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With large anti-Stokes shifts and background-free signals, upconversion luminescent (UCL) 

screening assays have been a promising method to reduce the transmission of influenza 

epidemic, which can critically alleviate the disease burden and extra annual deaths. In this 

work, a luminescent resonance energy transfer sandwich assay is developed, which utilizes 

core-shell upconversion nanoparticles and gold nanoparticles as the donor and acceptor, 

respectively. The influenza H7 gene of H7N9 virus is used as the target for optimization of 

the assay. Importantly, the hybridization time of the assay is approximately (app.) 40 min and 

the specificity test indicates the probes are specific towards the H7 target. The limit of 

detection of the system is app. 134 picomolar (app. 3.22 x 1010 molecules). Moreover, the 

assay is tested with the use of polymerase chain reaction validated samples from human 

isolates. The results are promising for implanting future on-site rapid influenza screening 

application. 
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Influenza (flu) has been threatening the world for decades and caused substantial number of 

death yearly.[1] The flu viruses also mutate to infect human beings by antigenic shift. As a 

result, it is urgent to explore versatile detection schemes for probing and visualizing the 

presence of the viruses. The conventional enzyme-linked immunosorbent assay (ELISA) and 

real-time polymerase chain reactions (qPCR) are well-recognized tools for the detection of flu 

viruses by either detecting the antigens or oligonucleotides (oligos) of the viruses.[2 5] 

Considering the increasing demand and development, an ideal screening platform should be 

capable of performing simple, rapid and specific readout. Therefore, the new technology can 

rapidly screen the potential patients with short turnover time. Electrochemical sensors detect 

the presence of influenza virus genes by voltammetric, impedemetric or chronoamperometric 

approaches.[6] Those sensors increase the limits of detection (LOD) by using signal amplifiers 

but the hybridization times are usually long.[7] On the other hand, colorimetric sensor produce 

visible color changes upon the presence of the virus genes. The simplicity in design and 

readout of these sensors had attracted substantial attention. Gold nanoparticles (AuNPs) are 

one of the promising candidates for such detection strategy because of their high extinction 

coefficient and aggregation-dependent color change.[8,9] Despite the advantages, AuNPs are 

surface-sensitive and may induce undesired aggregations due to high ionic strength and 

concentration of ions, resulting in false-positive signals. 

 

Apart from those approaches, optical detection has drawn substantial attention because of 

their simplicity, sensitiveness and multiplexity.[10,11] It is the fact that organic dyes are widely 

used in conventional qPCR assays via downconversion processes.[4,12,13] However, the dyes 

demonstrate undesirable emissive properties such as poor photostability, broad emission band 
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and small Stokes shift.[14] 1 Therefore, they were usually employed as quenchers in 
1 
2 
3 
4 
5 

systems.[15 17] High energy excited quantum  dots (QDs) are 2 nanoparticle-based detection 

assays.[18 20] 3 another representative fluorophores in downconverting The excitation may 
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induce background fluorescence and broad emission peaks, contributing to severe cross- 

talking problem. To address these limitations, near-infrared (NIR) triggered upconversion 

luminescence (UCL) in lanthanide-doped upconversion nanoparticles (UCNPs) is very 

promising in bio-detection. They not only display large anti-Stokes shift[21,22] but also poses 

minimal damage to the gene oligos. In addition, the long-lived UCL signal is easily 

distinguished from the short-lived background signal. As a result, UCNPs were used to detect 

different oligos and analytes. [23 28] The assays involved highly distance-dependent 

luminescence resonance energy transfer (LRET) between energy donor and acceptor, in 

which the luminescent intensity changes with the separation between the energy pair.[29] In 

this work, green emitting UCNPs and AuNPs are selected as the LRET pair owing to their 

well-matched emission and extinction spectrum, while AuNPs exhibit excellent extinction 

coefficient and photo-stability. The size of the nanoparticles played important roles in 

hybridization[30] because AuNPs demonstrate size-dependent absorption property and it can 

alter the stability of the hybridized DNA duplex. In addition, the size ratios of the UCNPs and 

AuNPs affect the formation of UCNPs-AuNPs hybrid structures. Taking advantages of 808 

nm excitation of Nd3+ ions that can minimize heat-induced dehybridization or oligo damages 

while improving upconversion efficiency in aqueous environment, core-shell 

NaGdF4:Yb/Er@NaGdF4:Yb/Nd UCNPs (csUCNPs) were adopted as the energy donor for 

sandwich detection. In the detection scheme, the oligo probes were efficiently immobilized 

onto the csUCNPs and AuNPs by carbodiimide crosslinking and acid-assisted chemisorption, 

respectively. Upon the presence of target oligos, these nanoparticles are brought into close 

intimacy and enables LRET to occur associated with UCL changes. The small-sized AuNPs 

are suitable for effective oligo hybridization at app. 40 min. In addition, the PCR-validated 
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1 H7N9 human isolates of influenza A virus were tested to reveal the potential of the biosensor 
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2 towards clinical applications. 
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2. Results and discussion 
 
 
 

2.1. Structure and physical properties 
 

The NaGdF4:Yb/Er@NaGdF4:Yb/Nd csUCNPs were synthesized by a previously reported 

coprecipitation method.[31] Figure 1(a) and (b) show the TEM image of the oleate capped 

csUCNPs and csUCNPs-probe, respectively. It should be noted that a non-crystalline layer 

appears after the probe conjugation. Moreover, the selected area electron diffraction (SAED) 

pattern in Figure S1(a) confirms the hexagonal phase nature of the as-prepared csUCNPs. 

Apart from the csUCNPs, the citrate-stabilized AuNPs are responsible for attaining high 

quenching efficiency of the detection system. The AuNPs were synthesized by a step by step 

seed growth synthetic protocol.[32] The size of the AuNPs can be precisely controlled by 

sequential shots of HAuCl4 precursors. Also, the size is crucial for manifesting the spatial 

condition for initial contact, zipping and stability during hybridization. Figure S1(b) and 

Figure 1(c) present the morphology of the as-synthesized AuNPs and AuNPs-probe, 

respectively. The instantaneous oligo probe modification does not induce aggregation in the 

hybridization buffer and the immobilized oligo ensures good dispersity. Then, the csUCNPs- 

probe is surrounded by the AuNPs-probe after oligo hybridization, forming a network 

structure (Figure 1(d)). 

 
 

2.2. Optical and surface characterization 
 

The surface of the NPs should be heavily functionalized to ensure high stability and high rate 

of hybridization in the buffer medium.[30,33] The oleate layers of the as-synthesized csUCNPs 
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were removed by hydrochloric acid  for hydrophilicity as ligand-free csUCNPs.[34] Then, 1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

2 polyacrylic acid (PAA)-modified csUCNPs were prepared for bioconjugations of the oligo 

3 probe via coordination interactions between carboxylic   groups and lanthanide ions. 

4 Subsequently, the oligo probe was conjugated onto the carboxylic acid terminals via 

5 carbodiimide/N-hydroxysuccinimide (EDC/NHS) covalent crosslinking reaction (Figure 2). 
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Figure S2(a) presents Fourier transform infrared (FTIR) spectra of the oleate and PAA- 

csUCNPs. The disappearance of the two major peaks at 2928 and 2851 cm-1 indicated the 

successful removal of the -CH2 groups in the oleate layer. After PAA modification, a large 

and broad absorption peak was observed at 3446 cm-1.[35] In addition to the PAA-csUCNPs, 

the vast amount of citrate groups on the AuNPs contributes to the highly negative zeta 

potentia � va ue [24] After the instantaneous probe conjugation, the AuNPs-probe displays a 

 ess negative � va ue due to the phosphate backbone of the oligo probe. Importantly, the 

distribution of the � remains narrow as shown in Figure S2(b). The conjugation efficiencies 

of the oligo probes play an important role in the hybridization rate; therefore UV-vis 

spectroscopy was performed to study the conjugation efficiency. Figure S3(a) and (b) show 

the calibration line for the thiolated-probe with FAM molecule (P1-FAM). After that, excess 

DTT was used to displace the conjugated P1-FAM and the luminescent intensity at 520 nm 

was used as the reporting signal for quantifying the conjugated probe on AuNPs. It was found 

that 63 % of probe conjugated onto the AuNPs. Apart from UV-vis technique, inductive 

couple plasma-optical emission spectroscopy (ICP-OES) was performed to estimate the 

amount of AuNPs-P1 after conjugation. Table S1 suggests that the 47 % of the AuNPs-P1 

can be recovered by centrifugation. In addition to AuNPs-P1, the absorption spectrum of the 

P2-Cy3 and csUCNPs-P2-Cy3 (Figure S4) were compared to estimate the conjugation 

efficiency of the EDC/NHS reaction. By monitoring the absorption maxima at 550 nm, it was 

found that 45 % of the probe was conjugated onto the csUCNPs. Apart from surface, the 
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1 optical properties of the nanoprobes are equally important because LRET requires spectral 
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2 overlapping of the energy donor and acceptor. Figure S5(a) shows the upconversion emission 

3 spectra of the PAA-csUCNPs and csUCNPs-probe. The emission increased reasonably after 

4 oligo conjugation because the oligo layer shielded the csUCNPs from the hydroxyl oscillators 

5 in the buffer medium. Moreover, the absorption spectra of the AuNPs are presented in Figure 

6 S5(b). The maxima and width of the AuNPs-probe did not show significant change after 

61 
62 
63 
64 
65 

6 

 

 

14 7 
15 
16 
17 8 
18 
19 9 
20 
21 
22 
23 11 
24 
25 
26 12 
27 
28 
29 13 
30 
31 14 
32 
33 
34 15 
35 
36 16 
37 
38 
39 
40 
41 18 
42 
43 
44 
45 
46 20 
47 
48 21 
49 
50 
51 22 
52 
53 23 
54 
55 
56 
57 
58 
59 25 
60 

probe oligo modification, which indicates the high quality and efficiency of the modification. 

Importantly, the emission and absorption spectra of csUCNPs-probe and AuNPs-probe 

overlap well for LRET upon hybridization. 

 
2.3. Detection scheme 

 

The homogeneous sandwich detection scheme (Figure 3) utilizes oligo-modified csUCNPs 

and AuNPs as probe for capturing the subtype target genes. The sequences of the oligos were 

summarized in Table 1. The probe oligo genes were designed according to the World Health 

Organization (WHO) protocol for diagnosis of human influenza viruses.[36] Moreover, the 

oligo probes were tethered with poly-A bases (Underlined) for effective probe conjugation to 

the nanoparticles and hybridization.[37,38] The number of tethering on the amine-modified 

oligo and the thiolated oligo is 10 and 8 of bases, respectively. The amine probe oligo was 

conjugated on the polyacrylic acid modified csUCNPs via EDC/NHS covalent crosslinking 

reaction while the thiol-probe oligo was immobilized on the AuNPs with the assistance of 

acid and salt. The 808 nm laser excitation does not pose any heating effect to the assay, which 

may disturb the stability of the hybridized structures. Then, LRET occurs as a result of oligo 

duplex formation during hybridization. The green emission from csUCNPs is absorbed by the 

AuNPs; therefore the decrement is used to quantify the amount of virus oligo. 

 
2.4. Sandwich homogeneous assay 
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1 It is essential to find out the melting characteristics of the assay because this determines the 
1 
2 
3 

2 temperature for hybridization condition. Figure 4(a) shows the melting curve from 45 to 70 
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oC with 10 nM of H7 target monitored at 260 nm. The Tm value corresponded to the half of 

the percentage drop in the absorption at 260 nm (A260), which was app. 56 oC. The 

nanoprobes were dispersed in molecular biology grade water with Tris-HCl (pH 7.6) prior to 

hybridization. Then, the probes were incubated at 90 oC to destroy all local entanglements and 

secondary structures, followed by 55 oC incubation. The hybridization stage was maintained 

for 40 min in the heat block. After cooling to room temperature, the upconversion emission 

spectra of the samples were measured by using 808 nm diode laser. Figure 4(b) shows the 

upconversion spectra of the stimulated H7 subtype detections using the sandwich assay. The 

control (named reabsorption in the spectra) sample consisted of the csUCNPs-P1 and AuNP- 

P2 to eliminate the intensity drops due to simple reabsorption. The emission intensities at 540 

nm decreased with increasing amount of H7 targets. The observation was attributed to the 

increased LRET between csUCNPs-P2 and AuNPs-P1. The lowest detectable concentration 

was app. 100 picomolar (pM) and the quenching efficiency (QE) saturated at app. 10 nM 

target. A linear response (Figure 4(c)) was found at 100 pM to 1 nM as y = 27.2x + 15.4. 

Moreover, the limit of detection (LOD) was estimated at 134 pM with an equivalent amount 

of H7 3.22 x 1010 molecules. The detection was repeated for five times and the LOD was 

calculated by three times the standard error in response divided by the slope of the linear 

fitting.[39] Moreover, the LOD of the current assay was compared with the other reported 

sensors in Table 2. It is comparable to the LOD of luminescent/fluorescent-based 

homogeneous assays, which was in femtomolar (fmol) range. Furthermore, the emission 

lifetime at 540 nm of reabsorption was compared with that of 1 nM H7 target (Figure 4(d)). 

The lifetime indicated a shift of 30.4 %, because the LRET process provides extra pathway 

for the decay. 
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1 2.4. Specificity 
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2 Specificity is  a paramount  specification of the assay because the family of influenza A 

3 consists of many subtypes. Therefore, the specificity of the assay (Figure 5) was evaluated 

4 with 1 nM concentration of H7, N9 and 3 BM target samples. The H7 target oligo showed a 

5 quenching efficiency at app. 67 %, which was in good agreement with the previous 

results.[23,24] Owing to the three base mismatches, the initial contact process was not efficient, 6 
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hence yielding app. 20 % quenching. As H7N9 is a popular avian influenza in Hong Kong, its 

N9 counterpart was selected for the specificity test. The results suggested that the H7 probes 

can differentiate clearly between H7 and N9 gene. 

 
 

2.5. Detection of PCR-validated sample 
 

A useful and practical assay should be primarily tested with human isolate samples to explore 

their potential for future applications. The PCR samples of H7 gene were validated according 

to the WHO protocol for diagnosis of human influenza viruses. Figure 6(a) shows the gel 

photography of the sample processed after PCR that consists of 12 lanes. Three cDNAs of 

human isolate was added individually as follows: lane 1, 5 and 9 (H7N9); lane 2, 6 and 10 

(H1N1) and lane 3, 7 and 11 (H5N1). H7 (lane 1-4), H1 (lane 5-8) and H5 (lane 9-12) specific 

HA primers were used to verify the specificity of primers. Lane 4, 8 and 12 are the negative 

controls for each HA gene, correspondingly. The results indicate that the specific H7 gene 

was amplified by PCR. Figure 6(b) presents the emission spectra of the sample at 10 nM and 

100 pM. The inset shows the gel electrophoresis results for validating the correct H7 gene. 

The minimum and maximum QE was app. 14.3 and 30 %, respectively (Figure 6(c)). The QE 

was not as high as the results in the simulated sample detection experiment. The reduced QE 

may be attributed to the presence of some non-specific targets, such as polymerases, primers, 

ions and residual deoxyribonucleotide triphosphates. The Au-probe tends to disperse in the 

medium rather than forming network structure with the csUCNP-probe (Figure 6(d)). This 
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1 was due to the absence of complementary H7 target for forming network structure for LRET. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

2 As a result, the csUCNP-probe also tends to pack closely together. Moreover, the lifetime 

3 measurement for the control sample and the 10 nM H7 PCR-validated sample was carried out 

4 to support the LRET phenomena (Figure 6(e)). The prolonged lifetime of the 10 nM H7 

5 PCR-validated sample justified the LRET between csUCNP-probe and Au-probe. 

6 Nevertheless, the results revealed the potential of the developed UCL-sandwich assay for 
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screening of clinical samples. 
 
 

3. Conclusions 
 
 

We have developed a sandwich assay based on NaGdF4:Yb/Er@NaGdF4:Yb/Nd csUCNPs 

and citrated-stabilized AuNPs. The NPs were heavily functionalized with target specific oligo 

probes to achieve rapid and specific detection. The 808 nm laser excitation avoids thermal 

agitation that may disturb the oligo duplex and background fluorescence. The assay was 

firstly tested with simulated H7 gene target and a linear response was found in the range from 

100 pM to 1 nM. The LOD of the assay was app. 134 pM (3.22 x1010 molecules) with clear 

differentiation from its N9 gene counterpart. Moreover, we step forward to test the assay with 

PCR-validated samples. The detection results suggested the assay was able to detect the H7 

gene target and it had great potential for future virus gene screening applications. 

 
 

4. Experimental Section 
 
 

4.1. Synthesis of core-shell NaGdF4:Yb/Er@NaGdF4:Yb/Nd csUCNPs 
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In typical coprecipitation synthesis,[31] Ln3+ acetate (Ln3+ = Gd3+, Yb3+ and Er3+, 0.4 mmol) 1 
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2 with designated molar ratio were added to a 50 mL three-necked flask. After that, OA (4 mL) 

3 and ODE (6 mL) were added to the same flask under magnetic stirring. The mixture was 

heated to 150 oC for 1 h. The heating mantle was removed and the mixture was allowed to 4 

5 cool down to room temperature. Then, NaOH/methanol (1 mmol) and NH4F/methanol (1.32 

6 mmol) were mixed well and immediately injected into the reaction mixture. After that, the 

oC 7 temperature was held at 50 for 1 h under vigorous stirring. The flask was degassed in 
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22 under argon gas protection. After cooling to room temperature, the crude csUCNPs were 

23 collected by centrifugation and purified by using cyclohexane and ethanol. Finally, the 

24 csUCNPs were dispersed in cyclohexane for further modifications. 

25 

26 4.2. Synthesis of citrate-stabilized gold nanoparticles (AuNPs) 
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vacuum for 10 min, followed by heating to 290 oC in 1.5 h under argon gas protection. After 

cooling to room temperature, the crude UCNPs were collected by centrifugation and purified 

by using cyclohexane and ethanol. Finally, the core UCNPs were dispersed in cyclohexane for 

further modifications. 

 
 

Synthesis of NaGdF4:Yb/Er@NaGdF4:Yb/Nd core-shell UCNPs 
 

Ln3+ acetate (Ln3+ = Gd3+, Yb3+ and Nd3+, 0.4 mmol) with designated molar ratio were added 

to a 50 mL three-necked flask. After that, OA (4 mL) and ODE (6 mL) were added to the 

same flask under magnetic stirring. The mixture was heated to 150 oC for 1 h. The heating 

mantle was removed and the mixture was allowed to cool down to room temperature. Then, 

the as-prepared core UCNPs were injected into the Ln3+ precursors under vigorous magnetic 

stirring. NaOH/methanol (1 mmol) and NH4F/methanol (1.32 mmol) were mixed well and 

immediately injected into the reaction mixture. After that, the temperature was held at 50 oC 

for 1 h. The flask was degassed in vacuum for 10 min, followed by heating to 290 oC in 1.5 h 
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The citrate-stabilized AuNPs were synthesized according to previous report.[32] Briefly, 2 

3 tannic acid (6.67 µL, 2.5 mM), potassium carbonate (66.7 µL, 150 mM) were added to 

4 sodium citrate solution (10 mL, 2.2 mM) under vigorous stirring. The mixture was heated to 

oC 5 70 with tetrachloroauric acid (66.7 µL, 25 mM) for 5 min. Then, two shots of 

6 tetrachloroauric acid (33.3 µL, 25 mM) were added to the medium for every 10 min. After 
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Figure 1 TEM images of (a) OA-csUCNPs, (b) csUCNPs-probe, (c) AuNPs-probe and (d) 

hybridized duplex structure of csUCNPs-probe and AuNPs-probe. 
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Figure 2 Modification routes of csUCNPs from oleate to probe oligo surface. 
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Figure 3 Homogeneous sandwich detection scheme based on Au-P1 and csUCNP-P2. 

3 



1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
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3 hemagglutinin (H7) genes of H7N9 influenza A viruses are according to WHO 

protocols.[36] The non-complementary bases are represented by bolded text. 4 
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Name Sequence (5'- 3') 
 

P1 SH-AAA AAA AAA ACT AAG CAG CGG 
 

P2   TGA CCC AGT CAA AAA AAA AAA A-NH2 

P1-FAM  SH-AAA AAA AAA ACT AAG CAG CGG -FAM 

P2-Cy3 Cy3- TGA CCC AGT CAA AAA AAA AAA A-NH2 

H7 target    CCG CTG CTT AGT TTG ACT GGG TCA 

N9 target GGG TCA TTC GGT CGG GGA TTG TCT 
 

3BM target CCG CAG CTT ATT TTG ACT GAG TCA 
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Figure 4 (a) Melting curve of the sandwich assay with H7 target concentration at 10 nM, (b) 

Upconversion emission spectra of the sandwich assay excited by 808 nm laser, (c) QE of 

target concentrations from 100 pM to 10 nM (Inset showing the linear response from 100 pM 

to 1 nM target concentration) and (d) Lifetime measurement of reabsorption and 1 nM H7 

target sample. 8 
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Figure 5 Specificity of the sandwich assay using 1 nM of targets. 
4 



1 
1 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4 Figure 6 (a) Confirmation of PCR-validated H7 HA sample from H7N9 human isolate by gel 

5 electrophoresis of 82 base pairs (bp), (b) Upconversion emission spectra of PCR-validated H7 

6 HA genes (82 base pairs) and (c) QE of 10 nM and 100 pM samples, (d) TEM image of the 

7 control sample (csUCNP-probe and AuNP-probe only) and (e) lifetime measurement of the 

8 control sample and 10 nM H7 PCR-validated target 
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