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ABSTRACT  30 

Controlling and engineering the particle composition of semiconductor alloy is one of 31 

the topmost targets in the field of semiconductor material science and technology. 32 

Quantum dot (QD) nanocrystals offer an unmatched opportunity to obtain a wide 33 

range of composition-controlled alloys and have captivated a great deal of interest 34 

recently. Here we report on the band gap engineering via tuning and control of the 35 

sulphur molar fraction (ternary shell layer) of quaternary/ternary core/shell alloyed 36 

CdZnSeS/ZnSeS QDs. Varying optical properties were exhibited by the alloyed QDs 37 

but a uniform particle size distribution was maintained across all compositions. The 38 

alloyed QDs displayed bright emission colours under UV irradiation whilst the 39 

photoluminescence quantum yield (PL QY) were in a remarkable range of 36 – 98%. 40 

Non-linearity of the lattice parameter was an indication of gradient alloying of the 41 

nanocrystals while kinetics of the optical properties unravelled the effect of intrinsic 42 

optical bowing. The displacement of bond length and anion mismatch influenced the 43 

optical properties of the QDs with respect to the PL QY variation. Alloyed 44 

CdZnSeS/ZnSe1.0S1.3 QDs with a spectacular PL QY value was exploited as an 45 

ultrasensitive fluorescence reporter in a conjugated molecular beacon (MB) assay to 46 

detect influenza virus H1N1 RNA. Our detection system was rapid, highly sensitive 47 

to detect extremely low concentrations of H1N1 RNA (down to 2 copies/mL), specific 48 

and versatile (detects H1N1 RNA in human serum). For proof of concept, the alloyed 49 

CdZnSeS/ZnSe1.0S1.3 QD-MB bioprobe exhibited a superior 12-fold sensitivity over 50 

alloyed CdZnSeS-MB probe while conventional CdSe/ZnS-MB probe could not detect 51 

the extremely low concentrations of influenza virus H1N1 RNA.  52 
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1. Introduction 56 

At the nanoscale, a great deal of attention has been ascribed to band gap engineering 57 

as a powerful tool in the fabrication of semiconductor quantum dots (QDs) 58 

nanocrystals.1–4 Conventional method of tuning the semiconductor band gap is by 59 

altering the QDs size in a process known as quantum confinement. QDs produced by 60 

size confinement have found application in a wide array of fields, such as in biological 61 

imaging, photovoltaics, catalysis, optoelectronics, sensor/biosensor and drug 62 

delivery systems, etc.5–8 In many applications, QDs of small size are required to obtain 63 

distinct data, however, the significant size difference between QDs of different 64 

emission colors poses a serious problem in device processing, superlattice structure 65 

formation and biomolecule conjugation.9,10 Hence, tuning the optical properties of 66 

QDs independent of their size is highly needed to circumvent this problem. 67 

An alternative means of engineering the band gap of QD nanocrystals is via 68 

control and alteration of the particle composition with respect to changes in the 69 

stoichiometry of the semiconductor metal molar fraction.9 This process produces 70 

alloyed QDs nanocrystals of different compositions. Several groups have shown that 71 

alloyed QDs possess superior output efficiency over conventional QD systems. For 72 

example, Krauss et al.11 demonstrated “nonblinking” properties in alloyed 73 

CdZnSe/ZnSe QDs. Solar cell application of alloyed ternary PbSexSe1-x QDs was 74 

shown by Alivisatos et al.12 to exhibit 2-fold improvement in efficiency over PbSe and 75 
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PbS-based devices. Light emitting diodes using alloyed ternary ZnCdSe QD were 76 

demonstrated by Bawendi et al.13 to induce charge injection easily than conventional 77 

CdSe/ZnS QD. This boost in performance of alloyed QDs for different applications 78 

may present an alternative route to invent the next generation of QDs. 79 

Here we report for the first time on the fabrication of water-soluble 80 

quaternary/ternary alloyed CdZnSeS/ZnSeS QDs of different compositions but with 81 

a fixed uniform size distribution. Variation of the particle composition was performed 82 

via tuning and control of the sulphur (S) molar fraction source in the ternary alloyed 83 

shell layer. Demonstration of the superior qualities of the alloyed CdZnSeS/ZnSeS 84 

QDs as an ultrasensitive fluorescence signal generator in a conjugated molecular 85 

beacon (MB) assay system was exploited to detect extremely low concentrations of 86 

influenza virus H1N1 RNA. For proof of concept, we compared the signal efficiency 87 

of our alloyed QD-MB bioprobe with the signal read-out generated from core alloyed 88 

CdZnSeS-MB and conventional CdSe/ZnS QD-based MB probe systems. Particularly, 89 

monitoring the interaction between a reporter and molecule is a requirement to 90 

achieve specific detection in biosensing. The alloyed QD-MB bioprobe with a DNA 91 

oligonucleotide sequence was designed to hybridize with H1N1 viral RNA sequence. 92 

The hybridization effect induced the alloyed QD reporter in the conjugated MB 93 

system to transduce molecular recognition information for H1N1 viral RNA into 94 

unparalleled optical signals.  95 

Acute infectious respiratory disease known as influenza virus are single stranded 96 

RNA viruses belonging to the family of Orthomyxoviridae. Infection caused by 97 

influenza virus occurs with varying attack rates and severity depending on the strain 98 
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of the virus subtype that is involved.14,15 Techniques used to diagnose influenza virus 99 

have come with several criticism. For example, when using the nasopharyngeal 100 

aspirates and swabs technique, samples with low viral copies degrades the RNA, 101 

hence limiting the quantification by polymerase chain reaction (PCR).16 Serological 102 

diagnosis based on antibody detection generates data that are not interpretable and 103 

often misguided.17 Viral culture test are time consuming18 while the commercial rapid 104 

influenza detection test (RIDTS) is known to consistently generate false positive or 105 

false negative results.19 Lastly, fluorescence antibody assays are cheap and offer fast 106 

results but they exhibit low sensitivity.20 Hence, influenza virus-based probes that can 107 

generate accurate data in combination with high sensitivity and rapidity are urgently 108 

needed to enable swift point-of-care treatment and disease control.  109 

The nanodiagnostic bioprobe developed in this work is rapid, specific and 110 

ultrasensitive to detect influenza virus H1N1 RNA down to 2 copies/mL. The 111 

versatility of our probe system was demonstrated for the detection of the target viral 112 

RNA in complex biological matrix using human serum as a detection medium. Our 113 

report is the first to exploit an ultrasensitive alloyed quaternary/ternary QD-MB 114 

bioprobe for the biosensing of influenza virus H1N1 RNA. 115 

 116 

2. Experimental section 117 

2.1. Materials 118 

Cadmium oxide (CdO), octadecene (ODE), zinc oxide (ZnO), trioctylphosphine oxide 119 

(TOPO), trioctylphosphine (TOP), selenium (Se), hexadecylamine (HDA), sulphur, 120 

thioglycolic acid (TGA), rhodamine 6G, N-(3-dimethylaminopropyl)-N’-121 
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ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were 122 

purchased from Sigma Aldrich Co. LLC. (Saint Louis, MO, USA). Oleic acid (OA) was 123 

purchased from Nacalai Tesque Inc. (Kyoto, Japan). Potassium hydroxide (KOH), 124 

methanol, acetone, and chloroform were purchased from Wako Pure Chemical Ind. 125 

Ltd. (Osaka, Japan). An ultra-pure Milli-Q Water System was used as the water source. 126 

Purified dengue 1 virus RNA and influenza virus A/California/07/2009 (H1N1) were 127 

purchased from Vircell Microbiologists (Granada, Spain). The MB probe has 22 128 

necleotide base pairs that are complimentary to the nucleotide 619–643 neuraminidase 129 

(NA) gene of influenza virus A/California/07/2009 (H1N1). H1N1 viral RNA had a 130 

stock concentration of 1.45×107 copies/mL once reconstituted with 50 µl of RNase free 131 

water, hence serial dilution were performed from the stock solution. MB with DNA 132 

oligonucleotide was synthesized and purified (using HPLC) by Integrated DNA 133 

Technologies (Coralville, IA, USA). The MB consists of 35 bases single-stranded DNA 134 

labeled with 5’ amino (NH2) modifier C6 and 3’ Dabcyl (4-((4-135 

(dimethylamino)phenyl)azo)benzoic acid) fluorescence quencher. The resulting 136 

oligonucleotide sequence of the MB is as follow:  137 

5’-/5AmMC6/GCGACTTTCAGTTATTATGCCGTTGTATTTGTCGC/Dabcyl/-3’.  138 

The stem domain of the MB probe was created using the underlined bases. 139 

 140 

2.2. Synthesis of alloyed CdZnSeS/ZnSeS QDs   141 

Organometallic hot-injection one-pot synthesis of CdZnSeS/ZnSeS QDs was carried 142 

out using reported procedures for the fabrication of alloyed QDs7,21 but with 143 

modification. Briefly, 1.3 g of CdO, 0.6 g of HDA, 50 mL ODE and 30 mL OA were 144 
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loaded into a 3-necked flask, stirred and heated to ~280 oC under inert atmosphere. 145 

As the temperature of the solution approached ~260 oC, 2.23 mL of TOP was injected 146 

into the Cd-HDA-OA solution. A premixed TOPSe solution (~12 mL), containing 0.3 147 

g of Se and 1.93 g of TOPO in 25 mL of ODE was added into the Cd-OA-HDA complex 148 

solution to initiate the nucleation and growth of the binary CdSe seeds. A solution of 149 

ZnO (~20 mL), containing 0.407 g of ZnO in 20 mL of OA and 30 mL of ODE was 150 

added into the CdSe growth solution, followed swiftly by the addition of TOPS 151 

solution (~50 mL) containing 0.16 g of sulphur and 1.93 g of TOPO in 20 mL of OA 152 

and 30 mL of ODE to initiate the nucleation and growth of the quaternary alloyed 153 

CdZnSeS QDs. The reaction was allowed to proceed for several minutes for effective 154 

nucleation and growth of the alloyed quaternary core QDs. Once satisfactory growth 155 

of the alloyed core QDs was achieved, a fraction of the solution was injected out and 156 

a solution of ZnO, TOPSe and TOPS precursors were added swiftly for the 157 

overcoating of the ternary alloyed ZnSeS shell layer. The stoichiometric particle 158 

composition of S in the ternary alloyed ZnSeS shell was varied to obtain different 159 

alloyed core/shell compositions. The hydrophobic QDs were purified using methanol 160 

and acetone. 161 

 162 

2.3. Water solubilization of the alloyed QDs   163 

A ligand exchange reaction was carried out using a KOH-methanolic-TGA solution to 164 

obtain water-soluble nanocrystals. Briefly, 3 g of KOH was dissolved in 40 mL of 165 

methanol via ultrasonication and 2 mL of TGA was added and the solution was stirred. 166 

Separate solution of the hydrophobic QDs were added into the KOH-methanolic-TGA 167 
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solution, followed by the addition of Milli-Q water. The solutions were stirred for 168 

several minute and left to stand still overnight for effective separation of the organic 169 

phase from the water-soluble phase. The QDs were washed using acetone and 170 

chloroform by centrifugation. The purified water-soluble QDs were dried in a fume 171 

hood and obtained with high yield. 172 

 173 

2.4. Characterization   174 

UV/vis absorption and fluorescence emission measurements were carried out using 175 

a filter-based multimode microplate reader (Infinite® F500, TECAN, Ltd, Männedorf, 176 

Switzerland). Transmission electron microscopy (TEM) images were performed using 177 

TEM JEM-2100F, (JEOL, Ltd., Tokyo, Japan) operated at 100 kV. Powder X-ray 178 

diffraction (PXRD) measurements were carried out using a RINT ULTIMA XRD 179 

(Rigaku Co., Tokyo, Japan) with a Ni filter and a Cu-K source. Data were collected 180 

from 2 theta = 5 - 60o at a scan rate of 0.01o/step and 10s/point. FT-IR analysis were 181 

carried out using a FT-IR (ATR 8700, Shimadzu Co., Tokyo, Japan). Fluorescence 182 

lifetime measurements were performed using a fluorescence lifetime imaging 183 

microscopy (FLIM) equipped with a time-resolved CMOS image sensor.22 Excitation 184 

source was a 472 nm laser diode with pulse width of 120 ps and peak power of 48 mW. 185 

The cycle period of trigger signal is 192 ns, width of time window is 32 ns, delay step 186 

for scanning is 500 ps and sensors intrinsic response at 472 nm laser is 220 ps. 187 

 188 

2.5. Preparation of the alloyed QD-MB conjugate   189 
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Aqueous solution of the alloyed QDs (2 mL) were mixed with 1.0 mL of 0.1 M EDC 190 

and stirred for ~30 min to activate the terminal carboxylic groups. Aqueous solution 191 

of 10 nM MB (1 mL) was subsequently added and followed swiftly by the addition of 192 

1.0 mL of 0.1 M NHS solution. The solution was stirred overnight under ambient 193 

condition. The QD-MB conjugates were purified and concentrated by centrifugation 194 

using a 30,000 Microcon molecular weight cut-off Nanosep® centrifugal filter (Pall 195 

Co., Drive Port Washington, NY, USA).  196 

 197 

2.6. Fluorescence assay  198 

Influenza virus A/California/07/2009 (H1N1) RNA was detected under optimum 199 

conditions using alloyed CdZnSeS/ZnSe1.0S1.3-MB bioprobe. Working solution of 200 

H1N1 viral RNA were prepared in molecular biology grade water that is free from 201 

RNase. In a 96-well plate, separate detection solutions were prepared by mixing a 202 

constant volume of 10 µl of the QD-MB probe solution with 50 µl of buffer or human 203 

serum and 5 µl of H1N1 viral RNA. This process was repeated for the detection of 204 

each concentration of H1N1 viral RNA. The probe solutions were stirred for few 205 

seconds and the PL emission was measured after 3 min of hybridization time. The 206 

excitation wavelength was fixed at 470 nm and the PL emission range was measured 207 

between 480 and 800 nm. 208 

 209 

2.7. Fluorescence detection principle   210 

The fluorescence detection principle for influenza virus H1N1 RNA using the alloyed 211 

QD-MB bioprobe is demonstrated in Scheme 1. Covalent conjugation of the alloyed 212 

QDs to the MB probe triggered the fluorescence quenching of the former due to 213 
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Förster resonance energy transfer (FRET). The close proximity between the alloyed 214 

QDs and quencher molecule induces energy transfer processes. Hybridization 215 

between the loop sequence of the QD-MB bioprobe and the target H1N1 viral RNA 216 

nucleotide sequence results in the formation a DNA/RNA heteroduplex which then 217 

stretches the distance between the alloyed QD reporter and quencher molecule. Hence, 218 

a PL read-out signal is generated in proportion to the concentration of the target RNA. 219 

 220 

3. Results and discussion 221 

3.1. Structural properties   222 

PXRD pattern of the QDs shows a characteristic zinc-blend crystal structure for the 223 

binary CdSe core, alloyed quaternary CdZnSeS core and all composition of the alloyed 224 

quaternary/ternary CdZnSeS/ZnSeS core/shell QDs (Figure 1). The consistent zinc-225 

blend crystalline structure signifies the lack of phase change in the diffraction pattern 226 

of the QDs. We have included the diffraction pattern of binary CdSe in order to 227 

confirm structural changes in the alloyed QDs. The diffraction peaks are indexed to 228 

the scattering planes of {111}, {220} and {311} respectively. Broadening of the 229 

diffraction peak width is due to the nano-sized dimension of the nanocrystals. With 230 

respect to the 2θ position of the diffraction peaks, the peaks of alloyed CdZnSeS QDs 231 

are shifted to higher Bragg angle in comparison to the binary CdSe seed. This confirms 232 

structural changes in the alloyed core. Subsequently, the diffraction peaks for alloyed 233 

CdZnSeS/ZnSeS QDs are also slightly shifted to higher Bragg angle in comparison to 234 

the alloyed CdZnSeS core. Increase in the S composition of the alloyed core/shell 235 
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induced no significant peak shift which we assume to be due to gradient alloying of 236 

the nanocrystals. 237 

A non-linear relationship between the S composition and the lattice parameter 238 

measured from the XRD pattern of alloyed CdZnSeS/ZnSeS QDs was observed 239 

(Figure 2). This observation is inconsistent with Vegard’s law which interprets a linear 240 

relationship as a homogeneous alloy.23 Due to the non-linearity observed, a gradient 241 

alloying structure as well as the creation of residual strain is inherent in the alloyed 242 

core/shell QDs. It is reasonable to assume that the non-linear relationship 243 

complements the absence of peak shift in the diffraction pattern of the composition-244 

dependent alloyed CdZnSeS/ZnSeS QDs. Studies on the band gap engineering of 245 

alloyed CdSeTe QDs have shown a strong nonlinear relationship which was described 246 

as “optical bowing”.9 We believe quantum confinement and size confinement are not 247 

the factors responsible for the nonlinear effect but rather the composition dependent 248 

nature of the alloyed QDs. Reports have shown similarities in the alloying mechanism 249 

present in nanoscopic and macroscopic alloys. Based on the model theory proposed 250 

by Zunger et al.,24,25 the nonlinear effect is attributed to three electronic and structural 251 

factors: (a) the structure of the compound has different lattice constants, (b) the atomic 252 

sizes of the different metal ions are different, and (c) the electronegativity values of 253 

the metal ions are different. It is reasonable to assume that at equilibrium positions, 254 

band gap reduction and structural ordering in the alloyed CdZnSeS/ZnSeS 255 

nanocrystals occur due to the relaxation of the cation-anion bonds. This theory is 256 

usually used in predicting the nonlinear composition nature of bulk materials and 257 
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hence can be employed as a theoretical model to predict the structural nature of the 258 

alloyed core/shell QDs. 259 

TEM images of the alloyed CdZnSeS core and the composition-dependent alloyed 260 

CdZnSeS/ZnSeS core/shell QDs are shown in Fig. 3A – G. The particle size 261 

distribution of the alloyed QDs were estimated using ImageJ software 262 

(http://imagej.nih.gov/ij/, U.S. National Institutes of Health [NIH], Bethesda, 263 

Maryland, USA). The estimated particle size distribution of alloyed CdZnSeS is 9 nm 264 

while the particle size for the alloyed CdZnSeS/ZnSeS QDs is 10 nm for all 265 

compositions. Irrespective of the variation in the S composition, we achieved a 266 

uniform particle size distribution across the entire composition of the alloyed 267 

core/shell QDs. This phenomenon is one of the stand-out features of alloyed QDs. The 268 

shape of the alloyed nanocrystals was consistently spherical across the entire TEM 269 

monographs while the particle size distribution was monodispersed. This provides 270 

direct evidence of homogenous nucleation of the alloyed nanocrystals. It is important 271 

to emphasis that homogenous nucleation represents a mirror image of the particle size 272 

distribution of the QDs and does not imply the formation of a homogenous alloy 273 

structure. From the analysis of the lattice parameters (described above), the gradient 274 

alloying of the QDs was inherent.  275 

The zeta potential curves for the alloyed QDs are presented in Figure S-1 276 

(supporting information). The zeta potentials of the alloyed QDs are negative charged 277 

but with striking differences. Alloyed CdZnSeS is more negatively charged than the 278 

composition-dependent alloyed CdZnSeS/ZnSeS QDs. It is important to emphasis 279 

that the zeta potentials for each nanocrystal is dependent on their polarity in water 280 
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and unique for each nanocrystal. The differences are expected due to the varying 281 

number of terminal TGA groups anchored on their surface.  282 

3.2. Composition-dependent optical properties 283 

3.2.1. Band gap alloying 284 

Several studies have demonstrated the tuning of the optical properties of alloyed QDs 285 

via particle composition.9,26-28 In our study, the S chalcogenide molar fraction was 286 

tuned and controlled in the alloyed core/shell structure. Photographs of the emission 287 

colors of the alloyed core and core/shell QDs taken under ambient and UV light are 288 

shown in Figure 3H. Each of the alloyed QDs displayed distinct brightness with 289 

different emission color of orange (alloy core), red (alloyed core/shell) and reddish-290 

orange (alloyed core/shell) under UV light. This demonstrate that our synthesized 291 

alloyed QDs are bright and will serve as effective light-emitting fluorophores for a 292 

wide array of biological and chemical applications.  293 

Typical PL emission and absorption spectra of the binary CdSe core, alloyed 294 

CdZnSeS core and all composition of the alloyed CdZnSeS/ZnSeS core/shell QDs are 295 

shown in Figure 4. Binary CdSe core displayed two excitonic absorption peaks which 296 

broadened slightly in the absorption spectrum of the alloyed CdZnSeS core. Further 297 

broadening of the excitonic peaks were observed in the absorption spectra of the 298 

alloyed core/shell CdZnSeS/ZnSeS QDs. Binary CdSe emitted at 572 nm with a 299 

relatively broad PL emission spectrum and full width at half maximum (FWHM) of 300 

60 nm. A deep-trap emission was observed in the low energy region of the spectrum. 301 

The deep-trap emission is an indication that CdSe QDs suffers from surface defects. 302 

Judging from the PL emission spectra of alloyed CdZnSeS core and CdZnSeS/ZnSeS 303 
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core/shell QDs, the deep-trap emission was completely eliminated and a band-edge 304 

type of PL emission was formed. Hence, direct evidence of effective surface 305 

passivation and suppression of non-radiative exciton recombination was achieved in 306 

the alloyed nanocrystals.  307 

Critical assessment of the photophysical properties of the alloyed core/shell QDs 308 

showed that the PL emission wavelength did not follow a definite trend. This imply 309 

that tuning the particle composition of the alloyed core/shell nanocrystals induced 310 

optical band gap variation. To gain meaningful understanding of the optical variation, 311 

the plot in relationship of the band gap and emission wavelength maximum of the 312 

alloyed core/shell QDs as a function of the S composition are presented in Figure 5A. 313 

The relationship of the PL emission wavelength maximum and the band gap as a 314 

function of the S composition induced optical bowing. The triggering question is to 315 

whether the origination of the band gap variation of the alloyed QDs arises from the 316 

composition-dependent factor or from their electronic properties? To unravel this 317 

mystery, extrinsic and intrinsic optical bowing have been proposed in literature.29,30 318 

Extrinsic bowing is ascribed to atomic aperiodicity of short range feature while 319 

intrinsic bowing is ascribed to the disorder arising in the crystally ordered 320 

semiconductor.29,30 We have ruled out the possibility of extrinsic bowing effect 321 

because defect arising from the short-range aperiodicity have a negligible effect on the 322 

nanoscale dimension of the alloyed QDs synthesized in this work. Zunger and Jaffe 323 

proposed that in the case of a pseudobinary semiconductor alloy of cubic crystalline 324 

nature (AxB1-xC), the atomic displacement of anion from their primary position can 325 

induce optical bowing due to the confinement of bond length disorder in the unit 326 
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cell.29 This imply that the displacement of bond length and anion mismatch induced 327 

a profound effect on the optical properties of the resulting alloyed QDs which led to 328 

optical bowing. Hence, the optical bowing effect arises due to the composition-329 

dependent nature of the alloyed nanocrystals. 330 

 331 

3.2.2. PL QY and PL exciton lifetime   332 

One of the photophysical parameters used to judge the quality of any fluorophore is 333 

the PL QY. The PL QY value for any given QD can provide information on the 334 

effectiveness of the fabrication process used to obtain such nanocrystal and also to 335 

unravel the nature of its surface with respect to the effects of passivation. From the 336 

analysis of the photophysical properties of the nanocrystals, alloyed CdZnSeS QDs 337 

produced a remarkable PL QY value of 85% which is ~43 fold higher than the binary 338 

CdSe seed (PL QY = 2%). This remarkable PL QY value of alloyed CdZnSeS QDs is an 339 

indication of suppressed non-radiative state. To the best of our knowledge, the 340 

spectacular QY value obtained for water-soluble alloyed CdZnSeS QDs in this work 341 

is higher than the value of 65% reported by Deng et al..31 In addition, our reported PL 342 

QY value is the best for quaternary alloyed CdZnSeS QDs. Quite intriguingly, alloyed 343 

CdZnSeS/ZnSe1.0S1.3 and CdZnSeS/ZnSe1.0S1.5 QDs produced near unity PL QY (than 344 

the parent CdZnSeS core) value of 98% and 93%, respectively. This provides direct 345 

evidence of further suppression of non-radiative recombination state in the alloyed 346 

core/shell nanocrytals. It is quite surprising that the PL QY of CdZnSeS/ZnSe1.0S1.4 347 

(QY = 58%), CdZnSeS/ZnSe1.0S1.6 (QY = 66%), CdZnSeS/ZnSe1.0S1.7 (QY = 36%) and 348 

CdZnSeS/ZnSe1.0S1.8 (QY = 51%) QDs were lower in comparison to the spectacular QY 349 
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value obtained for CdZnSeS/ZnSe1.0S1.3 and CdZnSeS/ZnSe1.0S1.5 QDs. With the 350 

exception of CdZnSeS/ZnSe1.0S1.7 QDs, the PL QY of the rest of the alloyed core/shell 351 

QDs are greater than 50%, which we believe are high from a scientific point of view. 352 

Differences in the PL QY justifies the alloying process of QD nanocrystals in which 353 

tuning of the optical properties can be achieved without size alteration. Hence, we 354 

have obtained in this work, alloyed quaternary/ternary core/shell QDs of the same 355 

size but with different photophysical properties. 356 

Plots of the PL QY and FWHM as a function of the S molar fraction are shown in 357 

Figure 5B. An improvement in the FWHM of the alloyed core and core/shell QDs over 358 

binary CdSe core was achieved. The FWHM of the alloyed core and core/shell QDs 359 

ranged narrowly between 35 and 40 nm. The plot of the PL QY as a function of the S 360 

composition, reveals the photophysical changes in the alloyed QDs (shown in Figure 361 

5B graphically). Logically, it is reasonable to affirm that a composition-dependent 362 

optical variation is inherent in the alloyed core/shell QDs. It is known that residual 363 

strain can reduce the band gap of semiconductor materials and thus lead to deformed 364 

potentials.32 Recently, Kwon and coworkers used empirical pseudopotential 365 

modelling to unravel the mystery behind the band gap variation of quaternary alloy 366 

CdxZn1-xSySe1-y QDs of different structural nature namely; nanosheets (NSs), 367 

nanobelts (NBs) and nanowires (NWs).33 Their model data showed that the optical 368 

bowing effect in CdZnSeS NSs and NBs was induced by residual strain. A 369 

semiemperical model interpreted the residual strain to arise from mismatch bond 370 

length due to intrinsic atomic disorder in which the width-to-thickness ratio of the 371 

NSs and NBs was a function of the strain relaxation factor.33 Their model data 372 
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complemented the optical bowing effect of the respective nanocrystals. We can 373 

unambiguously attribute the variation in the optical properties of the alloyed 374 

core/shell QDs to be due to inherent residual strains which varied between each of 375 

the nanocrystals. CdZnSeS/ZnSe1.0S1.3 and CdZnSeS/ZnSe1.0S1.5 with spectacular PL 376 

QY were not susceptible to unrelaxed residual strains. However, for the rest of the 377 

alloyed core/shell QDs, their PL QY value is a mirror image of the extent of inherent 378 

residual strain, i.e, the lower the PL QY, the higher is the residual strain effect. 379 

The PL decay curves for alloyed CdZnSeS core and alloyed CdZnSeS/ZnSeS 380 

core/shell QDs are shown in Figure 6A – G. The decay curves for the alloyed 381 

nanocrystals are best fitted to monoexponential lifetime values. Each of the alloyed 382 

nanocrystals exhibited fast decay lifetimes which were in the range of 2.5 ns to 5.2 ns. 383 

The fast exciton lifetimes exhibited by these alloyed nanocrystals is probably due to 384 

decrease in the separation of the exciton (electron and hole) wave functions. What is 385 

surprising is that there is no direct relationship in the trend of the exciton lifetime with 386 

the PL QY values and the amount of S molar fraction in the alloyed nanocrystals. 387 

Hence, we conclude that the exciton lifetime properties of the alloyed QDs is 388 

dependent on the extent of increase or decrease of their radiative state and overlap of 389 

their wave function.34 Particularly for the alloyed core/shell QDs, the rate of exciton 390 

leakage into the shell determined their radiative lifetime value. 391 

 392 

3.3. Bioanalytical application of the alloyed QDs  393 

3.3.1. Conjugate confirmation 394 
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Alloyed CdZnSeS/ZnSe1.0S1.3 QDs with a spectacular PL QY was chosen as an 395 

ultrasensitive fluorescence reporter in a conjugated molecular beacon assay to detect 396 

influenza virus H1N1 RNA. EDC/NHS coupling chemistry was adopted to conjugate 397 

the amino group of the DNA oligo-Dabcyl MB probe with the carboxylic functional 398 

group of the alloyed QDs.  FT-IR analysis was used as a technique to confirm the 399 

formation of the amide bond. As shown in Figure S-2 (supporting information), for 400 

the unconjugated alloyed CdZnSeS/ZnSe1.0S1.3 QDs, the characteristic band at 1595 401 

cm-1 corresponds to the asymmetric –COO functional group while the band at 3373 402 

cm-1 corresponds to the broad –OH functional group. Amide bond formation in the 403 

QD-MB conjugate is confirmed by the 10 amide band at 1566 cm-1 and the 20 amide 404 

band at 1643 cm-1. We emphasis that the band at 3266 cm-1 for the QD-MB conjugate 405 

can be assigned to the N-H stretching group.  406 

 407 

3.3.2. Detection of influenza virus H1N1 RNA    408 

PL emission spectra of the unconjugated alloyed QDs and the QD-MB probe solution 409 

(dissolved in buffer and human serum) are shown in Figure 7A. Quenching of the 410 

fluorescence of the unconjugated alloyed QDs by the binding effect of the MB probe 411 

was apparent. The fluorescence quenching effect fulfills the chemical principle of the 412 

binding effect between the MB probe and the QD fluorescence reporter. Detection of 413 

influenza virus H1N1 RNA was carried out in buffer and in complex biological matrix 414 

using human serum as a detection medium. Fluorescence turn ON detection of 415 

extremely low concentrations of H1N1 viral RNA using the QD-MB bioprobe in buffer 416 

medium is shown in Figure 7B. It is important to note that the concentration of H1N1 417 
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viral RNA detected in this work are extraordinary low and detection of such low 418 

concentration has not been attempted by any probe to date. From the fluorescence 419 

signal spectra, no noticeable peak shift upon detection of H1N1 viral RNA was 420 

observed which provides direct evidence of the fluorescence stability of our bioprobe 421 

system during the detection period. The corresponding PL calibration curve for the 422 

detection of H1N1 viral RNA in buffer is shown in Figure 7C. The limit of detection 423 

(LOD) was determined by multiplying the standard deviation of blank measurement 424 

(n = 10) by 3 and dividing by the slope of the calibration curve.  The calculated LOD 425 

obtained is 5.2 copies/mL. Based on the ultimate LOD obtained for the detection of 426 

H1N1 viral RNA, it is reasonable to affirm that our alloyed QD-MB bioprobe is 427 

ultrasensitive and will be useful as an efficient diagnostic probe for influenza virus 428 

H1N1 RNA detection. 429 

Versatility of our bioprobe system was exploited for the detection of H1N1 viral 430 

RNA in human serum. We have shown in Figure 7D that HINI viral RNA switched 431 

on the fluorescence of the alloyed QD-MB probe in a concentration-dependent manner. 432 

The corresponding PL signal curve is shown in Figure 7E and the LOD obtained was 433 

10.8 copies/mL. The LOD obtained is slightly higher than the value obtained in buffer 434 

medium. Nevertheless, we have shown that our bioprobe system is viable to detect 435 

H1N1 RNA in complex biological matrix. 436 

Table 1 provides a summary of the comparison of the LOD of our system with 437 

reported values obtained using molecular test and RIDTS techniques for the detection 438 

of influenza virus H1N1 RNA. The comparison shows that our bioprobe system 439 

offered improved LOD than the popular molecular test and RIDTS. We believe the 440 
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superior sensitivity demonstrated by our probe system will make it useful in detecting 441 

influenza virus H1N1 in patient during any stage of its infection. 442 

 443 

3.3.3. Sensitivity comparison and specificity    444 

For proof of concept, we made an attempt to examine the efficacy of TGA-CdZnSeS-445 

MB probe and conventional TGA-CdSe/ZnS-MB probe systems to detect influenza 446 

virus H1N1 RNA at the same extremely low concentration detected using the 447 

CdZnSeS/ZnSe1.0S1.3-MB probe. We found CdZnSeS-MB bioprobe to detect H1N1 448 

viral RNA at these low concentrations but very low PL signal was generated. However, 449 

conventional CdSe/ZnS could not detect H1N1 viral RNA at these low concentrations. 450 

As shown in Figure 8A, the PL intensity signal for the detection of 8 copies/mL of 451 

H1N1 viral RNA by CdZnSeS-MB is significantly weaker in comparison to the PL 452 

read-out signal generated by CdZnSeS/ZnSe1.0S1.3-MB bioprobe. For conventional 453 

CdSe/ZnS-MB, the PL signal generated for the detection of 8 copies/mL of H1N1 viral 454 

RNA (Figure 8A) was a representation of no detection because the emission intensity 455 

was quenched relative to the probe without the target viral RNA. We unambiguously 456 

conclude that alloyed CdZnSeS/ZnSe1.0S1.3 QDs is a much superior fluorescence signal 457 

generator than alloyed CdZnSeS core and far much superior than conventional 458 

CdSe/ZnS QDs. The LOD for influenza virus H1N1 RNA using CdZnSeS-MB is 62.8 459 

copies/mL. The newly developed CdZnSeS/ZnSe1.0S1.3-MB probe is 12-fold more 460 

sensitive than CdZnSeS-MB probe. 461 

An efficient diagnostic probe must combine not only the qualities of rapid 462 

detection and enhanced sensitivity but must be specific to the target analyte. To prove 463 
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the specificity of the alloyed QD-MB bioprobe for the target influenza virus H1N1 464 

RNA, a control experiment using a non-complimentary dengue 1 virus RNA was 465 

interacted with the probe and the PL output signal was measured. As shown in Figure 466 

8B, the PL signal for 2, 8 and 14 copies/mL of dengue 1 virus RNA detection was weak 467 

in comparison to the signal generated for the target influenza virus H1N1 RNA. This 468 

confirms that the complimentary H1N1 viral RNA target specifically switched on the 469 

fluorescence of our CdZnSeS/ZnSe1.0S1.3-MB bioprobe. 470 

 471 

4. Conclusions 472 

Band gap engineering of alloyed quaternary/ternary CdZnSeS/ZnSeS QDs have been 473 

successfully fabricated via control of the S molar fraction for the first time. The optical 474 

properties of the alloyed core/shell QDs varied for each composition-dependent 475 

nanocrystal but the particle size distribution remained uniform. A spectacular PL QY 476 

value of 98% was achieved for the alloyed core/shell nanocrystal. An ultrasensitive 477 

alloyed QD-MB bioprobe that can detect extremely low concentrations of influenza 478 

virus H1N1 RNA in buffer and in human serum was developed. Our detection system 479 

was rapid, ultrasensitive, specific and versatile. We additionally proved that the 480 

newly developed CdZnSeS/ZnSe1.0S1.3-MB bioprobe was 12-fold more sensitive than 481 

CdZnSeS-MB probe while conventional CdSe/ZnS-MB could not detect the low 482 

concentrations of the target H1N1 viral RNA. We believe, our detection technique 483 

opens the door for further exploitation of viral RNA detection. As we have 484 

demonstrated in this work, by careful selection of the RNA nucleotide region, the MB 485 
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loop sequence can be designed whilst also taking into consideration the use of a highly 486 

sensitive fluorescence reporter to generate unprecedented PL signal. 487 
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Table 1. Comparison of the LOD of Alloyed CdZnSeS/ZnSe1.0S1.3 QD-MB Probe 600 

with Reported Values for the Detection of Influenza Virus H1N1 RNA  601 

Probe name H1N1 Strain Technique LOD 
(copies/mL) 

Ref. 

CdZnSeS/ZnSe1.0S1.3 
QD-MB (Dabcyl) 

A/California/7/2009 
Fluorescence 
enhancement 

5.2 
This 
work 

RT-PCR A (H1N1) 2009 
Molecular 

test 
384 35 

RT-PCR TaqMan 2009 H1 
Molecular 

test 
1000 36 

Resplex II Plus A/HK/415742/09 
Molecular 

test 
7.1 37 

BD Veritor A/HK/415742/09 RIDTS 6.1 37 

QuickVue A/HK/415742/09 RIDTS 6.6 37 

Influenzatop A/HK/415742/09 RIDTS 6.9 37 

 602 
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Figure legends 567 

Scheme 1. Fluorescence detection principle for the QD-MB nanobioprobe.   568 

Figure 1. Powder XRD pattern of the QDs. A spurious signal is indicated by the 569 

asterisk (*). 570 

Figure 2. Calculation from Vegard’s law showing the non-linear relationship in the 571 

lattice parameter c of alloyed CdZnSeS/ZnSeS QDs as a function of the S molar 572 

fraction. 573 

Figure 3.  TEM images for alloyed (A) CdZnSeS, (B) CdZnSeS/ZnSe1.0S1.3, (C) 574 

CdZnSeS/ZnSe1.0S1.4, (D) CdZnSeS/ZnSe1.0S1.5, (E) CdZnSeS/ZnSe1.0S1.6, (F) 575 

CdZnSeS/ZnSe1.0S1.7 and (G) CdZnSeS/ZnSe1.0S1.8 QDs. (H) Photograph of the alloyed 576 

QDs sample taken under ambient and UV light. From left to right: alloyed CdZnSeS 577 

core, CdZnSeS/ZnSe1.0S1.3, CdZnSeS/ZnSe1.0S1.4, CdZnSeS/ZnSe1.0S1.5, 578 

CdZnSeS/ZnSe1.0S1.6, CdZnSeS/ZnSe1.0S1.7 and CdZnSeS/ZnSe1.0S1.8 QDs. 579 

Figure 4. UV/vis absorption and PL emission spectra of CdSe, alloyed CdZnSeS and 580 

all composition of the alloyed CdZnSeS/ZnSeS QDs. 581 

Figure 5. Plot of the S molar fraction in the alloyed CdZnSeS/ZnSeS nanocrystal as a 582 

function of (A) Band gap energy (open circles); PL emission maximum (closed circles) 583 

and (B) FWHM (open circles); PL QY (closed circles).  584 

Figure 6. Fluorescence lifetime decay curves for the alloyed QDs. 585 
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Figure 7. (A) PL emission spectra of unconjugated CdZnSeS/ZnSe1.0S1.3 before and 586 

after conjugation to the MB in buffer and in human serum (B) PL turn ON detection 587 

of H1N1 viral RNA in buffer using the TGA-CdZnSeS/ZnSe1.0S1.3-MB bioprobe, (C) 588 

corresponding PL calibration signal curve for the detection of H1N1 viral RNA in 589 

buffer, (D) PL turn ON detection of H1N1 viral RNA in human serum using the TGA-590 

CdZnSeS/ZnSe1.0S1.3-MB bioprobe, (C) corresponding PL calibration signal curve for 591 

the detection of H1N1 viral human serum. Error bars = standard deviation of three 592 

measurements.  593 

Figure 8. (A) Fluorescence signal intensity of alloyed CdZnSeS/ZnSe1.0S1.3 QD-MB 594 

probe for the detection of 8 copies/mL of influenza virus H1N1 RNA in comparison 595 

to the signal intensity generated by alloyed CdZnSeS-MB probe. (B) Specificity of the 596 

alloyed QD-MB probe for H1N1 viral RNA detection using non-complimentary 597 

dengue 1 virus RNA as a control. Error bars = standard deviation of three 598 

measurements.  599 
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Fig. S-1. Zeta potential curves for alloy TGA-capped (A) CdZnSeS, (B) 

CdZnSeS/ZnSe1.0S1.3, (C) CdZnSeS/ZnSe1.0S1.4, (D) CdZnSeS/ZnSe1.0S1.5, (E) 

CdZnSeS/ZnSe1.0S1.6, (F) CdZnSeS/ZnSe1.0S1.7 and (G) CdZnSeS/ZnSe1.0S1.8 QDs. 



 

 

Fig. S-2. FT-IR spectra of the unconjugated QDs and the QD-MB bioprobe. 
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