Downloaded by Shanghai Jiaotong University on 22 December 2010
Published on 03 November 2010 on http://pubs.rsc.org | doi:10.1039/COAN00517G

COMMUNICATION

View Online

www.rsc.org/analyst | Analyst

The potential of magnetic nanocluster and dual-functional protein-based
strategy for noninvasive detection of HBV surface antibodies

Hengyao Hu,}* Hao Yang,i“ Ding Li,” Kan Wang,” Jing Ruan,” Xueqing Zhang,” Jun Chen,” Chenchen Bao,"

Jiajia Ji,“ Donglu Shi““ and Daxiang Cui™*

Received 15th July 2010, Accepted 20th October 2010
DOI: 10.1039/c0an00517g

Magnetic nanoclusters (MNCs) were synthesized in a one-pot
process, carboxylic MNCs and dual-functional protein were
prepared and used to capture hepatitis B virus surface antibodies
(anti-HBs) in simulated diseased oral mucosal transudate (OMT)
samples. The specific substrate of dual-functional protein, dual-
labeled double-chained DNA molecules, based on Fluorescence
Resonance Energy Transfer (FRET), was used to amplify the
detection signal and the detection limit of 0.1 ng mL ' of anti-HBs
monoclonal antibodies was achieved. Combination MINCs with
dual-functional protein enables the noninvasive detection of hepatitis
B virus (HBV) surface antibodies in OMT samples, showing
promise as a diagnostic tool for the OMT diagnosis of infectious
diseases with sensitive, specific and facile capabilities.

With the rapid progress in nanotechnology, a variety of nano-
materials have been developed for biomedical applications.'?
Magnetic nanoparticles, as a promising candidate, exhibit many
unique properties that can be used in medical diagnostics and ther-
apeutics. Among those properties, magnetic manipulation based on
an external magnetic field provides remarkable advantages for a wide
range of applications such as detection, purification, toxin decorpo-
ration, and drug delivery.>® For example, magnetic nanoparticles
have been applied to hepatitis B virus (HBV) surface antigen detec-
tion by immunovoltammetry and HBV DNA analysis by non-
faradic electrochemical impedance spectroscopy.*

Fluorescence Resonance Energy Transfer (FRET) is a photo-
physical process by which energy is transferred from a fluorophore in
an excited state to another one." FRET will occur on the condition
that two fluorophores are in close proximity and the emission spec-
trum of one fluorophore overlaps the excitation spectrum of the
other, which has been explored for medical diagnostic applications.
For example, Real-Time Polymerase Chain Reaction (RT-PCR), the
most popular tool in quantification of gene expression, combines the
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amplification effect of Polymerase Chain Reaction with FRET
process and plays an important role in genetic analysis."*"® The
reason for its popularity depends on its unique exponential amplifi-
cation of signal which produces considerably high sensitivity reported
to reach several copies of target sequence.™ Although RT-PCR was
originally introduced as an analytical tool for nucleic acid, its expo-
nential amplification power attracted a lot of attention in applying
similar technology to detect other biomolecules such as proteins or
small molecule antigens. This technology is called quantitative
immuno-PCR (qIPCR) with a 10- to 1,000-fold increase in sensitivity
compared with Enzyme-Linked Immunosorbent Assay (ELISA).'
However, its shortcomings include needing too many assay steps, and
too long an assay time.

In our laboratory, we have successfully developed several fluores-
cence-based methods for biomedical detection.'*'® However, all
those methods almost depend on direct analysis of difference of the
fixed amount of fluorescent signal or fluorescent intensity on
captured probe, and do not have any means of signal amplification.
Herein, we report a novel antibody detection strategy based on
magnetic nanoclusters (MNCs) and dual-functional protein shown in
Scheme 1. In this strategy, recombinant Hepatitis B surface antigens
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Scheme 1 Schematic diagram of OMT detection.
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(HBsAg) are coupled with MNCs as capture probes for Hepatitis B
surface antibodies (anti-HBs) in Oral Mucosal Transudate (OMT)
samples. Then the secondary antibodies, which are dual-functional
protein, bind to the captured anti-HBs. Dual-labeled double chain
nucleic acid substrates are finally added into this reaction system for
detection of recovered fluorescence caused by specific digestion of the
dual-functional protein. The design of dual-functional protein is
illustrated in Scheme 2. The gene coding two “Z” domain (binding
Immunoglobulin G Fc fraction), linker (avoiding structural and
functional interference between “Z” domain and Mbo I endonu-
clease), and Mbo I endonuclease gene is cloned into pET Duet-1
vector and expressed in bacteria. The resultant fusion protein
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possesses two different functions: one is to bind Immunoglobulin G,
and the other is to digest double chain DNA at a specific site. The
proof-of-principle demonstration described herein highly suggests
that this strategy has great potential in applications such as ultra-
sensitive detection of bacteria or virus antibodies in OMT samples.
Firstly, the magnetite nanoparticles were prepared by using
a traditional solvothermal reaction.'*?' Then, magnetic nanoclusters
of 172 nm or so in diameter (see Figure S21) were synthesized when
the concentration of FeCl;-6H,0, citrate acid and polyvinyl alcohol
(PVA) was respectively 0.1M, 0.001M, and 0.05M. The as-prepared
MNCs are shown in Fig. 1 A and C, which demonstrate that the
clusters are nearly spherical and uniform in size. The as-prepared
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Fig. 1 Characterization of MNCs synthesized in one-pot manner: (A) TEM; (B) HRTEM; (C) SEM; (D) XRD diffraction patterns.
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MNC:s were very stable, no aggregation was observed. Fig. 1 B shows
the precise structure of the MNCs and the high-resolution trans-
mission electron microscopy (HRTEM) image indicates that each
cluster is composed of many nanocrystals of about 3-8 nm. The
atomic lattice fringes indicate the crystalline nature of the nano-
crystals. The power X-ray diffraction (XRD) pattern also shows that
the as-prepared magnetite nanoclusters have an inverse spinel type
structure (Fig. 1 D). The position and relative intensity of most peaks
match well with standard Fe;O, powder diffraction data (JCPDS89-
0688), indicating that the magnetite nanocrystals in nanoclusters are
crystalline. Fourier transform infrared (FT-IR) spectra of the MNCs
obtained with citric acid and PVA indicate characteristic absorption
peaks at 1630 and 1384 cm™' associated with the C=0 symmetric
and antisymmetric stretching respectively, further showing the exis-
tence of carboxyl groups (Fig. 2 A).* The absorption peaks at 3427
and 1055-1114 cm™! associated with the O-H symmetric and C-O-C
antisymmetric stretching respectively indicate the existence of PEG
on the surface of magnetite nanoclusters. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) in N, of
magnetite nanoclusters show a large weight loss of about 25.5 wt% at
around 300 °C for the 200 nm MNC:s (Fig. 2 B). It implies that as-
synthesized MNCs include considerable amount of organic species,
which might be polyethylene glycol (PEG) and citric acid. Due to the
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Fig. 2 Characterization of functional groups of MNCs: (A) FT-IR
spectra of MNCs; (B) Thermogravimetric curves of MNCs.

electrostatic repulsion and steric hindrance effects, the magnetite
nanoclusters can be easily dispersed in water and alcohol to form
a stable dispersion, which is very stable within almost three months,
no aggregation is observed.

The magnetic properties of as-synthesized nanoclusters indicate
that the nanoclusters exhibit superparamagnetic behavior with
a saturation moment of 43 emu g~' at 300 K, as shown in Fig. 3.
Although the average size of nanoclusters is larger than that of the
single domain of superparamagnetism for magnetite (30 nm)
according to the previous reports, the grain sizes of magnetite
nanocrystals (3-8 nm) in nanoclusters are smaller than those of the
single domain magnetite.® Therefore the nanoclusters exhibit
superparamagnetism at room temperature and can be used as an
ideal candidate for biomedical applications. The coupling efficiency
of HBsAg on MNCs was calculated by this equation: Coupling
efficiency = (OD»g of pre-coupling — ODyg of post-coupling)/OD-g,
of pre-coupling. Approximate 11% of coupling efficiency was
obtained, which was equal to about 110 pg HBsAg per mg MNCs,
while few HBV surface antigens were coupled on MNCs in control
without  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydro-
chloride (EDC).

Secondly, the dual-functional protein was prepared. In recent
years, there have been several interesting fusion proteins ferrying two
distinct functions (antibody and enzyme or toxin) that have been
developed for biological analysis and biopharmarceuticals.”>**26 We
adopted a similar strategy in this work. With the aim of developing
a specific probe that is free of coupling process and capable of
amplification of detection signal, we designed a novel fusion protein
with capability of both binding Immunoglobulin G Fc fraction and
Mbo I endonuclease. According to the idea shown in Scheme 2, the
coding sequence of “ZZ” domain in cloning vector pEZZ18
(Genbank Accession: M74186, from nt 2435 to nt 2911), 25-amino
acid of linker peptide (ANSSSVEACGRTRSTLEDPRVPVAT)
and Mbo I endonuclease (Genbank Accession: D13968, from nt 1026
to nt 1865) was synthesized in succession and cloned into MCS-1 of
PET Duet-1. The designed fusion protein comprises 477 amino acid
residues and the theoretical molecular weight is 53.81 kilodaltons. In
addition, 885 nucleotides of Mbo I methyltransferase A coding
sequence (Genbank Accession: D13968, from nt 137 to nt 1021) was
synthesized and cloned into MCS-2 of the same pET Duet-1
mentioned above in order to prevent the expressed Mbo I from
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Fig. 3 Magnetization curves of CMNCs powders measured at 300 K.
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digesting nucleic acid of host strain.”” The designed protein weighs
33.77 kilodaltons.

After Isopropyl-l-thio-f-d-galactopyranoside (IPTG) induction,
the designed dual-functional protein and Mbo I methyltransferase A
were co-expressed successfully in BL21 (DE3) harboring pET Duet-1
DP expression vector and their molecular weights were consistent
with our previous expectation. With the prolonged induction time,
the amount of corresponding proteins increased significantly
(Fig. 4 A). In addition, the dual-functional protein purified by
immuno-affinity column exhibited a single band in SDS-PAGE,
which represented a good purity of product as well as specific binding
to Immunoglobulin G (Fig. 4 A, lane 6). In Fig. 4 B, there are two
clear bands at about 326 bp and 148 bp in lane 2 and 3, the band
pattern of digestion by dual-functional protein was identical with that
by commercial Mbo I endonuclease.

Thirdly, we confirmed the feasibility of this method based on
combination of magnetic nanocluster and dual-functional protein. It
is well known that the amounts of target molecules, which are
immunoglobulin in our work, are much less in saliva than in serum.?-3°
This implies that saliva diagnostics require higher sensitive
methods over traditional ones commonly used in serum detection.
To resolve this problem, we have taken measures from several
facets. The first one is to take OMT, but not the whole saliva, as
our detection sample. This is due to that fact that two kinds of
major immunoglobulins (Immunoglobulin G and Immunoglobulin
A) are much richer in OMT than in whole saliva.® Moreover,
OMT 1is an ultrafiltrate of blood, which reflects the level of
Immunoglobulin G in serum.*' The second one is to increase the
volume of OMT sample for detection. During the assay with
Aware™ HIV-1/2 OMT Test kit, only 200 uL. of OMT sample
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Fig. 4 Characterization of dual-functional protein: (A) SDS-PAGE
image of induced dual-functional protein (Lane 1: Not induced; Lane
2: 1 h; Lane 3: 2 h; Lane 4: 3 h; Lane 5: 4 h; Lane 6: purified Dual-
functional Protein); (B) Digestion pattern of dual-functional protein and
commercial Mbo I endonuclease.

diluted in sample buffer was used for assay. However, only 1 mL
of OMT sample was available in single sampling, an ineffective
use of the sample. In our experiments, we efficiently utilized the
entire sample by magnetic separation with functionalized MNCs.
In this way, the available target molecules were 5 times more in
our experiments than in the Aware™ human immunodeficiency
virus —1/2 (HIV-1/2) OMT Test kit in theory. With these unique
approaches, we designed a special signal amplification system
based on dual-functional fusion protein that could digest double-
stranded DNA fragments at a specific site. Prolonging reaction
time could amplify the detection signal gradually.

The supernatant fluorescence spectra in Fig. 5 shows that the
different fluorescence intensities are recovered in assays with a series
of anti-HBs concentration. The maximum fluorescence wavelength is
at ~520 nm. The more the dual-functional protein molecules are
bound to anti-HBs on MNCs, the more dual-labeled double chain
nucleic acid substrates would be digested. Therefore, more FAM
fluorophore molecules (see Figure S11) would be quenched by
Eclipse recovered from FRET (Fig. 6). Although the linear correla-
tion of enzyme digestion in our experiment is not as significant as we
expected, from the qualitative point of view, the test results can be
clearly differentiated between positive (above 0.1 ng mL~" anti-HBs
monoclonal antibodies in simulated OMT samples) and negative
ones after 40 min of reaction (Fig. 6 and Figure S3t). Besides, in
order to retain the significant difference between positive and negative
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Fig. 5 Fluorescence intensity of different concentrations of anti-HBs in
simulated OMT samples.
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Fig. 6 Signal amplification of detection of simulated OMT samples.
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results and cut down the detection time to an acceptable extent, we
deliberately set the time of digestion as 1 h, making the total detection
time below 2.5 h, which is equal to that of conventional ELISA
method. (The test result shown in table S17).

In summary, we have developed a novel and convenient anti-HBs
antibody OMT detection method, which is based on MNCs
synthesized in a facile one-pot manner and specially designed dual-
functional protein. In this unique approach, MNCs could specifically
and rapidly enrich target molecules from OMT samples, and the
artificial dual-functional protein could specifically amplify detection
signal. The detection limit of our method was 0.1 ng mL~! of anti-
HBs monoclonal antibodies in simulated OMT samples. Further-
more, it should be possible to extend our strategy from this work to
other kinds of detection (e.g., antigen, ligand, acceptor) in order to
bring its potentiality into full play. One could easily envision its
unique signal amplification in future protein analysis. Although there
is still lots of work needed to improve the performance of this
strategy, activity of artificial enzyme and optimization of digestion
reaction for instance, this strategy provides a brand-new idea for
protein analysis. Through this work, our strategy provides a good
base for the development of commercial OMT detection kit and has
great potential in the future application of noninvasive diagnosis in
OMT.
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