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Upconversion Luminescence Resonance Energy Transfer
(LRET)-Based Biosensor for Rapid and Ultrasensitive
Detection of Avian Influenza Virus H7 Subtype

Wei Wei Ye, Ming-Kiu Tsang, Xuan Liu, Mo Yang,* and Jianhua Hao*

Avian influenza viruses (AIV) with good adaptation and various mutations have
threatened both human and animals’ health. The H7 subtypes have the potential to
cause pandemic threats to human health due to the highly pathogenic characteristics.
Therefore, it is quite urgent to develop a novel biosensor for rapid and sensitive
detection of H7 subtypes. In this work, a biosensor based on luminescence resonance
energy transfer (LRET) from BaGdFs:Yb/Er upconversion nanoparticles (UCNPs)
to gold nanoparticles (AuNPs) has been developed for rapid and sensitive H7
subtypes detection. The amino modified capture oligonucleotide probes are covalently
linked to poly(ethylenimine) (PEI) modified BaGdFs:Yb/Er UCNPs. The thiol
modified oligonucleotides with H7 hemagglutinin gene sequence are conjugated to
surfaces of AuNPs. The hybridization process between complementary strands of H7
Hemagglutinin gene and its probe brings the energy donor and acceptor into close
proximity, leading to the quenching of fluorescence of UCNPs. A linear response is
obtained ranging from 10 pm to 10 nm and the limit of detection (LOD) is around
7 pm with detection time around 2 hours. This biosensor is expected to be a valuable

diagnostic tool for rapid and sensitive detection of AIV.

1. Introduction

Avian influenza viruses (AIV) have become an increased
threat for both humans and animals. AIV consist of two
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viral surface glycoproteins, hemagglutinin (HA) and neu-
raminidase (NA), forming multiple distinct virus subtypes
of 16 HA and 9 NA subtypes.['?] Among them, influenza A
H7 subtypes are characterized as highly pathogenic avian
influenza and have the capacity to cause pandemic threats to
human health.?! For example, the influenza A virus subtype
H7N9 emerged in south eastern China in March 2013 and the
reported number of human infections was more than 130.1
The infected people presented with rapidly progressing lower
respiratory tract infections.”] H7 is the major antigen of the
H7N9 AIV, and plays an important role in mediating viral
replication cycle, receptor binding and membrane fusion.!
The early and rapid detection of H7 subtypes is of great
importance for preventing infection in poultry and reducing
the risk of a potential pandemic in human.

The conventional method for AIV detection and subtype
identification is based on virus isolation, which is sensitive
but suffers from time-consuming and labor-intensive proce-
dures.l”l Enzyme-linked immunosorbent assay (ELISA) is
a rapid method, but has relatively low sensitivities.l® Target
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amplification methods such as reverse transcription-PCR
(RT-PCR) has been widely implemented for AIV detection,
but the need for expensive equipments, trained personals,
relatively long testing time and susceptible to contamina-
tion during amplification process limits their application for
on-site detection.[”!% Therefore, developments of biosensors
with high sensitivity are needed to enable rapid detection of
AIV with high sensitivity in a cost-effective way. Recently,
various biosensors have been developed for direct detection
of AIV genes including silicon nanowire based field-effect
transistor,!' gold nanoparticle based genomic microarray
assay,'?l impedimetric sensor,*! and magnetic electrochem-
ical array.'" These biosensors are based on hybridizaiton
between target viral nucleic acid and capture oligonucleotide
probe immobilized on biosensor substrates in the absence of
target amplification, which can provide rapid response and
ultra-sensitivity for AIV detection.

Forster resonance energy transfer (FRET), a direct and
sensitive technology, has been widely used for bioassay, bio-
sensing, bioimaging, and photodynamic therapy.''7] The
FRET biosensor generally consists of an acceptor fluoro-
phore and a donor fluorophore and can be classified into
intermolecular and intramolecular types.'!" Traditional
fluorophore includes FAM, Texas red, Cy5 which are lim-
ited by high cost and photobleaching. Therefore, they are not
suitable for developing reliable and low cost biosensor. It is
known that lanthanide-based upconversion nanoparticles
(UCNPs) can convert low-energy near-infrared (NIR) pho-
tons into visible emission by sequentially absorbing multiple
photons and energy transfer which is named as lumines-
cence resonance energy transfer (LRET).?’) Additionally,
UCNPs have attracted great interest owing to their merits,
such as photostability, low toxicity, and biocompatibility.[2'-24]
Among different upconversion hosts, fluorides are prom-
ising host materials because they possess low phonon energy
and therefore fluoride-based UCNPs have been reported
extensively, such as BaYFs, NaYF,, KYF, and NaLuF,.[?>28]
Recentlyy, UCNPs based LRET biosensors have demon-
strated promising applications in detecting biomolecules,
such as glutathione, DNA and avidin.**3!1 A time-resolved
LRET biosensor based on amine-functionalized lanthanide-
doped NaYF, UCNPs has been developed for the detec-
tion of avidin.’?l This biosensor achieved a detection limit
of about 5 nm and eliminated the interference of short-lived
background fluorescence time-resolved detection. Also, the
NaYF, UCNPs are prepared by facile hydrothermal syn-
thesis. As a result, this biosensor features advantages, such
as low cost, simple and fast readout. However, the detection
limit needs to be improved to meet ultrasensitive detection
of biomolecules applications. Very recently, BaGdFs UCNPs
have demonstrated promising remarkable multi-modal bio-
imaging.[3] However, there is limited report about BaGdFs
UCNPs-based LRET biosensors.

Gold nanoparticles (AuNPs) possess quantization effects
due to the confinement of electron movement, which leads
to discrete electron transition energy levels. Therefore, sur-
face plasmon resonance (SPR) phenomena are observed for
AuNPs.?* SPR s the result of collective resonant oscillation
of free electrons on AuNPs surface excited by the incoming
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photons. Owing to the strong surface plasma absorption in
the NIR-to-IR region, AuNPs are good acceptors in a LRET
system. Moreover, AuNPs have larger absorption surface
area and longer working distance compared with classical dye
quenchers, which hence improves the quenching efficiency.*”!

In this work, a BaGdFs:Yb/Er UCNPs-based LRET
biosensor has been developed for influenza A H7 sub-
type detection, with BaGdF5:Yb/Er UCNPs and AuNPs
as energy donor-acceptor pairs. Capture oligonucleotide
probe was designed based on sequence specific for hema-
glutinin (HA) genes of H7 virus subtypes and conjugated
to poly(ethylenimine) (PEI) modified UCNPs. AuNPs were
then conjugated with H7 hemaglutinin gene oligonucleo-
tides. The LRET process was initiated by the hybridization
between complimentary oligonucleotide pairs. Due to the
NIR absorption characteristic of BaGdF5: Yb/Er UCNPS,
the upconversion emission was quenched by AuNPs, which
could be used to quantify H7 oligonucleotide target. In
combination of high fluorescence emission capability of
UCNPs and the high quenching efficiency of AuNPs, a
low limit of detection of 7 pm with detection time around
2 hours was achieved for H7 target oligonucleotides. As a
result, this LRET biosensor has the potential to be used for
ultrasensitive detection of avian influenza viruses in clinical
diagnostics.

2. Results and Discussion

2.1. Design of LRET Sensor for H7 Hemagglutinin Gene
Detection

The principle of H7 hemagglutinin gene detection by upcon-
version BaGdF5:Yb/Er UCNPs and AuNPs based LRET bio-
sensor is shown in Figure 1. AuNPs and UCNPs acted as the
acceptor and donor of LRET pair, respectively. PEI modified
UCNPs were conjugated with amine modified oligonucleo-
tide probe while AuNPs were conjugated with target oligonu-
cleotides (H7 hemagglutinin gene segment). Oligonucleotide
hybridization between complimentary pairs brought UCNPs
and AuNPs into close proximity. Under 980 nm laser exci-
tation, the upconversion emission of UCNPs was absorbed
by AuNPs. By measuring the photoluminescence intensity
change of the solution, the H7 hemagglutinin gene can be
detected.
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Figure 1. Schematic diagram of H7 hemagglutinin gene detection by

LRET biosensor based on energy transfer from BaGdFs:Yb/Er UCNPs to
AuNPs.
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Figure 2. XRD pattern of the (a) BaGdF;:Yb/Er UCNPs, (b) BaGdF:Yb/
Er UCNPs-oligo, (c) AuNPs, and (d) BaGdFs:Yb/Er UCNPs-oligo-AuNPs.
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2.2. Structural and Phase Characterizations of
BaGdF.:Yb/Er UCNPs and AuNPs

The PEI-modified BaGdF5:Yb/Er UCNPs were synthe-
sized by one-pot hydrothermal method with PEI as cap-
ping ligand. X-ray diffraction (XRD) is used to characterize
the phase composition of as-synthesized BaGdFs UCNPs
(Figure 2). The XRD pattern of PEI-modified BaGdF5:Yb/
Er UCNPs is shown in Figure 2a. The pattern is well
matched with the standard pattern of cubic phase BaGdF;
(JCPDS 24-0098) and therefore the as-synthesized BaGdF;
UCNPs possess pure cubic phase structure. As shown in
Figure 2b, the XRD pattern of the BaGdFs UCNPs does not
change after conjugating with oligonucleotide and hence the
conjugation does not change the phase structure of UCNPs.
Moreover, the structure of citrate-stabilized AuNPs is also
characterized by XRD in Figure 2c. The diffracted peaks
indexed with the standard pattern of gold (JCPDS 04-0784)
confirm the cubic phase structure of AuNPs.[’®l After oli-
gonucleotide hybridization, AuNPs are linked to BaGdF;
UCNPs, Figure 2d depicts the XRD pattern of the as-conju-
gated sample. The diffraction peaks of BaGdFs and AuNPs
are observed (AuNPs XRD peaks are denoted by aster-
isks), which indicate the successful conjugation of AuNPs
on BaGdFs UCNPs. Owing to the close diffraction angles of
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(200) BaGdF5 and (220) Au, the two peaks at about 43° to
44° overlapped as one peak.

TEM was performed to investigate the size and mor-
phology of the as-prepared BaGdFs Yb/Er UCNPs,
BaGdF5:Yb/Er UCNPs-oligo conjugation, and BaGdF5:Yb/
Er UCNPs-oligo conjugation with AuNPs by complimen-
tary oligonucleotide probe (Figure 3). The BaGdFs Yb/
Er UCNPs were synthesized by a one-step hydrothermal
synthesis with PEI as surfactant to enhance monodisper-
sity in water. Figure 3a indicates the PEI modified BaGdF5
UCNPs have good monodispersity in water . The monodis-
persity could be improved by performing ligand exchange
of the UCNPs obtained in thermal decomposition.(738]
However, thermal decomposition requires high reaction
temperature and yields hydrophobic UCNPs. Therefore,
the preparation of UCNPs will be costly and laborious.
Currently, the water dispersity may be improved by syn-
thesizing core-shell structure with SiO, and BaGdFs:Yb/
Er UCNPs as shell and core respectively because SiO,
shell based core-shell UCNPs are well-known to possess
promising hydrophilic property.’”! The selected area elec-
tron diffraction (SAED) pattern in Figure 3b indicates
the cubic structure of BaGdFs. This observation is con-
sistent with the aforementioned XRD analysis (Figure 2a).
Moreover, the average size of the BaGdF5 UCNPs is about
14 nm (Figure 3c). From the high resolution TEM (HRTEM)
image (Figure 3e), the d-spacing of a single BaGdF5 UCNPs
was measured to be about 2.16 A and this value is close to
the d-spacing of (220) plane of cubic BaGdFs, which con-
firms good crystallinity of BaGdF5:Yb/Er UCNPs. In addi-
tion, the chemical composition of oligonucleotide capped
BaGdFs UCNPs was verified by energy dispersive X-ray
(EDX), the EDX spectrum (Figure 3d) indicates the pres-
ence of Ba, Gd, F, O and P. The first three elements are due
to presence of BaGdFs:Yb/Er UCNPs while Yb and Er are
not detected because of low doping concentration. Impor-
tantly, the existence of O and P is evident for the coating
of oligonucleotide on the surface of BaGdFs5:Yb/Er UCNPs.
However, it should be noted that the Cu peaks in the
spectrum are due to the copper grid for TEM sample. The
HRTEM in Figure 3f shows a single oligonucleotide conju-
gated BaGdF5:Yb/Er UCNP and an about 2 nm thick layer
of oligonucleotide around UCNPs is observed. Therefore,
this observation supports the EDX result. In Figure 3g and
h, the BaGdF5:Yb/Er UCNPs are surrounded by numerous
AuNPs to form a satellite structure, which demonstrates the
assembly between UCNPs and AuNPs through oligonucleo-
tide hybridization.

2.3. UC Spectra of UCNPs-oligo and Absorption Spectra
of AuNPs-Oligo

The PEI-modified BaGdF5:Yb/Er UCNPs are readily dis-
persed in water to form a colloidal solution. Under 980 nm
laser illumination, the BaGdFs5:Yb/Er UCNPs emits intense
green upconversion emission (inset of Figure 4) and the
green emission is attributed to the existence of the emis-
sion bands centered at 520, 540 and 654 nm (Figure 4). After
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Figure 3. (@) TEM image (b) SAED pattern (c) Size distribution of as-prepared PEl-modified BaGdFs:Yb/Er UCNPs; (d) EDX of oligonucleotide
conjugated BaGdF,:Yb/Er UCNPs; HRTEM of (e) PEI-modified BaGdF;:Yb/Er UCNPs (f) oligonucleotide conjugated BaGdF,:Yb/Er UCNPs; (g) and (h)
oligonucleotide conjugated BaGdFs:Yb/Er UCNPs assembled with AuNPs.

conjugation of BaGdFs:Yb/Er UCNPs with oligonucleotide,
the upconversion emission does not change due to coating
while the emission intensity shows slight drop due to the
oligonucleotide coating. In the absorption spectra of AuNPs
4 nm AuNPs with average diameter of 4 nm, the main absorption peaks
4 nm AuNPs+oligo are mainly in the range of 520-550 nm. When AuNPs were
conjugated with H7 target oligonucleotides, the absorption
peak shifted slightly towards right. Herein, the spectral over-
lapping between UC emission of BaGdFs:Yb/Er UCNPs and
absorption characteristic of AuNPs manifests the LRET effi-
ciency of this sensor.

Conjugation of oligonucleotide onto BaGdFs:Yb/Er
UCNPs was further confirmed by the appearance of the
characteristic vibration bands of guanine base (1688 cm™),
cytosine base (1530 cm™'), thymine base (1280 cm™') and
sugar phosphate (1250-850 ¢cm™') in the FTIR spectrum

Wavelength (nm) (Figure S3).[*01 Zeta potential measurements showed that
Figure 4. UC emission spectra of BaGdF;:Yb/Er UCNPs and B?GdFS:Yb{Er UCNPS Were }.1ighly negatively c.harged after
oligonucleotide coated BaGdF.:Yb/Er UCNPs in water under 980 nm  ©ligonucleotide conjugation with average potential ~24.2 mV

laser excitation, and UV-Vis absorption spectra of AuNPs and AuNPs- ~ Which was due to the negative charges carried by conjugated
oligo (Inset: green UC emission of BaGdF,:Yb/Er UCNPS). oligonucleotides (Figure S4).

— UCNPs
—  UCNPs+oligo
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Figure 5. (@) Luminescence spectra of UCNPs-oligo with various
concentrations of H7 target oligonucleotides conjugated with AuNPs;
(b) quenching efficiency change with concentrations of H7 target
oligonucleotides.

2.4. Construction of UCNPs-Oligo-AuNPs LRET System

Figure 5 shows the luminescence spectra of PEI-modified
BaGdFs:Yb/Er UCNPs with addition of various concentra-
tions of AuNPs with complimentary H7 oligonucleotides.
Herein, a fixed amount of BaGdF5:Yb/Er UCNPs with con-
centration of 0.2 mg/mL was used. By using fluorescently
labeling method or UV-Vis spectroscopy characterization,
the surface density of oligonucleotides was estimated to be
10 oligonucleotides per AuNP. Therefore, H7 oligonucleotide
concentration could be calculated based on this ratio. After
2 hours incubation for hybridization, upconversion spectra
were measured. As shown in Figure 5a, the fluorescence sig-
nals decreased gradually with increasing concentrations of
H7 oligonucleotides. As a result of hybridization between
H?7 oligonucleotide targets on AuNPs and the complimentary
oligonucleotide probes on UCNPs, luminescence quenching
was realized. It was observed that both peak values at 540 nm
and 654 nm decreased with increasing concentrations of H7
oligonucleotides due to the strong quenching capability of
AuNPs. Therefore, ratiometric luminescence method is not
suitable for this LRET system which needs an emission peak
without obvious change as an internal standard.[*'#] As
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shown in Figure 5b, the quenching efficiency reached a max-
imum of 88% with 20 nm H7 oligonucleotides. The quenching
efficiency almost unchanged when H7 oligonucleotide con-
centration further increased. The quenching efficiency of
88% was quite high due to the strong quenching capability
of AuNPs. It was also observed that the linear response range
was under 10 nm in Figure 5b. The decay profiles of UCNPs-
oligo emission at 540 nm before and after AuNPs-oligo con-
jugation were measured using 980-nm laser pulses (Figure
S5). The luminescence life time was observed to be shortened
by conjugation with AuNPs which demonstrated this process
was mainly due to the non-radiative LRET effect.l?*]

To investigate the limit of detection (LOD) of this
LRET sensor, further experiments were performed with low
concentrations of H7 oligonucleotides from 1 pm to 10 nm.
Figure 6a shows the fluorescence signal quenching (F,-F)
due to LRET quenching versus H7 oligonucleotide con-
centrations. The quenching effect was decreased with the
decreasing of H7 oligonucleotide concentrations. The limit of
detection (LOD) was determined by the control signal plus
three times of noise signal (standard derivation) which was

H7 oligo concentrations

(

=3
~

y = 4957.291n(x) + 2419.28
R?=0.9412

(F,-F) (a.u.)

0 2 4 6 8
H7 oligo concentrations (Log pM)

10

Figure 6. (a) Luminescence signal quenching (F,-F) versus H7 gene
oligonucleotide concentrations from 1 pmto 10 nm. (b) Linearrelationship
between luminescence signal quenching and concentrations of H7
oligonucleotides in the range between 1 pm to 10 nm as 'y = 4957.29
In(x) + 2419.28, with R? = 0.9412.
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Figure 7. Comparison of quenching efficiency between noncom-
plementary  oligonucleotides and complementary H7 target
oligonucleotides.

calculated to be 7 pm. Figure 6b shows a linear relationship
between luminescence signal quenching degree and concen-
trations of H7 oligonucleotides in the range between 1 pMm to
10 nm as y = 4957.29 In(x) + 2419.28, with R? = 0.9412.

To investigate the specificity of this LRET system, 6 nm
noncomplementary oligonucleotides and 6 nm H7 oligonu-
cleotides were tested with the same procedures as the above
experiments. As shown in in Figure 7, the quenching effi-
ciency of AuNPs conjugated with noncomplementary oligo-
nucleotides was much lower than that of AuNPs conjugated
with the complementary H7 target oligonucleotides, which
demonstrated the specificity of this LRET biosensor.

3. Conclusion

In summary, an upconversion luminescence resonance energy
transfer (LRET) biosensor based on BaGdF5:Yb/Er UCNPs
and AuNPs has been successfully developed for rapid detec-
tion of H7 hemagglutinin genes of avian influenza viruses.
PEI-modified BaGdF5:Yb/Er UCNPs were synthesized by
one-step hydrothermal synthesis and conjugated with amino
modified capture oligonucleotides. Once UCNPs-oligo cap-
tured AuNPs conjugated with H7 target oligonucleotides, the
green UC emission of UCNPs is quenched due to the absorp-
tion characteristics of AuNPs at 540 nm. By quantifying the
quenching effieficency, both the identity and quantity of H7
hemagglutinin genes can be determined. This system has a
remarkably low limit of detection of 7 pm with the detection
time around 2 hours, and a linear working range from 10 pm
to 10 nm. This LRET sensor features simplicity, fast read-
out and low cost. Therefore, this UCNPs and AuNPs based
LRET system could be extended to other biomolecule detec-
tion with high sensitivity and selectivity.

4. Experimental Section

Materials: Ln(NO5);-6H,0 (Ln = Gd, Yb, Er) were purchased
from Sigma Aldrich and dissolved in de-ionized water (DI-water)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to form solution with concentrations of 0.5 M Gd(NO;)5, Yb(NO5),
and 0.1 M Er(NO5);. Ethylene glycol (EG, 99%) and branched
polyethylenimine (PEl, 25 kDa) were purchased from Sigma-
Aldrich. NH,F (99.99%) and BaCl, (99.99%) were obtained from
Sinopharm Chemical Reagent Co., China. Gold (ll) chloride trihy-
drate (HAuCl,-3H,0 and sodium citrate solution were purchased
from Sigma Aldrich. All of these chemicals were used as received
without further purification.

One-pot Hydrothermal Synthesis of PEl-modified BaGdFs:Yb/
Er UCNPs: Hydrophilic PEl-modified BaGdFs:Yb/Er UCNPs with
high monodispersity were synthesized using the hydrothermal
synthesis method.133! Typically, 1.0 g of PEI was added to 20 ml of
EG with 1 mmol of lanthanide dopants, 0.5 M Gd(NO5);, Yb(NO5);
and 0.1 M Er(NO;); with a molar ratio of 78:20:2 under vigorous
mixing. After that, 1 mmol of BaCl, was added to the above
solution. The mixture was stirred for 30 minutes to form a trans-
parent homogenous solution. Then, 5.5 mmol of NH,F in 10 ml
of EG was added to the above mixture. The mixture was agitated
for another 1 h and transferred to a 50 ml stainless steel Telfon-
lined autoclave and kept at 190 °C for 24 h. After reaction, the
as-synthesized UCNPs were separated from the reaction mixture
by centrifugation, washed several times by ethanol and Dl-water.
Finally, the UCNPs were dried in vacuum at 60°C for 24 h.

Preparation of Gold Nanoparticles (AuNPs): The procedures
described by Grabar et al. was followed for the preparation of gold
nanoparticles.“4 Briefly, a mixture of HAuCl, (3 pL, 14.3 wt %) and
DI water (10 ml) were transferred to a clean beaker, which was
thoroughly washed in aqua regia (mixture of HCl and HNO; with the
ratio of 3:1) and rinsed in DI water. With vigorous stirring, sodium
citrate solution (1 ml, 1 wt %) was added to the boiling solution
within one second. The solution color changed from pale yellow to
wine red in a few minutes and continued to boil for 15 minutes. It
was left to cool down to room temperature by stirring.

Characterizations: Powder X-ray diffraction (XRD) patterns of
the as-prepared UCNPs were recorded using a Rigaku smart lab
9 kW (Rigaku, Japan) with Cu Ke radiation (A = 1.5406 A). The
shape, size and structure of the as-prepared BaGdFs:Yb/Er UCNPs
and AuNPs were characterized using a JEOL-2100F transmission
electron microscopy (TEM) equipped with an Oxford Instrument
EDS system, operating at 200 kV. Samples for TEM were prepared
on holey carbon coated 400 mesh copper grids. Fourier transform
infrared spectrum (FTIR) was recorded by a PerkinElmer Spectrum
100 FT-IR spectrometer (PerkinElmer Inc., USA). Zeta potential
measurements were performed on a ZetaPlus Zeta Potential Ana-
lyzer (Brookhaven Instruments Corp., USA). Upconversion spectra
were recorded using FLS920P Edinburgh analytical instrument
apparatus equipped with a CW 980 nm diode laser as an excita-
tion source.

AuNPs-oligo Conjugation: Thiol modified H7 hemagglutinin
oligonucleotide (H7: 5’-thiol-AGATAATGCTGCATTCCCGCAGATG-3’,
a 25-base fragment of influenza virus H7 gene sequence from an
AlV isolate A/Hangzhou/1/2013 strain, genbank accession no.
KC853766) and another non-target oligonucleotide (S1: 5’-thiol-
ACATCATAGCAGGCTAGGTTGGTCG-3") were synthesized by Inte-
grated DNA Technologies (IDT) Inc. (Coralville, IA). Thiol modified
oligonucleotide was treated with DTT (0.1 M, pH 8.2) for 30 min-
utes to cleave disulfur linkage. The activated H7 oligonucleotides
were purified by gel columns (illustra MicroSpin G-25 Columns,
GE Healthcare, UK) based on the manufacturers instructions
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and characterized by UV-visible spectrophotometer (Ultrospec
2100 pro). After mixing of purified H7 oligonucleotides with
AuNPs (600 pl) and incubation for 24 h at room temperature,
sodium solution (0.1 M NaCl, 5 mM NaH,P0O,) was added to age
for 16 hours. It was centrifuged for 30 minutes at a high speed
13,200 rpm. The remaining red oily precipitate at the bottom was
collected and washed by PBS three times (3 x 600 pl) to remove
excess thiol modified H7 oligonucleotides. Finally, It was sus-
pended in PBS (600 pl) and characterized by the UV-Vis absorp-
tion spectra.

Conjugation of the Probe Oligo to BaGdFs :Yb/Er UCNPs: Amino
modified oligonucleotide probe (5-amino-CATCTGCGGGAAT-
GCAGCATTATCT-3") was covalently conjugated with BaGdFs:Yb/
Er UCNPs using glutaraldehyde as the cross-linking agent. 2 mg
of PEl modified UCNPs was dissolved in 200 pl of PBS (pH 7.4,
10 mM), followed by adding 2 pl of glutaraldehyde (Grade Il, 25%
in H,0, Sigma Aldrich) to the mixture. After shaking for reaction
with 1 hour at room temperature, it was centrifuged and washed
by PBS 3 times to remove excess glutaraldehyde and resuspended
in 200 pl PBS solution. The glutaraldehyde-activated UCNPs were
incubated with amino modified oligonucleotide (100 pM) with
gentle shaking overnight at room temperature. The mixture was
centrifuged and the content of UCNPs-oligo was collected from
the bottom. After filtering to remove excess oligonucleotide, the
UCNPs-oligo conjugation was diluted in 400 pl PBS and stored at
4 °C for further use.

Upconversion Quenching: To investigate the luminescence
quenching efficiency, a fixed amount of BaGdFs:Yb/Er UCNPs-
oligo (0.2 mg/mL) was incubated with various concentrations of
AuNPs conjugated with H7 oligos for 2 h at room temperature to
ensure complete hybridization. After adjusting the total volume of
solution to 1 mL with DI water, the mixtures were used for LRET
measurement. The upconversion LRET spectra were obtained
using FLS920P Edinburgh analytical instrument apparatus
equipped with a CW 980 nm diode laser as an excitation source.
All upconversion luminescence spectra were recorded under the
same condition.
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