (permit number: 20100431).

Preparation of Recombinant NS1 Protein (rNS1)
The genomic RNA was extracted from a DENV type 2 strain

NGC-infected C6/36 mosquito (Aedes albopictus) cell culture (kindly

provided by Zhujiang Hospital, Guangzhou, China) and used as a

template for RT-PCR with forward primer (59-TTACATATG-
GATAGTGGTTGCGTTGTGAGC-39) and reverse primer (59-

TTAGTCGACGGCTGTGACCAAGGAGTTGA-39). The am-

plified NS1 gene, which showed 98% nucleotide sequence identity

to that of DENV type-2 NGC strain NS1 (NCBI GenBank

M29095.1), was ligated into the NdeI and SalI sites of the

expression vector pET-30a (+) (Novagen,Madison, WI) in the open

reading frame and downstream of the His-tag coding sequence.

The plasmid pET-30a (+)-NS1 was transformed into E. coli BL21

(DE3). The rNS1 protein was expressed as inclusion bodies and

then purified using a previously described method [24]. The

identity of the rNS1 protein was confirmed by SDS-PAGE,

western blot analysis and indirect ELISA with rabbit polyclonal

antibody against NS1.

To investigate whether the rNS1 protein re-folded correctly,

circular dichroism (CD) was detected using a Chirascan Circular

Dichroism Spectropolarimeter (UK) with a quartz cuvette (0.01-

cm path length), and spectra from scans at 30 nm/min speed were

averaged. A Varian Cary Eclipse spectrofluorometer (Australia)

was used for fluorescence spectroscopy measurements at 25uC.

The excitation wavelength was 278 nm and the emission spectrum

was recorded from 300–420 nm [25].

Preparation of Monoclonal Antibodies (MAb)
Four to 5-week-old female BALB/c mice were immunized

subcutaneously with 100 mg rNS1 emulsified with complete

Freund’s adjuvant (Sigma-Aldrich), followed by three booster

doses of 50 mg antigen (rNS1) emulsified with incomplete Freund’s

adjuvant at 10-day intervals. Three days before cell fusion, a

booster dose of 100 mg rNS1 in saline was injected intravenously

every day. Hybridomas were produced by fusing spleen cells from

the immunized mice (sacrificed by CO2 inhalation, a recom-

mended method of euthanasia) with myeloma SP2/0-Ag14 cells

[26]. Positive hybridomas were selected by indirect ELISA with

rNS1 as coating antigen and cloned by limiting dilution.

Monoclonal antibodies were purified from ascites using a HiTrap

Protein G HP affinity column (GE Healthcare) according to the

manufacturer’s instructions. The identification and activity of anti-

rNS1 monoclonal antibodies were confirmed by SDS-PAGE,

western blot analysis and indirect ELISA.

Indirect ELISA
The binding affinity of anti-rNS1 monoclonal antibodies was

confirmed by indirect ELISA. A 96-well microtiter plate was

coated overnight at 4uC with 2 mg/ml (100 ml/well) rNS1 antigen

and malarial LDH recombinant protein (expressed in our

laboratory) to check the cross reaction. The plate was washed

once with PBST (0.5% Tween20) followed by blocking with 3%

BSA in PBST (200 ml/well) at 37uC for 2 h. Serial dilutions (1023

to 1026-fold) of 3B3 monoclonal antibody (2 mg/ml) were

prepared in antibody dilution buffer (1% BSA in 16PBS with

0.5% Tween20) and 100 ml/well were added after washing the

plate once. A positive control of anti-DENV2-rNS1 mouse

monoclonal antibody was provided by Wondfo (Guangzhou,

China). The plate was then incubated at 37uC for 1 h and washed

three times with PBST. HRP-conjugated goat anti-mouse IgG

(ZSGB-BIO, Beijing, China) diluted 1:10,000 was added (100 ml/

well) for detection and incubated at 37uC for 30 min. 3,39,5,59-

Tetramethylbenzidine solution with hydrogen peroxide (100 ml/

well) was used as the substrate after washing the plate three times

and incubated at 37uC for 10 min in the dark. The reaction was

stopped by 2 M H2SO4 (50 ml/well) and the plate was immedi-

ately read using an ELISA reader at OD450.

VHH Antibody Screening and Phage Binding Analysis
Biopanning was performed as described previously with slight

modifications [27]. Briefly, four rounds of biopanning were

performed. Non-immune llama single domain heavy chain

(VHH) phage displaying the antibody library (kindly provided by

Chinese National Human Genome Center at Shanghai, Shanghai,

China) was subjected to 26yeast extract and tryptone growth

medium (26YT) supplemented with ampicillin (100 mg/ml) and

glucose (2%w/v). The library stock was incubated at 37uC,

220 rpm until the OD600 reached 0.5. It was then infected with

M13K07 helper phage (GE Healthcare) and amplified overnight
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with the addition of kanamycin (50 mg/ml) and IPTG (0.1 mmol/

l) at 30uC, 220 rpm. The phage particles from the culture

supernatant were precipitated with PEG (20% polyethylene glycol

6000, 0.5 M NaCl, resuspended in sterile PBS) on ice for 1 h. The

pellet was resuspended in 5 ml TE buffer after centrifugation and

used for the next panning.

Nunc-Immuno Maxisorp tubes (Fisher Scientific) were coated

overnight at 4uC with different concentrations (10, 5, 2.5 and

1 mg/ml) of target rNS1 antigen for rounds 1, 2, 3 and 4,

respectively. The reaction was blocked with 2% BSA for 1 h at

37uC. The phages from each round of panning were also pre-

incubated with the same blocking solution for 30 min at 37uC and

added to the immunotubes coated with antigen. The immuno-

tubes were then incubated at 37uC for 1 h. Unbound phages were

removed by intensive washing in each round. The bound phage

was eluted with 0.1 M HCl-glycine (pH 2.2) after gently shaking at

room temperature for 10 min and then neutralized with 1 M Tris-

HCl (pH 7.4). At the end of each round of panning, the eluted

phages were used to infect E. coli TG1 cells for amplification. After

centrifugation at 5000 rpm for 5 min at 4uC, the pellet was

resuspended with 1 ml of 26YTAG medium and then spread on

the plates containing 26YTAG agar medium. The plates were

incubated overnight at 37uC. Colonies were scraped from the

plates and used as the library for the next panning.

After the fourth round of biopanning, 96 colonies were

randomly picked and cultured in 26YTAG medium in a U-

bottom 96-well plate (Nunc, Denmark) to determine the reactivity

of VHH-phages towards rNS1. When the OD600 reached 0.5, the

colonies were infected with 20-fold M13K07 and amplified

overnight with the addition of kanamycin (50 mg/ml) and IPTG

(0.1 mmol/l) at 30uC, 220 rpm. Culture supernatant was added to

the ELISA microplate (100 ml/well) coated with rNS1 antigen

(1 mg/ml) and blocked with 3% BSA. After washing, bound

phages were detected with HRP-conjugated anti-M13 mouse

monoclonal antibody (GE Healthcare). Positive clones were

selected by OD492-tested clone/OD492-negative control .2.1

(generally considered as the threshold value), meanwhile the

negative control was a blank. The positive clones were then

sequenced by Shanghai HuaGene Biotech Co. Ltd. (Shanghai,

China). Sequence analysis of plasmids (pCANTAB5E-VHH) and

alignment were performed by DNAMAN, primer-primer (version

5) software, CLUSTALW and IMGT (international ImMunoGe-

neTics) information system.

VHH Antibody Expression and Purification
After double digestion with BamHI and HindIII enzymes, the

VHH genes from the selected clones were ligated into pET-22b (+)

vector and transformed into E. coli BL21 (DE3) (Novagen,

Madison, WI). Large scale production of recombinant VHHs

was performed by culturing the bacteria in LB medium

supplemented with ampicillin (1:1000) until the OD600 reached

0.6–0.8. Then, to induce VHH expression, IPTG was added to a

final concentration of 1 mM and the culture was incubated at

37uC, 220 rpm for 4–5 h. Cells were harvested and the pellet was

resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl,

10 mM imidazol, pH 8, 1 ml of 30 mg/ml lysozyme) followed by

ultrasonication. The lysate was centrifuged at 10,000 rpm, 4uC for

10 min. The supernatant was loaded onto a Ni-nitrilotriacetic acid

(Ni-NTA) superflow sepharose column (Qiagen, Hilden, Ger-

many) and the VHH antibody was eluted with elution buffer

(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazol).

Surface Plasmon Resonance
The binding kinetics and affinity of the VHH antibodies and

monoclonal antibody for the rNS1 antigen were analyzed by real-

time surface plasmon resonance (SPR) using Plexera V1. Both

kinds of antibodies in 10 mM sodium acetate buffer (pH 4.5) were

covalently immobilized on a three dimensional sensor chip

(Plexera, Guangzhou, China) using EDC/NHS activation. All

analyses were performed with a flow rate of 2 ml/s at 22uC. At the

end of rNS1 injection, the running buffer (10 mM HEPES, 0.3 M

NaCl, 3.4 mM EDTA, 0.05% Tween) flowed for 500 s, followed

by the regeneration of the three dimensional chip using 1000 ml of

10 mM NaOH. Binding kinetics was evaluated using a 1:1

Langmuir binding model.

Preparation of Gold Nanoparticle-conjugated Antibodies
and the Immunochromatographic Test Strips

Monoclonal antibody and VHH antibody immobilized rapid

diagnostic kits were developed in this study. Colloidal gold was

prepared by following a previously reported method with slight

modifications [16]. Colloidal gold-conjugated 3 M4 mouse

monoclonal antibody against DENV type 2 rNS1 was provided

by Wondfo (Guangzhou, China) and used as the detection

antibody in both types of kits. This 3 M4 monoclonal antibody

was immobilized on polyester fiber for the preparation of a

conjugated pad. Monoclonal antibody and VHH antibody against

DENV type 2 rNS1 developed in this study were immobilized on

the nitrocellulose (NC) membrane as capture antibodies to give the

test line (T line), which was the most important part of the strip.

Goat anti-mouse IgG antibody specific to the detection antibody

was also immobilized on the NC membrane to produce a control

line (C line). All of these components along with a sample pad and

absorbent pad were pasted onto a PVC board. The whole

assembled board was cut into 3-mm wide strips. The sample was

dropped onto the sample pad and allowed to migrate.

After the antigen-antibody reactions, a red color caused by the

accumulation of the colloidal gold at the test and control lines

appears on the membrane within 10–15 min for positive samples

[16]. The color intensity of each test line was compared with a

standard color test card developed by Wondfo (Guangzhou,

China). The analytical limit of detection was determined as the

lowest concentration of rNS1 required to produce positive results

by the appearance of a T line. The sensitivity and specificity of the

two types of strips were determined by using dengue positive viral

culture supernatants and clinical serum samples of different

endemic diseases, respectively.

Phage-display Biopanning for Epitope Mapping
The phage peptide library kit (Ph.D 12 kit, New England

Biolabs, USA), which displays 12-residue peptides with random

sequences fused with the N terminus of the minor coat protein

(pIII) of M13 phage, was used for screening the MAb and VHH

antibodies according to the manufacturer’s instruction. For each

selection cycle, 261011 phages were applied to a 96-well plate pre-

coated with monoclonal or VHH antibodies (100 mg/well). The

level of precise phage enrichment was calculated as the input-

output ratio. Three rounds of biopanning were performed. The

concentration of coating antibodies (VHH and monoclonal

antibodies) gradually decreased in the second and third panning

cycles (50 mg/ml and 25 mg/ml, respectively) and the concentra-

tion of Tween20 in TBS increased from 0.1% to 0.5% in the

second and third rounds of panning during the washing steps.

After the last panning, unamplified phage eluate was titrated onto

LB medium plates containing IPTG and X-Gal. Plaques were
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randomly picked for each antibody and amplified. Then, single

stranded phage DNA from each clone was isolated for sequencing

with the 296 gIII sequencing primer 59-CCCTCATAGT-

TAGCGTAACG-39 and used to deduce the amino acid sequences

of encoded 12-mer peptides. The peptide sequences were aligned

with the amino acid sequence of rNS1 using DNAMAN and

DNASTAR software.

Statistical Analysis
ELISA absorbance data were analyzed using analysis of

variance (ANOVA) and means were compared by the Student–

Newman–Keuls test [28]. Clinical data were expressed with 95%

confidence intervals (CIs) as suggested by Tjitra et al. [29].

Results

Expression, Purification and Refolding of rNS1
The DENV2 NS1 gene was cloned into the expression vector

pET-30a (+) in the correct open reading frame. The transformed

BL21 (DE3) bacterial cells expressed a high level of rNS1 protein

as inclusion bodies. The inclusion bodies were dissolved in

denaturation buffer and purified rNS1 protein was obtained using

a HiTrap Ni2+ column. The recovery rate of recombinant protein

was up to 82%. A protein band with molecular mass of

approximately 45 kDa was observed by SDS-PAGE (Figure 1A)

and Western blot (data not shown). After refolding, rNS1 was

analyzed by fluorescence spectroscopy of the tryptophan residue to

verify proper rNS1 refolding [34]. One peak at 340 nm in the

emission spectrum indicated correct refolding whereas a peak at

355 nm was observed in the emission spectrum of denatured rNS1

(Figure 1B). The CD spectrum indicated one positive peak at

192 nm and two negative peaks near 208 nm and 222 nm,

indicating a mixture of secondary structure components

(Figure 1C). According to the CDSSTR decomposition algorithm,

rNS1 is composed of 15% a-helices, 48% b-sheets and 37%

random coils/turns. The same results were also obtained by

Allonso et al. [34].

Generation of MAb and VHH Antibodies Against rNS1
Serotype-specific monoclonal antibodies and VHH antibodies

against DENV type 2 rNS1 were generated. For monoclonal

antibody production, in total 18 mouse hybridoma cell lines stably

producing MAbs were initially established in this study on the basis

of their positive reactivity with rNS1 protein after indirect ELISA.

3B3 MAb was selected for comparison with VHH antibody

because it has the highest binding affinity (OD450 2.37260.037)

with DENV2-rNS1 and no cross reaction was observed with His-

tagged malarial LDH recombinant protein after indirect ELISA

(Figure 2).

Fast, reliable, controllable selection and screening of single

domain antibodies (VHHs) against DENV2-rNS1 protein from

the non-immune llama VHH library were derived in the present

study. After four rounds of biopanning and indirect ELISA, 20

positive clones were selected for sequencing. Sequence alignment

and analysis revealed that most of the clones have sequence

homology (data not shown). Hence, four different strains of VHHs

were obtained and those designated as P2, P9, P10 and P13 were

selected for further analysis. The four VHHs were analyzed for

CDR and framework regions according to the IMGT unique

numbering system [30] (http://www.imgt.org/3Dstructure-DB/

cgi/DomainGapAlign.cgi). These VHHs have 82–87% nucleotide

identity with Lama glama (IGHV1S3*01 and IGHJ4*01). P2 and

P10 clones have nine unique nucleotides whereas P9 and P13

clones have 12 unique nucleotides in the CDR3 regions (Figure 3)

(GenBank accession number: KF193086-KF193089). The long

CDR3 regions indicate that those VHHs may have good binding

affinity with antigen [31–32].

VHH genes (400 bp) isolated after double digestion (Figure 4A)

were cloned into pET-22b (+) vectors (Novagen) and transformed

into E. coli BL21 (DE3). Recombinant proteins were produced at

high levels within a range of 5–8 mg/l from bacterial culture. P2

Figure 1. Analysis of DENV2-rNS1 refolded protein. (A) SDS-PAGE of refolded rNS1 protein, M: protein marker, lane 1: protein after refolding.
(B) Correct refolding of rNS1 by fluorescence spectroscopy. The dashed line represents denatured protein with a peak at 355 nm whereas the solid
line represents refolded protein with a peak at approximately 340 nm. The emission spectrum was recorded from 300 nm to 420 nm by fixing the
excitation wavelength at 278 nm. (C) The CD of refolded rNS1. The experiment was performed at 20uC and samples were scanned at 30 nm/min.
doi:10.1371/journal.pone.0095263.g001
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and P13 VHHs were expressed as inclusion bodies while P9 and

P10 VHHs were expressed in soluble form. The purified proteins

were analyzed by SDS-PAGE and clear bands at 15–16 kDa were

obtained (Figure 4B). As the expression of P9 VHH antibody was

very low, P2, P10 and P13 VHH antibodies were selected for the

binding affinity test.

Binding Affinity Analysis of VHH and Monoclonal
Antibodies with rNS1

The results of real-time SPR using Plexera V1 revealed that

these two kinds of antibodies showed good affinity for rNS1. The

data output was characterized as the value of the observed

response units (RU) from the sample cells minus the RU from the

reference cell (Figure 5). The dissociation constant (KD) was

Figure 2. Antibody titer of monoclonal antibody (3B3) against rNS1 by indirect ELISA. The positive control was another mouse
monoclonal antibody against dengue type 2 rNS1 provided by Wondfo (Guangzhou, China). Values are the means of three replicates. Mean 6 SE
values with the same letter within a column are not significantly different (Student–Newman-Keuls test; P,0.05).
doi:10.1371/journal.pone.0095263.g002

Figure 3. Amino acid sequence analysis of four different strains of VHH antibodies (P2, P13, P10 and P9). Complementarity
determining regions (CDR), framework regions (FR) and dot gaps are defined and numbered according to the IMGT unique numbering system
(GenBank accession number: KF193086–KF193089).
doi:10.1371/journal.pone.0095263.g003
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evaluated from the kinetics parameters of association (ka) and

dissociation rate constants (kd) by fitting the data using the BIA

evaluation 3.1 software (GE Healthcare). The KD value of the P2

VHH antibody was 2.79610–8 M, which was within the range of

KD values of most VHHs for their target antigens [33–35], while

P10 and P13 had lower binding affinities (data not shown). The

KD value for the 3B3 monoclonal antibody was 5.74610–6 M

(Table 1), which was nearly the same as some other studies

[14,36]. Furthermore, both of antibodies did not display cross

reaction with other His-tagged HIV-p24 recombinant proteins

(expressed in our laboratory). Based on these findings, P2 VHH

antibody was assumed to be the most suitable for comparison with

3B3 MAb in further studies (rapid diagnostic tests and epitope

mapping).

Development of Rapid Diagnostic Kits for Dengue
Disease

The pairing of colloidal gold-conjugated 3 M4 monoclonal

antibody as detection antibody with 3B3 MAb as well as P2 VHH

antibody as capture antibodies gave the best combination for the

preparation of kits. P10 and P13 VHH antibodies could not be

paired with 3 M4 detection antibody. Dengue type 2 viral culture

supernatants, non-dengue serum specimens of different unknown

diseases and serum from a healthy human were used for the

evaluation of VHH antibodies and monoclonal antibodies

immobilized kits.

For analytical sensitivity, different dilutions of rNS1 (75 ng/ml,

37 ng/ml, 18 ng/ml, 9 ng/ml and 4.5 ng/ml) in 0.85% NaCl

were tested on both kinds of strips to determine the limit of

detection, which is the lowest concentration of recombinant NS1

antigen required to produce positive results. For this recombinant

NS1 protein of dengue type 2, 4.5 ng/ml and 9 ng/ml detection

limits were observed visually for the VHH antibody (P2)

immobilized kit and monoclonal antibody (3B3) immobilized kit,

respectively. The test lines for every concentration of antigen in

the VHH antibody immobilized strips were a little darker than

those in the monoclonal antibody immobilized strips (Figure 6). To

evaluate the sensitivity, inactivated viral culture supernatant of

dengue type 2 containing native NS1 was used because dengue

type 2 positive blood samples were not available from any hospital

in Guangzhou, China. This viral culture supernatant was diluted

in ratios of 1:10, 1:20, 1:100, 1:150 and 1:200 in 0.85% NaCl and

tested on both types of strips. A parallel experiment was performed

with commercially available SD Bioline Dengue Duo (NS1/IgM/

IgG) kits (Kyonggi-do, Korea) to compare and check the accuracy

of diagnosis of the kits prepared in the present study. The color

intensity of the T line was compared with a standard color test

card developed by Wondfo (Guangzhou, China). Strong detection

levels based on the color of the T line were observed for dilutions

1:10 and 1:20, but the level gradually became weaker for other

dilutions (Table 2). The VHH immobilized strips displayed higher

sensitivity with the appearance of darker colored T lines for each

dilution as compared to the monoclonal antibody immobilized

strips and the commercial kit. The native NS1 detection level of

the monoclonal antibody immobilized kit prepared in the present

study was consistent with that of the commercial kit. The end

point dilution/limit dilution of detectable NS1 in the viral culture

supernatant was 1:150 for the monoclonal antibody immobilized

kit and the commercial kit. But for the VHH antibody

immobilized kit, the end point dilution was 1:200. The color of

the T line was weak and difficult to identify at the limit of dilution.

The sensitivity indicated that the performances of both kits

prepared in the present study were accurate. Thus, VHH antibody

immobilized kit exhibited a higher sensitivity with a 1:200 dilution

limit as compared with our monoclonal antibody immobilized kit

and the commercial kit with dilution limits of 1:150.

The specificities of the P2 VHH antibody and the 3B3 MAb

immobilized kits were measured using a panel of 100 non-dengue

samples at two different times (fresh samples of different diseases

were taken from hospital each time). Parallel experiments for

Figure 4. Double digestion and purification of VHH antibodies. (A) Agarose gel electrophoresis of VHH antibodies double digested with
BamHI and HindIII. Upper bands of 4500 bp correspond to vector pCANTAB5E whereas lower bands of 400 bp correspond to VHH fragments of P2
(lane 1), P9 (lane 2), P10 (lane 3), P13 (lane 4), respectively, and M stands for marker. (B) 12% polyacrylamide SDS electrophoresis gel of VHH
antibodies purified from E. coli BL21 using a Ni-NTA column. A single band of about 15 kDa is observed for each purified VHH: P2 (lane 1), P10 (lane
2), P9 (lane 3), P13 (lane 4); M stands for marker.
doi:10.1371/journal.pone.0095263.g004
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specificity were also performed with SD Bioline Dengue Duo

(NS1/IgM/IgG) commercial kits (Kyonggi-do, Korea) for com-

parison. The specificity (95% CI) of the VHH immobilized rapid

diagnostic strip was 99.50% (95% CI: 97.25% to 99.92%) with

one false positive result. The monoclonal antibody immobilized

strip gave ten false positive results, so its specificity (95% CI) was

95.24% (95% CI: 91.41% to 97.69%). The specificity (95% CI) of

the Korean commercial kit was 98.04% (95% CI: 95.05% to

99.45%), which was higher than the monoclonal antibody

immobilized kit but lower than the VHH immobilized kit. Hence,

the VHH antibody immobilized kit showed a higher specificity

than our monoclonal antibody immobilized kit and the Korean

commercial kit. These results indicate that the overall performance

of the VHH antibody immobilized rapid diagnostic kit was better

than that of the monoclonal antibody immobilized kit.

Epitope Mapping
As mentioned above, only P2 VHH antibody was suitable for

the development of rapid diagnostic kits. Therefore, P2 antibody

was selected for epitope mapping and compared with 3B3 MAb to

determine whether different or similar epitopes were involved in

the responses during the evaluation of kits. The phage clones were

isolated by incubating the 12-mer linear random peptide library

with the monoclonal antibody (3B3) and VHH antibody (P2) after

three rounds of bioscreening. For the two antibodies, a total of 20

phage clones were picked. The inserted DNA fragments of the

selected phage clones comprised 36 nucleotides and were

translated to 12 amino acid residues. The peptide sequences of

the epitopes and the rNS1 protein sequence of DENV2 were

aligned and their homology compared. Sequence analysis revealed

several different binding epitopes on rNS1 protein identified by all

clones but the C-terminal region of amino acids 224–232 was

found to be homologous for all clones. For the VHH antibody

(P2), seven independent phage clones were obtained after

biopanning of the 12-mer library. Among them, ten clones

(designated as V1) had the same peptide sequence

WHWSYWPGDNRA and another five clones (designated as

V2) had the same peptide sequence FHWSWSMQSAAT.

Interestingly, these two peptide sequences (WHWSYWPGDNRA

and FHWSWSMQSAAT) were the same in both monoclonal and

VHH antibodies. When comparing the 12-mer peptide sequence

of seven different clones displayed by selected phage binders with

the DENV2-rNS1 protein sequence, the peptide sequences for the

seven different clones were found to be similar to the sequence of

rNS1 amino acids 224–232 (C-terminal region). V1, V2 and V3

(LHWQWWPRQMAS) sequences aligned with the motif 224–

232 of rNS1 that had the consensus motif HWxxxxxxW with

strongly conserved histidine-tryptophan-tryptophan (Figure 7A).

For monoclonal antibody (3B3), five independent phage clones

were obtained after biopanning of the 12-mer library. Fifteen

clones designated as M1 had the same peptide sequence

WHWSYWPGDNRA and another two clones (designated as

M2) had the same FHWSWSMQSAAT peptide sequence. When

aligned, the 12-mer peptide sequence of the five different clones

displayed by the selected phage binders with the DENV2-rNS1

protein sequence showed identity with the C-terminal region of

rNS1 between the amino acids 224–232. Clones M1, M2 and M3

contain the same consensus motif HWxxxxxxW with strongly

Figure 5. SPR sensorgrams of VHH antibody P2 and monoclonal antibody 3B3. (A) Sensorgram showing association and dissociation of
ligand P2 to analytes rNS1 and recombinant HIV-p24. (B) Sensorgram showing association and dissociation of ligand 3B3 to analytes rNS1 and
recombinant HIV-p24.
doi:10.1371/journal.pone.0095263.g005

Table 1. Kinetic constants for monoclonal antibody (3B3) and VHH antibody (P2) against the recombinant protein NS1.

Antibody ka (M21 s21) kd (s21) KD (kd/ka, M)

3B3 4.626103 2.6561022 5.7461026

P2 7.346102 2.0561025 2.7961028

doi:10.1371/journal.pone.0095263.t001
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conserved histidine-tryptophan-tryptophan residues (Figure 7B),

which are identical to V1, V2 and V3. One of the amino acid

residues is substituted by proline in M5 and V5, which display the

consensus motif WPxxxxxW whereas all of the other clones (M4,

V4, V6 and V7) have a strongly conserved histidine-tryptophan

pair. These results indicate that the C terminal region of rNS1

comprised of amino acids 224HWPKPHTLW232 is highly

conserved for both kinds of antibodies with similar antigenic

binding epitopes.

Discussion

Antibodies are the most preferred tools and are widely used for

disease diagnostics and therapy. There is an increasing need for

more stable and specific antibodies in the medical and diagnostic

fields [37–38]. However, conventional hybridoma monoclonal

antibody technology is laborious, expensive, time-consuming and

has difficulty keeping up with the current pace of recognition of

targeted antigen structures. The use of antibody phage display on

a llama non-immune library provides a reliable, cost-effective and

fast option for generating VHH antibodies. Non-immune libraries

Figure 6. Sensitivity of antibody immobilized kits to rNS1 antigen. Test strips were treated with different concentrations of rNS1 antigen.
Upper strip (A) was VHH antibody immobilized while lower strip (B) was monoclonal antibody immobilized at each tested concentration. T and C
represent test and control lines, respectively. Detection limits visually observed were 4.5 ng/ml and 9 ng/ml for VHH and monoclonal antibodies
immobilized strips, respectively.
doi:10.1371/journal.pone.0095263.g006
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have many advantages in that the time-consuming immunization

and library construction protocols can be omitted for each new

target [39]. VHH antibodies are being researched for multiple

pharmaceutical applications and have potential for use in the

treatment of some diseases [40–42]. This is the first study that has

successfully developed a reliable and controllable protocol for

nanobody screening against DENV2-rNS1 protein from a non-

immune llama VHH library followed by the expression of the

nanobodies by E. coli (BL21).

After purification, sequence alignment of the VHH antibodies

by the IMGT system revealed some sequence homology of the

framework regions and residues within the two complementarity

determining regions (CDR1, CDR2) with Lama glama

(IGHV1S3*01, IGHJ4*01). However, the CDR3 regions, previ-

ously known to represent a highly antigenic recognition core, were

different and did not show homology with the other sequences.

Based on these findings, the high affinity of VHH antibodies might

be due to these novel and longer CDR3 regions while other CDRs

and some contact residues of the framework region may bind

opportunistically with the antigen [31–32].

The fast, user-friendly and cost-effective immunochromato-

graphic assay, which is based on rapid diagnostic kits for NS1

detection in patient’s serum, provides opportunities for point-of-

care diagnosis, especially in developing countries [13,43]. The

selection of well characterized antibodies is crucial for the

development of biosensors based on immunoassay. Currently,

the frequency of dengue infection has increased because of warmer

weather conditions and frequent international travel. On the other

hand, few NS1 antigen-based commercial diagnostic kits are

available [9,44–48]. Most of these kits are dependent on

conventional monoclonal antibodies. In the current study, the

discovery of single domain, small-sized (15–16 kDa) and more

versatile VHH antibodies with long CDR3 regions offers the

potential for the development of a more advanced biosensor.

Moreover, SPR and indirect ELISA results revealed that both

VHH and monoclonal antibodies displayed good binding affinity

and specificity. P2 VHH antibody was selected due to its higher

KD value (2.79610–8 M) and successful pairing as a capture

antibody with 3 M4 detection antibody for the development of a

rapid diagnostic kit. The detection limit of the VHH antibody

immobilized kit using recombinant NS1 antigen was lower

(4.5 ng/ml) than that of the monoclonal antibody immobilized

kit (9 ng/ml) (Figure 6). Previously, it has been reported that the

concentration of circulating NS1 in acute phase serum samples

ranges from 10 ng/ml to 50 mg/ml [8]. The present analytical

sensitivity indicates that both kinds of kits are suitable for the

detection of low concentrations of NS1 in DENV2 infections. Our

findings are supported by some recent studies in which the

analytical sensitivities of dengue early rapid tests [14] and NS1

antigen capture ELISA [13] based on monoclonal antibodies were

found to be less than 5 ng/ml and 3 ng/ml, respectively, when

purified recombinant NS1 was used.

Due to the unavailability of DENV2 positive serum samples

from hospitals, the performances of both VHH and monoclonal

antibodies immobilized kits were compared with the SD Bioline

Dengue Duo commercial kit (Korea) for accuracy of diagnosis.

The sensitivity of the monoclonal antibody immobilized kit was

consistent with that of the commercial kit with a 1:150 dilution

limit for the detection of native NS1 in DENV2 culture

supernatant whereas the VHH immobilized kit displayed a higher

sensitivity with a 1:200 dilution limit. The specificities of the two

kits prepared in the present study were also compared with the

commercial kit. The specificity of VHH antibody immobilized kit

was higher (99.50%) than that of the monoclonal antibody

immobilized kit (95.24%) and the commercial kit (98.04%). This

comparison study of VHH and monoclonal antibody immobilized

rapid diagnostic kits with the commercial kit revealed that kits

developed in the present study are reliable and fast. Because of the

high target specificity, affinity and ease of production of VHH

antibody, the rapid diagnostic kit based on VHH antibody was

found to be more efficient and economical and it displayed better

sensitivity and specificity results compared to the monoclonal

antibody immobilized kit.

Epitope mapping is crucial for understanding the nature of

immune responses and diagnostics [49]. Identification of the

epitopes requires the preparation of highly specific antibodies.

After the successful generation of MAb and VHH antibodies

against DENV2-rNS1, the antigenic epitopes were identified by

biopanning of a commercially available phage display peptide

library (Ph.D 12 kit) using P2 and 3B3 antibodies as targets. After

three rounds of panning, phage clones capable of binding to both

antibodies were enriched, showing an increase in titer in the case

of the VHH antibody compared to the monoclonal antibody.

Sequence analysis revealed that there was only one rNS1 epitope

residue (corresponding to residues 224–232), which was identical

for all clones in both kinds of antibodies. The two peptide

sequences WHWSYWPGDNRA (same in V1 and M1 clones) and

FHWSWSMQSAAT (same in V2 and M2 clones) were predicted

to be the mimotopes on rNS1. The homologous region of the

rNS1 sequence (aa224–232) was assessed as a potential epitope for

Table 2. Sensitivity and specificity of monoclonal and VHH antibodies based on immunochromatographic tests.

Test strip based on VHH Test strip based on MAb

Sensitivity (viral culture
supernatant dilutions)

Color of T line Color of T line

1:10 ++++ +++

1:20 +++ ++

1:100 ++ +

1:150 + 6

1:200 6 2

Specificity (95% CI)
(Non-dengue samples)

99.50% (97.25 to 99.92) 95.24% (91.41 to 97.69)

‘‘++++’’ stands for high detection level with strong color band; ‘‘+++’’ less strong;
‘‘++’’ medium; ‘‘+’’ light color band; ‘‘6’’ limit dilution; ‘‘2’’ absent.
doi:10.1371/journal.pone.0095263.t002
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both kinds of antibodies, which indicates that histidine and

tryptophan are probably key components in almost all of the

clones and form the antigenic epitope (Figure 7A, 7B). These

amino acids may play an important role in antibody binding.

Similarly, Wu et al. [50–51] used serotype-specific monoclonal

antibodies to identify the epitopes of DENV1-NS1 and DENV2-

NS1 from a random peptide library displayed on a phage. They

also found that histidine was the most important amino acid for

antibody binding. In consequence, this study revealed that the

rNS1 epitope residues 224HWPKPHTLW232 in the C-terminus

epitope region are conserved for both monoclonal and VHH

antibodies with similar antigenic epitopes.

In conclusion, selection of VHH against DENV2-rNS1 from a

non-immune llama library by a phage display technique proved to

be very successful within 4 weeks. Furthermore, VHH expression

from E. coli and purification within 1 week holds great promise for

future large scale production in a cost-effective way. Compared to

hybridoma technology, this protocol requires less time and no

animal immunization. Selection and screening of positive VHH

clones are also accurate and fast. Thus, extensive isolation and

production of single domain antibodies become affordable. The

comparison of monoclonal and VHH antibodies for the identifi-

cation and screening of NS1 epitopes may provide better

information for developing serological tests. Both kinds of

antibodies have similar NS1 epitopes that might be involved in

the diagnosis of DENV2 infections. There is no big difference

between the sensitivity and specificity of VHH and monoclonal

antibody immobilized kits, but better visible results with the VHH

antibody immobilized kit indicate that VHHs are more versatile

and suitable for binding the pocket or cleft of targeted antigens due

to their long CDR3 regions as compared to monoclonal

antibodies. All of these findings indicate that VHH offers similar

or better results than conventional monoclonal antibody. There-

fore, VHH antibodies offer a promising alternative for developing

commercial diagnostic tools. One limitation of the present study is

the unavailability of DENV2 positive serum samples from

hospitals. Further work is still needed to determine the sensitivity

of the rapid diagnostic kits with a large number of dengue positive

serum samples collected at different times in the course of

infection.

Acknowledgments

The authors wish to thank International Science Editing for improving

scientific writing.

Author Contributions

Conceived and designed the experiments: JW. Performed the experiments:

AF HW LX. Analyzed the data: AF JW HW LX KK YW XW.

Contributed reagents/materials/analysis tools: JW AF KK WY. Wrote the

paper: AF JW HW.

References

1. Mackenzie JS, Gubler DJ, Petersen LR (2004) Emerging flaviviruses: the spread

and resurgence of Japanese encephalitis, West Nile and dengue viruses. Nat Med

10: S98–S109.

2. World Health Organization (2012) Global strategy for dengue prevention and

control 2012–2020, WHO report, Geneva.

3. George R, Lum LCS (1997) Clinical spectrum of dengue infection. In: Gubler

DJ, Kuno G, eds. Dengue and dengue hemorrhagic fever. CAB International,

London, United Kingdom. 89–114.

4. Teles FR, Prazeres DM, Lima-Filho JL (2005) Trends in dengue diagnosis. Rev

Med Virol 15: 287–302.

5. Whitehead SS, Blaney JE, Durbin AP, Murphy BR (2007) Prospects for a

dengue virus vaccine. Nat Rev Microbiol 5: 518–528.

6. Flamand M, Megret F, Mathieu M, Lepault J, Rey FA, et al. (1999) Dengue

virus type 1 nonstructural glycoprotein NS1 is secreted from mammalian cells as

a soluble hexamer in a glycosylation-dependent fashion. J Virol 73: 6104–6110.

7. Mackenzie JM, Jones MK, Young PR (1996) Immunolocalization of the dengue

virus nonstructural glycoprotein NS1 suggests a role in viral RNA replication.

Virology 220: 232–240.

8. Alcon S, Talarmin A, Debruyne M, Falconar A, Deubel V, et al. (2002)

Enzyme-linked immunosorbent assay specific to dengue virus type 1 nonstruc-

tural protein NS1 reveals circulation of the antigen in the blood during the acute

phase of disease in patients experiencing primary or secondary infections. J Clin

Microbiol 40: 376–381.

9. Xu H, Di B, Pan YX, Qiu LW, Wang YD, et al. (2006) Serotype 1-specific

monoclonal antibody-based antigen capture immunoassay for detection of

circulating nonstructural protein NS1: Implications for early diagnosis and

serotyping of dengue virus infections. J Clin Microbiol 44: 2872–2878.

10. Yamada K, Takasaki T, Nawa M, Kurane I (2002) Virus isolation as one of the

diagnostic methods for dengue virus infection. J ClinVirol 24(3): 203–209.

11. Guzmán MG, Kourı́ G (2004) Dengue diagnosis, advances and challenges.

Int J Infect Dis 8(2): 69–80.

12. Ding X, Hu D, Chen Y, Di B, Jin J, et al. (2011) Full serotype- and group-

specific NS1 capture enzyme-linked immunosorbent assay for rapid differential

diagnosis of dengue virus infection. Clin Vaccine Immunol 18(3): 430–434.

13. Qiu LW, Di B, Wen K, Wang XS, Liang WH, et al. (2009) Development of an

antigen capture immunoassay based on monoclonal antibodies specific for

dengue virus serotype 2 nonstructural protein 1 for early and rapid identification

of dengue virus serotype 2 infections. Clin Vaccine Immunol 16(1): 88–95.

14. Fry SR, Meyer M, Semple MG, Simmons CP, Sekaran SD, et al. (2011) The

diagnostic sensitivity of dengue rapid test assays is significantly enhanced by

using a combined antigen and antibody testing approach. PLoS Negl Trop Dis

5(6): e1199. doi:10.1371/journal.pntd.0001199.

15. Zhou P, Lu Y, Zhu J, Hong J, Li B, et al. (2004) Nanocolloidal gold-based

immunoassay for the detection of N-Methylcarbamate pesticide carbofuran.

J Agric Food Chem 52: 4355–4359.

16. Tanaka R, Yuhi T, Nagatani N, Endo T, Kerman K, et al. (2006) A novel

enhancement assay for immunochromatographic test strips using gold

nanoparticles. Anal Bioanal Chem 385(8): 1414–1420.

17. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,

et al. (1993) Naturally occurring antibodies devoid of light chains. Nature 363:

446–448.

18. Cortez-Retamozo V, Backmann N, Senter PD, Wernery U, De Baetselier P, et

al. (2004) Efficient cancer therapy with a nanobody-based conjugate. Cancer

Res 64: 2853–2857.

19. Revets H, De Baetselier P, Muyldermans S (2005) Nanobodies as novel agents

for cancer therapy. Expert Opin Biol Ther 5: 111–124.

20. McCoy LE, Quigley AF, Strokappe NM, Bulmer-Thomas B, Seaman MS, et al.

(2012) Potent and broad neutralization of HIV-1 by a llama antibody elicited by

immunization. J Exp Med 209(6): 1091–1103.

21. Deffar K, Shi H, Li L, Wang X, Zhu X (2009) Nanobodies - the new concept in

antibody engineering. Afr J Biotechnol 8 (12): 2645–2652.

22. Chen Y, Pan Y, Guo Y, Qiu L, Ding X, et al. (2010) Comprehensive mapping of

immunodominant and conserved serotype and group specific B-cell epitopes on

nonstructural protein 1 from dengue virus type 1. Virology 398: 290–298.

23. Jiang L, Zhou JM, Yin Y, Fang DY, Tang YX, et al. (2010) Selection and

identification of B-cell epitope on NS1 protein of dengue virus type 2. Virus Res

150(1–2): 49–55.

24. Ye W, Liu J, Wang H, Wang J, Wang X (2012) Cloning, expression,

purification, and characterization of a glutamate-specific endopeptidase from

Bacillus licheniformis. Protein Expr Purif 82(1): 138–143.

25. Allonso D, da Silva Rosa M, Coelho DR, da Costa SM, Nogueira RMR, et al.

(2011) Polyclonal antibodies against properly refolded dengue virus NS1 protein

expressed in E. coli enable sensitive and early dengue diagnosis. J Virol Methods

175: 109–116.

26. Che XY, Qiu LW, Pan YX, Wen K, Hao W, et al. (2004) Sensitive and specific

monoclonal antibody-based capture enzyme immunoassay for detection of

Figure 7. Sequence similarity between binding peptides and dengue type2-rNS1. (A) Clones V1–V7 represent different binding peptides of
VHH antibody (P2). All selected binding peptides were homologous to the 224HWPKPHTLW232 amino acid region of rNS1. (B) Clones M1–M5 represent
different binding peptides of monoclonal antibody (3B3). All selected binding peptides were homologous to the 224HWPKPHTLW232 amino acid
region of rNS1.
doi:10.1371/journal.pone.0095263.g007

Usage of VHH in Immunological Diagnosis

PLOS ONE | www.plosone.org 11 April 2014 | Volume 9 | Issue 4 | e95263



nucleocapsid antigen in sera from patients with severe acute respiratory

syndrome. J Clin Microbiol 42: 2629–2635.

27. Doyle PJ, Arbabi-Ghahroudi M, Gaudette N, Furzer G, Savard ME, et al.

(2008) Cloning, expression, and characterization of a single-domain antibody

fragment with affinity for 15-acettyl-deoxynivalenol. Mol Immunol 45: 3703–

3713.

28. SAS Institute (2000) SAS user’s guide: statistics, SAS Institute, Cary, North

Carolina.

29. Tjitra E, Suprianto S, Dyer M, Currie BJ, Anstey NM (1999) Field evaluation of

the ICT malaria P.f/P.v immunochromatographic test for detection of

Plasmodium falciparum and Plasmodium vivax in patients with a presumptive clinical

diagnosis of malaria in eastern Indonesia. J Clin Microbiol 37: 2412–2417.

30. IMGT/DomainGapAlign website. Available: http://www.imgt.org/

3Dstructure-DB/cgi/DomainGapAlign.cgi. Accessed 2012 Jul 30.

31. Davis MM (2004) The evolutionary and structural ‘logic’ of antigen receptor

diversity. Semin Immunol 16: 239–243.

32. De Genst E, Saerens D, Muyldermans S, Conrath K (2006) Antibody repertoire

development in camelids. Dev Comp Immunol 30(1–2): 187–198.

33. Alvarez-Rueda N, Behar G, Ferre V, Pugnière M, Roquet F, et al. (2007)

Generation of llama single-domain antibodies against methotrexate, a

prototypical hapten. Mol Immunol 44: 1680–1690.

34. Monegal A, Ami D, Martinelli C, Huang H, Aliprandi M, et al. (2009)

Immunological applications of single-domain llama recombinant antibodies

isolated from a naı̈ve library. Protein Eng Des Sel 22(4): 273–280.

35. Zarebski LM, Urrutia M, Goldbaum FA (2005) Llama single domain antibodies

as a tool for molecular Mimicry. J Mol Biol 349: 814–824.

36. Moreland NJ, Tay MYF, Lim E, Paradkar PN, Doan DNP, et al. (2010) High

affinity human antibody fragments to dengue virus non-structural protein 3.

PLoS Negl Trop Dis 4(11): e881. doi: 10.1371/journal.pntd.0000881.

37. von Mehren M, Weiner LM (1996) Monoclonal antibody-based therapy. Curr

Opin Oncol 8: 493–498.

38. Verheesen P, Roussis A, de Hard HJ, Groot AJ, Stam JC, et al. (2006) Reliable

and controllable antibody fragment selections from camelid non-immune

libraries for target validation. Biochim Biophys Acta 1764: 1307–1319.

39. Klooster R, Rutgers KM, van der Maarel SM (2012) Selection of VHH antibody

fregments that recognize different Ab depositions using complex immune

libraries. Methods Mol Biol 911(3): 241–253.

40. Groot AJ, Verheesen P, Westerlaken EJ, Gort EH, van der Groep P, et al. (2006)

Identification by phage display of single-domain antibody fragments specific for

the ODD domain in hypoxia-inducible factor 1alpha. Lab Invest 86(4): 345–

356.
41. Wei G, Meng W, Guo H, Pan W, Liu J, et al. (2011) Potent neutralization of

influenza A virus by a single-domain antibody blocking M2 ion channel protein.

PLoS One 6(12): e28309. doi:10.1371/journal.pone.0028309.
42. Strokappe N, Szynol A, Aasa-Chapman M, Gorlani A, Forsman Quigley A, et

al. (2012) Llama antibody fragments recognizing various epitopes of the CD4bs
neutralize a broad range of HIV-1 subtypes A, B and C. PLoS One 7(3): e33298.

doi:10.1371/journal.pone.0033298.

43. Andries A-C, Duong V, Ngan C, Ong S, Huy R, et al. (2012) Field evaluation
and impact on clinical management of a rapid diagnostic kit that detects dengue

NS1, IgM and IgG. PLoS Negl Trop Dis 6(12): e1993. doi:10.1371/
journal.pntd.0001993.

44. Sekaran SD, Ew CL, Kantesh BM, Appana R, Subramaniam G (2007)
Evaluation of a dengue NS1 capture ELISA assay for the rapid detection of

dengue. J Infect Developing Countries 1: 182–188.

45. Blacksell SD, Bell D, Kelley J, Mammen MP Jr, Gibbons RV, et al. (2007)
Prospective study to determine accuracy of rapid serological assays for diagnosis

of acute dengue virus infection in Laos. Clin Vaccine Immunol 14: 1458–1464.
46. Chuansumrit A, Chaiyaratana W, Pongthanapisith V, Tangnararatchakit K,

Lertwongrath S, et al. (2008) The use of dengue nonstructural protein 1 antigen

for the early diagnosis during the febrile stage in patients with dengue infection.
Pediatr Infect Dis J 27: 43–48.

47. Phuong HL, Thai KT, Nga TT, Giao PT, Hung le Q, et al. (2009) Detection of
dengue nonstructural 1 (NS1) protein in Vietnamese patients with fever. Diagn

Microbiol Infect Dis 63: 372–378.
48. Ramirez AH, Moros Z, Comach G, Zambrano J, Bravo L, et al. (2009)

Evaluation of dengue NS1 antigen detection tests with acute sera from patients

infected with dengue virus in Venezuela. Diagn Microbiol Infect Dis 65(3): 247–
253.

49. Malito E, Faleri A, Lo Surdo P, Veggi D, Maruggi G, et al. (2013) Defining a
protective epitope on factor H binding protein, a key meningococcal virulence

factor and vaccine antigen. Proc Natl Acad Sci USA 110(9): 3304–3309.

50. Wu HC, Huang YL, Chao TT, Jan JT, Huang JL, et al. (2001a) Identification of
B-cell epitope of dengue virus type 1 and its application in diagnosis of patients.

J Clin Microbiol 39: 977–982.
51. Wu HC, Jung MY, Chiu CY, Chao TT, Lai SC, et al. (2003) Identification of a

dengue virus type 2 (DEN-2) serotype-specific B-cell epitope and detection of
DEN-2-immunized animal serum samples using an epitope-based peptide

antigen. J Gen Virol 84: 2771–2779.

Usage of VHH in Immunological Diagnosis

PLOS ONE | www.plosone.org 12 April 2014 | Volume 9 | Issue 4 | e95263


