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decreases with increasing concentration of the hindrance analytes. The structural formation 72 

can be tuned by the known distance of linker through peptide chain.  73 

In this report, we have constructed a biosensor system with a nanoconjugate using 74 

functionalized CdZnSeS/ZnSeS QDs as a fluorescent probe and AuNPs as an adjacent 75 

surface plasmon molecule [18, 19]. In our previous study on norovirus detection, similar 76 

system has been already introduced with a crosslinker of 11-mercaptoundecanoic acid to 77 

make a rigid sensor [20]. Although the detection limit was quite impressive, however, being a 78 

small crosslinker between two nanoparticles, the sensor could not able to signify small 79 

changes of virus concentration, precisely. Therefore, to make the sensor more spacious for 80 

analyte molecule, an 18 amino acid-based peptide has been used as a linker molecule 81 

between these two nanoparticles (Scheme 1). Additionally, the tunable distance between QDs 82 

and AuNPs helps to understand the mechanism of the LSPR interaction which can be applied 83 

for the sensing. The synthesized peptide has been modified accordingly to anchor the AuNPs 84 

and QDs in its both ends to build a stable sensor structure of CdZnSeS/ZnSeS QD-peptide-85 

AuNP. Two aspartic acid residues have been introduced in the used peptide chain for the 86 

purpose of antibody binding. To achieve the optimized condition for sensing operation, 87 

different sizes and concentrations of AuNPs have been tested on the similar sensor system. In 88 

addition, varying the linker distance between QDs and AuNPs using different length of 89 

peptide chains has been also investigated. In the optimized condition, the fluorescence of the 90 

CdZnSeS/ZnSeS QD-peptide-AuNP has been increased to its maximum. Then the successive 91 

detection of different concentration of viruses has been monitored by the quenching of the 92 

sensor intensity. The mechanism of detection involves the quenching of the QDs fluorescence 93 

due to the restriction of the LSPR signal of AuNPs towards the QDs as illustrated in Scheme 94 

1. To establish the mechanism, influenza virus has been chosen here for the analysis as it is 95 

one of the causative agents for the infectious diseases in the respiratory tract which remains 96 
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as a potential threat for human healthcare [21-23]. The linearity and detectability have been 97 

established in femtomolar to nanomolar range which indicates the potential possibility of this 98 

detection method for the virus surveillance in near future. 99 

 100 

2. Experimental section 101 

2.1. Materials 102 

Acetone, polyoxyethylene, sulfuric acid (H2SO4), sorbitan monolaurate (Tween 20), 103 

hydrogen peroxide (H2O2), methanol, sodium citrate, potassium hydroxide (KOH), 104 

chloroform, tri-sodium citrate (Na3C6H5O7) and phosphate-buffered saline were purchased 105 

from Wako Pure Chemical Ind. Ltd. (Osaka, Japan). N-(3-dimethylaminopropyl)-N-106 

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), HAuCl4, bovine 107 

serum albumin (BSA), cadmium oxide (CdO), thioglycolic acid (TGA), hexadecylamine 108 

(HDA), zinc oxide (ZnO), trioctylphosphine oxide (TOPO), 1-octadecene (ODE), 109 

trioctylphosphine (TOP), selenium (Se) and sulfur (S) were purchased from Sigma Aldrich 110 

Co., LLC (Saint Louis, MO, USA). Tetramethylbenzidine (TMBZ) was purchased from 111 

Dojindo (Kumamoto, Japan). Oleic acid (OA) was purchased from Nacalai Tesque Inc. 112 

(Kyoto, Japan).  113 

 Primary antibodies against hemagglutinin (HA) proteins of influenza virus A/H1N1 114 

(New Caledonia/20/99) and a mouse monoclonal antibody [B219M], anti-white spot 115 

syndrome virus VP28 antibody [AB26935] were purchased from Abcam Inc. (Cambridge, 116 

UK). Goat anti-rabbit IgG-horseradish peroxidase (HRP) was purchased from Santa Cruz 117 

Biotechnology (CA, USA). Anti-hepatitis E virus (HEV) antibody was kindly provided by 118 

Dr. Tian-Cheng Li of Department of Virology, National Institute of Infectious Diseases. 119 
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 The purpose of the present study is to construct a sensing platform for the detection of 191 

virus where the sensing parameters can be optimized according to the need of the analytes. 192 

To achieve this, a new combination of biosensor was successfully synthesized by QD-193 

peptide-AuNP nanocomposite. After conjugating the anti-HA Ab in the peptide chain of 194 

nanocomposite, we completed the designing of sensing probe (Ab-QD-peptide-AuNP) for 195 

virus detection. Influenza virus can be detected after incubating for 3 min with our prepared 196 

sensing probe by measuring the change of fluorescence intensity (as illustrated in Scheme 1). 197 

As a more advanced platform from the previous studies on LSPR, the sensor gains rigid 198 

structure with tunable length which substantially reduces the noise of the background, leading 199 

to lowering the detection limit due to the covalent bonding between AuNPs and QDs through 200 

the peptide linker. We can tune the distance between CdZnSeS/ZnSeS QDs and AuNPs with 201 

different chain length of peptides, and 18 amino acids have been selected which maintain a 202 

distance of 8.5 nm approximately between two nanoparticles. Initially the CdZnSeS/ZnSeS 203 

QD-peptide-AuNP probe causes to enhance the fluorescence intensity of the QDs strongly. 204 

Due to the conjugation of primary antibody to the peptide linker between AuNPs and QDs, 205 

the sensing probe has been bound with the target virus. The antibody conjugation has been 206 

confirmed by the ELISA, shown in Fig. S1 of Supplementary data. In the presence of target 207 

virus, the interaction between antibody and antigen creates strong steric hindrance in both 208 

sides due to two antibody anchoring side in the peptide chain. This steric hindrance restricts 209 

the LSPR between AuNPs and QDs, resulting in quenching of fluorescence. The quenching 210 

of fluorescence is directly proportional to the concentration of the target virus, confirming 211 

proficient detection ability of the proposed biosensor. To get the best suitable condition for 212 

sensing, we have varied the size, concentration of AuNPs and number of antibody binding 213 

sites keeping the QDs as a constant. 214 

 215 
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 244 

Fig. 1. TEM images (a and c) and particle size distributions (b and d) of AuNPs and 245 

CdZnSeS/ZnSeS QDs, respectively. (e) EDS mapping of CdZnSeS/ZnSeS QD-peptide-246 

AuNP nanocomposites with Cd, Au and merged image. 247 

 248 

 The nanocomposites formation was further verified by hydrodynamic diameter 249 

measurement by DLS where the individual nanoparticles along with the CdZnSeS/ZnSeS 250 

QD-peptide-AuNP nanocomposites were determined and shown in Fig. 2a. The bare 251 

CdZnSeS/ZnSeS QDs and AuNPs shows the hydrodynamic size of 5 ± 0.5 nm and 28.4 ± 1.5 252 

nm, respectively which are perfectly matched with their solid-state morphology, found in 253 

TEM images. However, in case of CdZnSeS/ZnSeS QD-peptide-AuNP nanocomposite, it 254 

shows the diameter of 57 ± 0.5 nm which is larger than their individual sizes, confirming the 255 

conjugated distribution. In addition, when the influenza virus was bound to sensing probe, the 256 

size of CdZnSeS/ZnSeS QD-influenza virus-peptide-AuNP nanocomposite was 172 ± 0.5 257 

nm, suggesting the successful binding of the virus with the sensing probe. The 258 

nanocomposite formation of CdZnSeS/ZnSeS QD -peptide-AuNP from the bare 259 

CdZnSeS/ZnSeS QD-peptide and AuNP has been further verified by their XRD analysis, 260 
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carboxylic acid groups can be easily conjugated with the monoclonal anti-HA antibody. 293 

According to our hypothesis, when the virus particles are added to the sensor medium, these 294 

two antibodies can bind to the virus particles by the specific antigen-antibody interaction. As 295 

the antibodies are situated in the trans position of each other, it can be anticipated that the 296 

bound viruses can produce enough steric repulsion in the process of the LSPR from AuNPs 297 

towards QDs. In spite of the reference studies from our early reports, we have also optimized 298 

the best condition for the virus sensing, varying the concentration, size of AuNPs and length 299 

of peptide chain.  300 

 301 
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 302 

Fig. 3. Distance-dependent fluorescence spectra where the peptide length was varied from (a) 303 

1.8, (b) 3, (c) 6, (d) 8.5, (e) 11 and (f) 15.5 nm (the black and red lines represent the 304 

fluorescence of CdZnSeS/ZnSeS QD-peptide before and after conjugation with AuNPs, 305 

respectively) and comparison of the change of fluorescence intensities with respect to the (g) 306 

linked peptide chain length variation and after addition of 0.1 pg mL-1 Influenza virus. 307 

 308 
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Fig. 6a, the sizes of target viruses do not make any significant changes on the sensing 457 

performances according to their corresponding slope, indicating the uniform detection ability 458 

irrespective of target sizes. However, in case of larger size virus of WSSV, the correlation 459 

coefficient has decreased slightly which may be due to the fact that the much larger size 460 

target virus has lower possibility to bind successfully on the specific position in between the 461 

CdZnSeS/ZnSeS QD-peptide-AuNP sensor.  462 

In the final stage of the sensing, the anti-influenza antibody-conjugated CdZnSeS/ZnSeS 463 

QD-peptide-AuNP nanocomposite has been applied on the same influenza virus in identical 464 

condition of Fig. 4a in serum instead of water and the performance has been compared with 465 

the calibration curve found in Fig. 4b. It is clear from comparison diagram of Fig. 6b, the 466 

performances of the sensor in 10 % serum has been degraded obviously compared to the DI 467 

water medium due to the presence of serum interferences. The large number of interferences 468 

can make some unspecific adsorption with the nanoparticles, resulting poor sensing 469 

performance. From the new slope in the serum as represented in the Fig. 6b, the LOD of the 470 

sensor has been calculated as 65.1 fg mL-1 for influenza virus. The performance of the sensor 471 

has been reduced 3 time in serum medium compared to the DI water, however, the detection 472 

limit is still satisfactory for its application for the real samples in future.   473 

 474 
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detection by changing the entrapped antibody and analytes, in the wide variety of other 493 

sensing application in future. 494 
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Appendix A. Supplementary data 507 

Supplementary material related to this article can be found, in the online version, at 508 

doi:https://doi.org/. ELISA of CdZnSeS/ZnSeS QD-peptide-AuNP nanocomposites to 509 

confirm the antibody binding, UV-Visible characterizations of CdZnSeS/ZnSeS QDs and 510 

AuNPs and fluorescence emission spectrum of the CdZnSeS/ZnSeS QD-peptide after 511 

addition of AuNPs by physical mixing; structure of sensor. 512 
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decreases with increasing concentration of the hindrance analytes. The structural formation 72 

can be tuned by the known distance of linker through peptide chain.  73 

In this report, we have constructed a biosensor system with a nanoconjugate using 74 

functionalized CdZnSeS/ZnSeS QDs as a fluorescent probe and AuNPs as an adjacent 75 

surface plasmon molecule [18, 19]. In our previous study on norovirus detection, similar 76 

system has been already introduced with a crosslinker of 11-mercaptoundecanoic acid to 77 

make a rigid sensor [20]. Although the detection limit was quite impressive, however, being a 78 

small crosslinker between two nanoparticles, the sensor could not able to signify small 79 

changes of virus concentration, precisely. Therefore, to make the sensor more spacious for 80 

analyte molecule, an 18 amino acid-based peptide has been used as a linker molecule 81 

between these two nanoparticles (Scheme 1). Additionally, the tunable distance between QDs 82 

and AuNPs helps to understand the mechanism of the LSPR interaction which can be applied 83 

for the sensing. The synthesized peptide has been modified accordingly to anchor the AuNPs 84 

and QDs in its both ends to build a stable sensor structure of CdZnSeS/ZnSeS QD-peptide-85 

AuNP. Two aspartic acid residues have been introduced in the used peptide chain for the 86 

purpose of antibody binding. To achieve the optimized condition for sensing operation, 87 

different sizes and concentrations of AuNPs have been tested on the similar sensor system. In 88 

addition, varying the linker distance between QDs and AuNPs using different length of 89 

peptide chains has been also investigated. In the optimized condition, the fluorescence of the 90 

CdZnSeS/ZnSeS QD-peptide-AuNP has been increased to its maximum. Then the successive 91 

detection of different concentration of viruses has been monitored by the quenching of the 92 

sensor intensity. The mechanism of detection involves the quenching of the QDs fluorescence 93 

due to the restriction of the LSPR signal of AuNPs towards the QDs as illustrated in Scheme 94 

1. To establish the mechanism, influenza virus has been chosen here for the analysis as it is 95 

one of the causative agents for the infectious diseases in the respiratory tract which remains 96 
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as a potential threat for human healthcare [21-23]. The linearity and detectability have been 97 

established in femtomolar to nanomolar range which indicates the potential possibility of this 98 

detection method for the virus surveillance in near future. 99 

 100 

2. Experimental section 101 

2.1. Materials 102 

Acetone, polyoxyethylene, sulfuric acid (H2SO4), sorbitan monolaurate (Tween 20), 103 

hydrogen peroxide (H2O2), methanol, sodium citrate, potassium hydroxide (KOH), 104 

chloroform, tri-sodium citrate (Na3C6H5O7) and phosphate-buffered saline were purchased 105 

from Wako Pure Chemical Ind. Ltd. (Osaka, Japan). N-(3-dimethylaminopropyl)-N-106 

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), HAuCl4, bovine 107 

serum albumin (BSA), cadmium oxide (CdO), thioglycolic acid (TGA), hexadecylamine 108 

(HDA), zinc oxide (ZnO), trioctylphosphine oxide (TOPO), 1-octadecene (ODE), 109 

trioctylphosphine (TOP), selenium (Se) and sulfur (S) were purchased from Sigma Aldrich 110 

Co., LLC (Saint Louis, MO, USA). Tetramethylbenzidine (TMBZ) was purchased from 111 

Dojindo (Kumamoto, Japan). Oleic acid (OA) was purchased from Nacalai Tesque Inc. 112 

(Kyoto, Japan).  113 

 Primary antibodies against hemagglutinin (HA) proteins of influenza virus A/H1N1 114 

(New Caledonia/20/99) and a mouse monoclonal antibody [B219M], anti-white spot 115 

syndrome virus VP28 antibody [AB26935] were purchased from Abcam Inc. (Cambridge, 116 

UK). Goat anti-rabbit IgG-horseradish peroxidase (HRP) was purchased from Santa Cruz 117 

Biotechnology (CA, USA). Anti-hepatitis E virus (HEV) antibody was kindly provided by 118 

Dr. Tian-Cheng Li of Department of Virology, National Institute of Infectious Diseases. 119 
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 The purpose of the present study is to construct a sensing platform for the detection of 191 

virus where the sensing parameters can be optimized according to the need of the analytes. 192 

To achieve this, a new combination of biosensor was successfully synthesized by QD-193 

peptide-AuNP nanocomposite. After conjugating the anti-HA Ab in the peptide chain of 194 

nanocomposite, we completed the designing of sensing probe (Ab-QD-peptide-AuNP) for 195 

virus detection. Influenza virus can be detected after incubating for 3 min with our prepared 196 

sensing probe by measuring the change of fluorescence intensity (as illustrated in Scheme 1). 197 

As a more advanced platform from the previous studies on LSPR, the sensor gains rigid 198 

structure with tunable length which substantially reduces the noise of the background, leading 199 

to lowering the detection limit due to the covalent bonding between AuNPs and QDs through 200 

the peptide linker. We can tune the distance between CdZnSeS/ZnSeS QDs and AuNPs with 201 

different chain length of peptides, and 18 amino acids have been selected which maintain a 202 

distance of 8.5 nm approximately between two nanoparticles. Initially the CdZnSeS/ZnSeS 203 

QD-peptide-AuNP probe causes to enhance the fluorescence intensity of the QDs strongly. 204 

Due to the conjugation of primary antibody to the peptide linker between AuNPs and QDs, 205 

the sensing probe has been bound with the target virus. The antibody conjugation has been 206 

confirmed by the ELISA, shown in Fig. S1 of Supplementary data. In the presence of target 207 

virus, the interaction between antibody and antigen creates strong steric hindrance in both 208 

sides due to two antibody anchoring side in the peptide chain. This steric hindrance restricts 209 

the LSPR between AuNPs and QDs, resulting in quenching of fluorescence. The quenching 210 

of fluorescence is directly proportional to the concentration of the target virus, confirming 211 

proficient detection ability of the proposed biosensor. To get the best suitable condition for 212 

sensing, we have varied the size, concentration of AuNPs and number of antibody binding 213 

sites keeping the QDs as a constant. 214 

 215 
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 244 

Fig. 1. TEM images (a and c) and particle size distributions (b and d) of AuNPs and 245 

CdZnSeS/ZnSeS QDs, respectively. (e) EDS mapping of CdZnSeS/ZnSeS QD-peptide-246 

AuNP nanocomposites with Cd, Au and merged image. 247 

 248 

 The nanocomposites formation was further verified by hydrodynamic diameter 249 

measurement by DLS where the individual nanoparticles along with the CdZnSeS/ZnSeS 250 

QD-peptide-AuNP nanocomposites were determined and shown in Fig. 2a. The bare 251 

CdZnSeS/ZnSeS QDs and AuNPs shows the hydrodynamic size of 5 ± 0.5 nm and 28.4 ± 1.5 252 

nm, respectively which are perfectly matched with their solid-state morphology, found in 253 

TEM images. However, in case of CdZnSeS/ZnSeS QD-peptide-AuNP nanocomposite, it 254 

shows the diameter of 57 ± 0.5 nm which is larger than their individual sizes, confirming the 255 

conjugated distribution. In addition, when the influenza virus was bound to sensing probe, the 256 

size of CdZnSeS/ZnSeS QD-influenza virus-peptide-AuNP nanocomposite was 172 ± 0.5 257 

nm, suggesting the successful binding of the virus with the sensing probe. The 258 

nanocomposite formation of CdZnSeS/ZnSeS QD -peptide-AuNP from the bare 259 

CdZnSeS/ZnSeS QD-peptide and AuNP has been further verified by their XRD analysis, 260 
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carboxylic acid groups can be easily conjugated with the monoclonal anti-HA antibody. 293 

According to our hypothesis, when the virus particles are added to the sensor medium, these 294 

two antibodies can bind to the virus particles by the specific antigen-antibody interaction. As 295 

the antibodies are situated in the trans position of each other, it can be anticipated that the 296 

bound viruses can produce enough steric repulsion in the process of the LSPR from AuNPs 297 

towards QDs. In spite of the reference studies from our early reports, we have also optimized 298 

the best condition for the virus sensing, varying the concentration, size of AuNPs and length 299 

of peptide chain.  300 

 301 
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 302 

Fig. 3. Distance-dependent fluorescence spectra where the peptide length was varied from (a) 303 

1.8, (b) 3, (c) 6, (d) 8.5, (e) 11 and (f) 15.5 nm (the black and red lines represent the 304 

fluorescence of CdZnSeS/ZnSeS QD-peptide before and after conjugation with AuNPs, 305 

respectively) and comparison of the change of fluorescence intensities with respect to the (g) 306 

linked peptide chain length variation and after addition of 0.1 pg mL-1 Influenza virus. 307 
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