
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analyst

www.rsc.org/analyst

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  H. Zhu, F. Lu, X.

Wu and J. Zhu, Analyst, 2015, DOI: 10.1039/C5AN01634G.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c5an01634g
http://pubs.rsc.org/en/journals/journal/AN
http://crossmark.crossref.org/dialog/?doi=10.1039/C5AN01634G&domain=pdf&date_stamp=2015-09-21


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

An Upconversion Fluorescent Resonant Energy Transfer 
Biosensor for Hepatitis B Virus (HBV) DNA Hybridization 
Detection† 

Hao Zhu, ‡ Feng Lu,‡ Xing-Cai Wu,* and Jun-Jie Zhu* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

A novel fluorescent resonant energy transfer (FRET) biosensor was fabricated for the detection of 
hepatitis B virus (HBV) DNA using poly(ethylenimine) (PEI) modified upconversion nanoparticles (NH2-
UCNPs) as energy donor and gold nanoparticles (Au NPs) as acceptor. The PEI modified upconversion 
nanoparticles were prepared directly with a simple one-pot hydrothermal method, which provides high 10 

quality amino-group functionalized UCNPs with uniform morphology and strong upconversion 
luminescence. Two single-stranded DNA, which were partially complementary to each other, were then 
conjugated with NH2-UCNPs and Au NPs, respectively. When DNA conjugated NH2-UCNPs and Au 
NPs were mixed together, the hybridization between complementary DNA sequence on UCNPs and Au 
NPs will lead to the quench of the upconversion luminescence due to the FRET process. Meanwhile, 15 

upon the addition of target DNA, Au NPs will leave the surface of UCNPs and the upconversion 
luminescence  can be restored because of the formation of the more stable double-stranded DNA on 
UCNPs. The sensor we fabricated here for target DNA detection shows good sensitivity and high 
selectivity, which has the potential for clinical applications in the analysis of HBV and other DNA 
sequences. 20 

1. Introduction 

Recently, sequence-specific DNA detection has received more 
and more attentions due to its extreme importance in clinical 
molecular diagnostics of diseases, biomedical studies, 
microbiology and genetics.1, 2 At present, electrochemical and 25 

also optical and gravimetric detection modes, as well as other 
analytical techniques have been employed for DNA detection.3-7 
Among them, fluorescence based assay offers various advantages 
such as high sensitivity, easy to operate and multiplexing 
capabilities. The fluorescent resonant energy transfer (FRET) is 30 

one of the most popular strategies in  fluorescence based assays, 
which can provide high sensitivity and selectivity toward the 
target.8-11 The FRET process occurs when (i) the emission spectra 
of the fluorophore (energy donor) is overlap with the absorption 
of the quencher (energy acceptor) and (ii) the energy donor and 35 

acceptor are close to each other, typically within 10 nm.12 For a 
well-designed FRET sensor, the energy donor should provide 
stable fluorescent output, highly resistant to photobleaching, and 
the acceptor should possess high absorptivity. Meanwhile, the 
FRET process need to be selectively responsive to the desired 40 

target, thus the corresponding change in fluorescence intensity 
can be used to quantify the target concentration. 13, 14 

Upconversion nanoparticles (UCNPs) are usually composed 
of the oxides, fluorides, halogen oxides or other substrates as 
matrix and doped with trivalent rare earth ions (Er3+, Eu3+, Yb3+, 45 

Tm3+, Ho3+ etc.) as energy transfer system. UCNPs can convert 
low-energy light (NIR or IR) to higher-energy light (UV or 
visible) through multiple photon absorptions or energy transfers. 
Compared with the traditional fluorescent materials (such as 
organic dyes and quantum dots), UCNPs attract much more 50 

attentions due to their unique optical and chemical properties, 
such as sharp absorption and emission bands, long lifetimes, low 
toxicity, superior photostability, low autofluorescence from 
biosamples and better tissue penetration depth.15, 16 Therefore, 
UCNPs have been widely used as suitable candidates in 55 

photodynamic therapy,17, 18 light induced drug delivery,19 

bioimaging20 and biosensing.21-23 In the field of fluorescence 
sensing, UCNPs provides two superior advantages which cannot 
be achieved with traditional fluorophores. First, the special 
luminescent mechanism (anti-Stokes luminescence) can 60 

significantly reduce autofluorescence background from the 
interferent and provide high signal-to-noise ratio, which leading 
to the high sensitivity of the UCNPs-based sensors. Second, the 
excellent photostability and non-blinking property of UCNPs 
enables them as a reliable nano-fluorophore which improves the 65 

reproducibility of the measurement.24 All these features make 
UCNPs emerges as excellent energy donors in FRET system 
recently. 
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Meanwhile, gold nanoparticles (Au NPs) were widely used in 
all kinds of biosensors.25 The easy surface chemistry on Au NPs 
makes them versatile platform to immobilize all kinds of 
biomolecule for specific recognition of the desired target.26, 27 
Moreover, Au NPs possess intense light absorb ability due to 5 

their surface plasmon resonance result from the collective 
oscillation of the conduction electrons.28 Their extinction 
coefficient are normally two or three magnitudes higher than 
quantum dots and organic dyes.28 Together with their larger 
absorption surface area and long working distance,29 Au NPs 10 

provide excellent quenching efficiency and play an irreplaceable 
role as energy acceptors in FRET system. Thus, the utilize of 
UCNPs and Au NPs as energy donor and acceptor will lead to a 
series of promising aspects for FRET-based sensors, such as high 
photostability, high sensitivity, good reproducibility and strong 15 

expandability.  

   Hepatitis B virus (HBV) infection is a well-known disease for 
its significance as a major cause of morbidity and mortality. 
Accordingly, about 70% of hepatocellular carcinoma cases are 
developed from the chronical hepatitis type B. HBV also has a 20 

capacity to escape immune surveillance by mutations of the 
structural genes, which encode epitopes that are recognized by 
the immune system, resulting in a quasi-species population. The 
HBV-related death is about 500,000–700,000 every year.30, 31 

Therefore, it is urgent to improve the detection technique to 25 

prevent and control HBV infection. Although several strategies 
have been reported for HBV DNA detection, 32-36 there is still no 
report using UCNPs-based FRET assays.  

Taking advantage of the unique optical properties of UCNPs 
and Au NPs, here we report a simple sensing platform for HBV 30 

DNA sequence determination with a FRET strategy. UCNPs and 
Au NPs were first connected with each other through two 
partially complementary single-stranded DNA, which lead to the 
quench of the upconversion luminescence. Upon the present of 
the target (HBV DNA), Au NPs will leave the surface of UCNPs 35 

and the upconversion luminescence (UCL) can be restored due to 
the formation of the more stable double-stranded DNA on 
UCNPs (Scheme 1). The fabricated sensor here exhibits good 
sensitivity and high selectivity, which has great potential for 
clinical applications in the analysis of HBV and other DNA 40 

sequences. 

2. Experimental Section 

2.1 Materials 

All starting materials were obtained from commercial supplies 
and used as received. YCl3﹒6H2O (99.99%), YbCl3﹒6H2O 45 

(99.99%), ErCl3﹒6H2O (99.9%) , ethylene glycol (EG, 99%), 
poly(ethylenimine) (PEI, branched polymer, 25 kDa), NH4F 
(98%), 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethane sulfonic acid 
(HEPES, ≥99.5%), glutaraldehyde (25% in H2O) were purchased 
from Sigma-Aldrich. Chloroauric acid tetrahydrate (HAuCl4﹒50 

4H2O) was purchases from Sinopharm Chemical Reagent Co., 
Ltd. All oligonucleotides were supplied by Sangon 
Biotechnology Co., Ltd. (Shanghai, China). Other chemical 
reagents with analytical grade were used directly without further 

purification. Ultrapure water (Milli-Q, Millipore) was used 55 

throughout. 
The sequences of oligonucleotides used in this work are as 
follows: 
Sequence 1: 5’-NH2-C6-TTT GAG GAG TTG GGG GAG CAC 
ATT-3’ 60 

Sequence 2: 5’-SH-AAA CTC CCC CAA CTC-3’ 
Target DNA: 5’-AAT GTG CTC CCC CAA CTC CTC -3’ 
Mis 1：5’-AAT GTG CTC GGG CAA CTC CTC -3’ 
Mis 2：5’-CTA AGT AAC TCT GCA CTC TTT AGC CCT 
GAT-3’ 65 

2.2 Synthesis of PEI modified NaYF4 : Yb, Er (NH2-UCNPs) 

The synthesis of NaYF4: 18% Yb, 2% Er nanoparticles was 
developed via a modified literature procedure.37, 38 Typically, 1.2 
mmol NaCl and 0.6 mmol RECl3 (0.480 mmol YCl3, 0.108 mmol 
YbCl3 and 0.012 mmol ErCl3) was added to a 100 mL flask 70 

containing 5 mL EG, 0.15 g PEI dissolved in 5 mL EG was added 
to the flask under stirring, then a well-agitated transparent 
solution of 5 mL EG charged with 0.1320 g NH4F was added to 
the system. The resulting mixture was agitated for another 30 min 
under the room temperature before it transferred to a 50 mL of 75 

Teflon-lined autoclave, and subsequently heated to 200 oC. After 
24 h hydrothermal treatment, the autoclave was cooled down to 
room temperature. The obtained nanoparticles were collected by 
centrifugation, washed with ethanol and water several times, and 
dried at 50 oC for 24 h. 80 

2.3 Preparation of Au NPs 

Au NPs were prepared by citrate reduction of HAuCl4, based on a 
modified literature procedure.39 Prior to synthesis of Au NPs, all 
glassware used was cleaned in aqua regia (mixture of HCl and 
HNO3 with the ratio of 3:1) and rinsed thoroughly with DI water. 85 

In a typical experiment, 6.18 mL 1% HAuCl4 solution and 
143.82 mL DI water were added to a round-bottom flask 
equipped with a reflux condenser under vigorous stirring. Then 
the flask was incubated into oil bath to reflux under stirring. 
Under the boiling solution, 15 mL 38.8 mM trisodium citrate 90 

solution was quickly added to the system, and the reaction was 
allowed to reflux for another 15 min after the color of the solution 
changed from pale yellow to deep red. Then the solution was 
cooled to room temperature and then stored at 4 oC for the further 
use. 95 

2.4 Conjugation of NH2-UCNPs with sequence 1 

Sequence 1 was conjugated with NaYF4:Yb, Er using 
glutaraldehyde as the cross-linking agent. 1 mg of NH2-UCNPs 
was dissolved in 1 mL of HEPES (20 mM, pH 7.4), followed by 
adding 20 μL of glutaraldehyde (25% in H2O) to the mixture. 100 

After shaking for reaction with an hour at room temperature, it 
was centrifuged and washed by the buffer for 2 times to remove 
excess glutaraldehyde and resuspended in 1 mL HEPES solution. 
Thereafter, 20 μL of sequence 1 (100 μM) was added to the 
activated UCNPs, and the mixture was incubated at 37 oC under 105 

gentle shaking for 12 h. NH2-UCNPs conjugated with sequence 1 
(UCNPs-seq 1) were harvested with centrifugation and washing. 
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