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Abstract  

We report on the construction of an aptamer (Apt)-based fluorescent biosensor platform for salivary 

lysozyme using plasmonic metal-enhanced fluorescence of ZnSSe alloyed quantum dots (QDs)-

gold nanoparticle (AuNP) nanohybrid. Salivary lysozyme was used as a model analyte to develop 

the Apt fluorescence biosensor assay for real-life detection of human saliva. To construct the 

biosensor, thiolated anti-salivary lysozyme DNA Apt was immobilised on the L-cysteine-ZnSSe QDs 

surface to form a functionalised Apt-ZnSSe-QDs. Thereafter, citrate-AuNPs was bonded to the Apt-

ZnSSe-QDs to form an Apt-ZnSSe-QDs-AuNP fluorescence biosensor probe. Using affinity-based 

biomolecular binding interaction between the Apt and target lysozyme, the binding effect induced 

localised surface plasmon resonance (LSPR) signal from AuNPs to amplify the fluorescence signal 

of the QDs upon lysozyme recognition. Probing the LSPR signal amplifying effects of different 

plasmonic NPs, our analysis showed that spherical citrate-AuNPs of size 6 nm was most effective 

in amplifying the fluorescence signal of the biosensor probe. Under optimum experimental reaction 

conditions, salivary lysozyme was detected quantitatively within 5 minutes with a detection limit of 

22.9 µg/mL and was highly selective against other tested enzymes. Application of the Apt-ZnSSe 

QDs-AuNP biosensor probe to detect real human saliva samples was successfully achieved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

The detection of body fluids, such as salvia, are required in some scientific applications and in 

particular where the presence of such materials becomes pertinent to the reconstruction of an 

alleged event.  This is particularly the case in the use of scientific methods within the justice system. 

Saliva is an example of a type of bodily fluid that can be collected as evidence in the context of a 

crime scene investigation [1]. The skin, bite marks, and stains embedded on clothing and paper, etc, 

are examples of surfaces and substrates where saliva can be deposited and recovered from in the 

course of an investigation [2,3].  

Saliva is mainly composed of water and substances such as inorganic ions, proteins, and enzymes 

[4]. In the case of enzymes, amylase and lysozyme are the two main types of enzymes found in 

saliva. In terms of saliva identification, the amylase saliva test has been the most widely used method 

for colorimetric detection [1]. However, based on the report of Myers and Adkins [5] who tested and 

compared the efficacy of three amylase colorimetric tests, i.e., the starch-iodine mini-centrifuge test, 

the Phadebas test® (Phadebas AB, Kristianstad, Sweden) and the SALIgAE® test (Abacus 

Diagnostics, Los Angeles, California, USA), it was reported that these tests suffer from poor colour 

interpretation. It was also reported that the SALIgAE test® exhibited lower sensitivity than the 

Phadebas® and starch-iodine tests, while the detection limit of the three tests was higher than the 

average concentrations of amylase in saliva [5]. On the other hand, the rapid stain identification of 

saliva test (RSIDTM Saliva) (Independent Forensics, Lombard, Illinois, USA) is considered one of the 

most sensitive and selective test methods used for field identification of saliva due to its ability to 

detect saliva dilution of 1:10,000 [6]. However, the RSIDTM Saliva test is limited by its lack of 

quantitative data for amylase detection [7]. Despite these inherent limitations, the starch-iodine mini-

centrifuge test, Phadebas®, SALIgAE® and RSIDTM Saliva tests are still some of the most commonly 

used test methods for saliva analysis. It is therefore of interest to develop novel detection methods 

for saliva by detecting the embedded enzyme such as lysozyme and one avenue in achieving this 

is the use of nanomaterials with affinity-based receptors in optical biosensor applications.  

Recent studies have shown that an effective approach in designing robust nanobiosensor assays 

for highly selective and ultrasensitive analyte detection is the use of hybrid nanostructured materials. 

The magnetic, optical, and electronic properties of individual nanomaterials within a hybrid 

nanostructure can produce synergistic effects with enhanced or new properties that is far superior 

to a single ensemble nanomaterial. For example, hybrid nanostructures composed of fluorescent 

nanomaterials such as semiconductor quantum dots (QDs) or carbon dots, bonded with gold 

nanoparticles (AuNPs) and immobilised with affinity-based bio-receptors, have been reported to 

produce enhanced biosensor sensitivity via localised surface plasmon resonance (LSPR) amplified 

fluorescence intensity signals for the detection of lead ion [8], lysozyme [9], maitotoxin [10] viruses 

[11-13] and illicit drugs [14]. Hence, there is a continued interest in the development of hybrid 

fluorescent based-plasmonic biosensors for chemical and biological analytes of interest. 



Affinity-based bio-receptors such as aptamers (Apts) are single-stranded synthetic DNA 

oligonucleotides that mimics the essential properties of traditional antibodies and have been widely 

reported as excellent alternative receptors for biosensor applications. The ability to bind target 

analytes with high affinity has seen Apts being used to develop biosensors for proteins [15], metal 

ions [16], small molecules [17], whole cells [18] and tissues [19], etc.  In comparison to antibodies, 

Apts offer better stability, ease of synthesis, lower cost, and robust functionalisation strategies on 

nanomaterial surfaces [20]. 

Previously reported QDs-AuNPs nanohybrid for lysozyme detection used CdTe QDs as the 

fluorophore reporter and antibodies as the bio-receptor. The aim was to use the biosensor to detect 

lysozyme in egg products [9]. Although, the reported assay was not directed towards lysozyme 

detection in human saliva, nonetheless, the CdTe QDs used in the biosensor assay contains the 

toxic heavy metal Cd, which poses safety health risk. In order to develop a non-cadmium containing 

biosensor, we report for the first time on the construction of an Apt-based fluorescence biosensor 

probe for salivary lysozyme using nanohybrid of ZnSSe alloyed quantum dots (QDs) and plasmonic 

AuNPs.  Alloyed ZnSSe QDs was synthesized via the hot-injection organometallic pyrolysis of metal 

precursors and was capped with L-cysteine thiol ligand via a ligand exchange reaction. Thiolated 

anti-salivary lysozyme DNA Apt was physically immobilised on the QDs surface and citrate-AuNPs 

was bonded to the functionalised QDs to form an Apt-ZnSSe QDs-AuNP fluorescent biosensor 

probe. ZnSSe QDs was used to report the fluorescence signal while LSPR from AuNPs was used 

to amplify the triggered fluorescence signal for ultrasensitive salivary lysozyme detection. Salivary 

lysozyme was used as a model analyte to develop the biosensor probe for real-life human saliva 

detection. To the best of our knowledge, this is first reported use of an Apt-based ZnSSe QDs-AuNP 

fluorescent biosensor probe for salivary lysozyme detection and eventually human saliva 

recognition. 

 

2. Experimental 

2.1. Materials 

Citric acid and ascorbic acid were purchased from Acros Organics. Trioctylyphosphine oxide 

(TOPO), trioctylyphosphine (TOP), hexadecylamine (HDA), octadecene (ODE), selenium (Se), 

sulphur (S), oleic acid, sodium chloride (NaCl), HEPES buffer, β-galactosidase from Aspergillus, 

amyglucosidase from Aspergillus, α-amylase from human saliva, and human lysozyme were 

purchased from Sigma Aldrich. Tri-sodium citrate dihydrate, myristic acid, L-cysteine, oleylamine 

(OLA) and gold (III) chloride trihydrate (HAuCl4.3H2O) were purchased from Thermo Fisher. Anti-

lysozyme DNA Apt 60-mer ssDNA sequence was synthesized by Eurofins Genomics, UK. 

Sequence: 5′SH-AGCAG CACAG AGGTC AGATG GCAGG TAAGC AGGCG GCTCA CAAAA 

CCATT CGCAT GCGGC-3’. Human saliva samples were collected ethically from a volunteer.   

 

 



2.2. Characterization  

UV/vis absorption and fluorescence emission spectra analysis were performed on a Cary Eclipse 

(Varian) spectrophotometer. Dynamic light scattering (DLS), and zeta potential analysis were carried 

out using Zetasizer Nano ZS series, ZEN3600 from Malvern Panalytical. Transmission electron 

microscopy (TEM) measurements were carried using a JEOL JEM-1200EX operated at 80 kV. 

Samples were deposited on a piliform-coated grid and left to dry prior to imaging. Energy dispersive 

X-ray (EDX) analysis was carried out using a JEOL JSM 7400 F field emission scanning electron 

microscope integrated with an Oxford Instruments Inca EDX spectrometer. Powder X-ray Diffraction 

(XRD) analysis was carried out using a Siemens D5000 diffractometer with Cu Kα radiation 

(λ=1.54056 nm) whilst data were obtained in the range of 3-60° using a 0.1° 2θ step size and a 3 s 

count time per step with a 0.066° slit width. Fourier transform infrared spectroscopy (FTIR) analysis 

was performed on an Agilent Cary 630 FTIR spectrometer.   

 

2.3. Synthesis of citrate AuNPs 

Citrate AuNPs were synthesized according to the classic Turkevich method [21]. Briefly, 1 mL of 1% 

HAuCl4·3H2O was mixed with 79 mL ultrapure deionized water in a three-necked round-bottom flask. 

Thereafter, a solution containing 4 mL 1% tri-sodium citrate, 0.5 mL 1% tannic acid and 15.5 mL 

ultrapure deionized water was added to the Au precursor solution. To synthesize different sized 

AuNPs, 1 mL, and 2 mL tannic acid solution was used to tune the plasmonic NP size. AuNPs 

nucleation and growth was observed by a colour change from light yellow to red-wine after adding 

the citrate-reducing agent solution. The mixture was stirred for ~15 minutes (min) under reflux and 

heated to ~90 ºC under nitrogen atmosphere. The as-synthesized citrate-AuNPs were stored at 4 

ºC prior to use. 

 

2.4. Synthesis of L-cysteine ZnSSe QDs  

The synthesis of ZnSSe alloyed QDs was carried out according to the classic hot-injection 

organometallic synthetic fabrication route for group II-VI semiconductor nanocrystals but with slight 

modification [22]. Briefly, 5 mL diethylzinc, 1.8 g TOPO, 2 mL TOP, 0.6 g HDA, 0.6 g myristic acid, 

20 mL ODE and 15 mL oleic acid were added to a three-necked flask, stirred under reflux, and 

heated to ~320 °C. A change in the solution colour from colourless to pale yellow at elevated 

temperature was an evidence of complexation of the organic ligands and surfactants to the Zn metal. 

TOPS solution containing 0.16 g sulphur, 0.9 g TOPO, 1 mL TOP, 10 mL ODE and 5 mL oleic acid 

was then added into the hot Zn precursor solution, followed by the addition of TOPSe solution 

containing 0.12 mL Se and 5 mL TOP. The solution was stirred for ~17 min at elevated temperature 

to allow efficient nucleation and growth of the ZnSSe alloyed QDs. Once satisfactory growth of the 

QDs was obtained, the organic-phased QDs were harvested. 

 



A ligand exchange reaction to replace the organic capping on the QDs surface with L-cysteine was 

carried out by dissolving the hydrophobic QDs in a solution of 5 g L-cysteine, 3 g KOH and 40 mL 

methanol. Under stirring, appropriate volume of Milli-Q water was added to the QDs ligand exchange 

solution to aid precipitation of the hydrophilic phase from the hydrophobic phase. The QDs were 

purified via centrifugation according to the following steps: step 1: ethanol:acetone → step 2: 

chloroform:acetone → step 3: H2O:chloroform:acetone → step 4: ethanol:acetone → step 5: 

H2O:chloroform:acetone→ and step 6: acetone. The QDs were thereafter dried in a fume hood and 

obtained as a pure white crystalline powder. 

 

2.5. Preparation of the Apt-ZnSSe QDs-AuNP nanohybrid 

To immobilise the Apt on the ZnSSe QDs surface via thiol adsorption, 2.4 µL of 0.8 µM anti-lysozyme 

thiolated DNA Apt was mixed with 250 µL of 0.1 mg/mL ZnSSe QDs in HEPES buffer for 5 min using 

a thermoshaker at 20 ºC, 1000 rpm. Thereafter, 200 µL of citrate-AuNPs (1:3 dilution in HEPES 

buffer) was mixed with the Apt-ZnSSe QDs solution and incubated for another 5 min using the same 

stirring condition for the Apt-QDs. Citrate AuNPs were assembled with the QDs in order to improve 

the biosensor sensitivity for lysozyme detection via LSPR enhanced fluorescence signal [9]. The 

formed Apt-ZnSSe QDs-AuNPs nanohybrid solution (450 µL) was incubated with 50 µL of target 

concentration of salivary lysozyme for 5 min in HEPES buffer at 20 ºC and stirred at ~1000 rpm prior 

to each fluorescence measurements. Fluorescence measurements were taken at an excitation 

wavelength of 200 nm within the fluorescence wavelength range of 210 nm to 800 nm.  

 

2.6. Human saliva sample preparation 

For the fluorescence detection of real human saliva samples, 1 mL of human saliva sample was 

collected and stored at -20 ºC. To obtain optimum results, the human saliva samples were pre-

treated with 1.0 M of NaCl in a 1:1 ratio (i.e., 1 mL of human saliva sample was mixed with 1 mL of 

1.0 M NaCl). The pre-treated human saliva samples were then diluted with HEPES buffer and 50 µL 

saliva sample solution was mixed with the Apt-ZnSSe QDs-AuNPs probe solution and incubated for 

5 min at 20 ºC and stirred at ~1000 rpm. Fluorescence measurements were taken at an excitation 

wavelength of 200 nm within the fluorescence wavelength range of 210 nm to 800 nm. 

 

3. Results and discussion  

3.1. Structural properties 

TEM was used as a characterisation technique to probe the structural properties of the 

nanomaterials with respect to analysing the materials surface morphology. As shown in Fig. 1A, L-

cysteine ZnSSe QDs was characterised by clumps of polydispersed particles with quasi-spherical 

shape pattern. The displayed particle morphology suggests that heterogenous nucleation of the QDs 

prevailed during the nanocrystal growth. It is well known that Zn-based QDs are characterised by 

heterogenous growth pattern [23]. Hence, it is no surprise that heterogenous nucleation and growth 



of the ZnSSe QDs prevailed over homogenous particle growth. For citrate-AuNPs (Fig. 1B), a vivid 

display of monodispersed spherical-shaped particles was clearly seen across the TEM monograph. 

This proves to show that AuNPs growth was characterised by homogenous nucleation and growth. 

For the Apt-ZnSSe QDs-AuNP nanohybrid (Fig. 1C), the TEM image was characterised by clogged 

particle formation with embedded QDs and AuNPs morphology. The presence of individual AuNPs 

embedded within the polydispersed particle morphology of the QDs, proves to show the ZnSSe QDs-

AuNP formation. The estimated particle size for ZnSSe QDs and AuNPs were 9 nm and 7 nm, 

respectively.  

Fig. 2A shows the PXRD pattern for L-cysteine-ZnSSe QDs and citrate-AuNPs. For the QDs, the 

presence of a triplet peak at low Bragg angle with characteristic planes at {100}, {002} and {101} and 

the corresponding planes at higher Bragg angle suggests that the diffraction pattern of the QDs is 

characterized by a hexagonal wurtzite crystal structure. For AuNPs, the diffraction pattern was 

characterized by a broad peak at plane {002} which may be indicative of the NPs SPR feature. 

 

3.2. Optical properties 

3.2.1. FT-IR analysis 

FT-IR was used to characterise the functional groups of the respective nanomaterials. As shown in 

Fig. 2B, citrate-AuNPs, L-cysteine-ZnSSe QDs and the ZnSSe QDs-AuNP nanohybrid were 

characterised by COO- asymmetric stretching peaks at 1543 cm-1, 1578 cm-1 and 1576 cm-1 and 

corresponding symmetric -COO stretching peaks at 1371 cm-1, 1373 cm-1 and 1394 cm-1, 

respectively. The presence of -COO stretching bands is indicative of the citrate capping ligand on 

AuNPs and L-cysteine thiol capping on the QDs surface. Confirmation of hydrogen bonding formation 

between the QDs and AuNPs can be interpreted with respect to the -OH stretching band at 3029 

cm-1 whose %transmittance and wavenumber lies between the region of the QDs and AuNPs.  

 

3.2.2. DLS and Zeta potential 

DLS was used to obtain the hydrodynamic particle size distribution of the nanomaterials with the aim 

of probing the materials agglomerated state. Zeta potential on the other hand, was used to probe 

the surface charge and stability of the nanomaterials in aqueous solution. Fig. 3A-C shows the DLS 

histogram plots of citrate-AuNPs, L-cysteine-ZnSSe QDs and the Apt-ZnSSe QDs-AuNP nanohybrid. 

The hydrodynamic size value obtained are 10.89 nm for citrate-AuNPs, 131.6 nm for L-cysteine-

ZnSSe QDs and 115.4 nm for the Apt-ZnSSe QDs-AuNP nanohybrid. From the obtained data, 

citrate-AuNPs hydrodynamic size falls within the hydrodynamic size range for non-agglomerated 

particle state, i.e., ≤100 nm, whereas the hydrodynamic size of the QDs falls outside the range for 

monodispersed particles. This suggests that the QDs particles are moderately polydispersed in 

aqueous solution. More importantly, the effect of AuNPs binding on the QDs was observed from the 

decrease of the hydrodynamic size of the Apt-ZnSSe QDs-AuNP nanohybrid relative to the QDs.  



Fig. S1 shows the zeta potential plots for citrate-AuNPs, L-cysteine-ZnSSe QDs and the Apt-ZnSSe 

QDs-AuNP nanohybrid. The zeta potential charge values obtained are -31.5±8.6 mV for citrate-

AuNPs, -26.6±6.2 mV for L-cysteine ZnSSe QDs and -34.8±5.6 mV for the Apt-ZnSSe QDs-AuNP 

nanohybrid. Generally, ZP charge values within the range of ±30 mV is interpreted as being highly 

stable and values within the range of ±20 – 30 mV are classified as being moderately stable [24]. 

Therefore, from the obtained data, citrate-AuNPs is highly stable in solution, the QDs is moderately 

stable while the Apt-ZnSSe QDs-AuNP nanohybrid is highly stable. The enhancement in colloidal 

stability of the nanohybrid in solution relative to the QDs may be attributed to the binding effect of 

the AuNPs. 

 

3.2.3. UV/vis absorption and fluorescence emission  

Fig. 4A shows the UV/vis absorption and fluorescence emission spectra of the nanomaterials before 

and after the binding processes. From the UV/vis absorption spectrum of citrate-AuNPs, the SPR 

absorption peak maximum is projected around 530 nm and is typical for spherical AuNPs [11]. For 

the QDs, the excitonic absorption peak is characterised by a broad spectrum from 275 – 325 nm. 

Upon binding of the functionalized Apt-ZnSSe QDs with AuNPs, the absorption feature of the Apt-

ZnSSe QDs-AuNP nanohybrid displayed both absorption characteristic of AuNPs and the QDs. 

Therefore, one can tentatively affirm from the displayed nanohybrid absorption spectrum that the 

QDs were successfully bonded to the AuNPs via hydrogen bonding. 

The corresponding fluorescence emission spectra of the unbonded QDs shown in Fig. 4A projects 

the QDs as exhibiting a fluorescence emission wavelength maximum at 488 nm and a full width at 

half maximum of 127 nm. Upon binding of the AuNPs to the QDs, a marked decrease in fluorescence 

emission was observed, which alludes that AuNPs quenched the QDs fluorescence. The 

fluorescence quenching effect could be as result of nano-metal surface energy transfer (NSET). 

Even though the absorption spectrum of AuNPs is well overlapped with the fluorescence emission 

spectrum of the QDs, Förster resonance energy transfer mechanism can be ruled out because both 

the absorption spectrum of AuNPs and the fluorescence emission spectrum of the QDs were each 

quenched relative to their unbonded state. Hence, NSET mechanism is the most likely mode of 

interaction between the QDs and AuNPs. 

 

3.3. Reaction mechanism   

Scheme 1 shows the descriptive reaction mechanism of the Apt-ZnSSe QDs-AuNP biosensor probe 

towards lysozyme detection. A thiolated anti-lysozyme 60-mer DNA Apt was firstly immobilised on 

the QDs surface. Thereafter, citrate-AuNPs was interacted with the Apt-ZnSSe QDs in which 

hydrogen bond formation was formed between the L-cysteine ligand on the QDs surface and the 

citrate ligand on the AuNP surface. The non-covalent binding effect of AuNPs to the Apt-QDs 

quenched the fluorescence of the QDs thereby switching of radiative exciton recombination state in 

the QDs fluorescence.  As mentioned above, NSET mechanism is the most likely mode of interaction 



between the QDs and AuNPs. FRET and NSET quenching mechanisms are donor-acceptor 

distance-dependent at maximum distance of 10 nm and 38 nm, respectively [25]. Assuming that 60-

mer oligonucleotide corresponds to a length of ~36 nm (~0.6 nM/base), AuNP are at a distance of 

at least >10 nm from the anti-lysozyme 60-mer DNA Apt-QDs. This theory relates well with the 

principle of NSET, and it is the most feasible mechanism for the Apt-ZnSSe QDs-AuNP nanohybrid 

quenching effect. Upon interaction of lysozyme with the Apt-ZnSSe QDs-AuNP probe, the 

immobilised aptamer binds to the lysozyme target via affinity-based biomolecular interaction. The 

binding effect then triggered LSPR signal from the AuNP to amplify the fluorescence intensity signal 

of the QDs. Hence, lysozyme is recognised by the Apt-ZnSSe QDs-AuNP probe via LSPR-induced 

fluorescence intensity signal and radiative exciton recombination state in the QDs is switched on. 

Generally, aptamers can fold into several secondary structures such as kissing hairpin, G-

quadruplex, pseudo-knot, bugle, loop, and stem, which in turn allows the aptamer to form distinct 

three-dimensional (3-D) structures that are capable of selective molecular recognition [26,27]. The  

3-D binding affinity with the target includes, electrostatic and hydrophobic interactions, van der 

Waals forces, base stacking, shape complementarity, and hydrogen bonding [28]. Since our target 

was an enzyme, the most likely form of binding interactions between the aptamer and lysozyme are, 

van der Waals forces, hydrogen bonding, or electrostatic interactions. 

 

3.4. Fluorescence biosensor optimisation 

3.4.1. Effect of LSPR amplified fluorescence intensity signal 

The effect of LSPR amplified fluorescence intensity signal was studied by binding different plasmonic 

NPs to the Apt-ZnSSe QDs surface and probing the degree of fluorescence enhancement in the 

presence of targeted lysozyme detection. To make appropriate judgement on the effect of LSPR 

amplified fluorescence intensity signal, we probed the fluorescence signal effect of the Apt-ZnSSe 

QDs in the presence of lysozyme with and without AuNPs. As shown in Fig. S2, the fluorescence 

intensity signal obtained when AuNPs was bonded to the Apt-ZnSSe QDs was higher than the 

fluorescence intensity signal obtained without the incorporated AuNPs. Hence, LSPR signal from 

AuNPs amplified the fluorescence intensity signal of the Apt-ZnSSe QDs in the presence of targeted 

lysozyme.   

Three different sized citrate-AuNPs (6, 7 and 8 nm), citrate-AgNPs, citrate-AuAgNPs, and CTAB-

AuNPs were each tested to probe the NP LSPR amplifying effect. As shown in Fig. 4B, each of the 

different plasmonic NPs and including the different sized citrate-AuNPs amplified the fluorescence 

intensity of the QDs in the presence of targeted lysozyme concentration. To understand why each 

of the plasmonic NPs amplified the fluorescence signal, we have plotted the UV/vis absorption 

spectra of each of the plasmonic NPs and overlayed them with the fluorescence emission spectrum 

of the QDs as shown in Fig. S3. From the displayed spectra, each of the plasmonic NP absorption 

spectrum overlapped effectively with the fluorescence emission spectrum of the QDs, thus 

suggesting that each of the plasmonic NP can undergo NSET interaction with the QDs. It is known 



that for single spherical AuNPs, the LSPR effect increases with NP size from 5 to ~10 nm [29]. 

However, when we assessed the degree of fluorescence enhancement of the respective plasmonic 

NPs, citrate-AuNP (6 nm) induced the strongest LSPR amplifying fluorescence intensity signal. This 

may be explained by suggesting that when smaller-sized AuNPs are in close proximity with the QDs, 

surface plasmons can couple and form AuNPs dimers, influencing the LSPR effect and therefore 

mediating the fluorescence signal of QDs to greater degree [30]. Hence, citrate-AuNP (6 nm) was 

chosen as the choice plasmonic NP to induce enhanced LSPR amplifying effect on the QDs 

fluorescence. 

 

3.4.2. Assay optimisation 

Using the developed Apt-ZnSSe QDs-AuNP biosensor probe, the effects of QDs, AuNPs and Apt 

concentration and the incubation time were investigated with the aim of optimising the biosensor 

assay for lysozyme recognition. The difference in fluorescence enhancement signal between the 

control (Apt-ZnSSe QDs-AuNP probe with no lysozyme) and the Apt-ZnSSe QDs-AuNP probe with 

lysozyme was used to assess the sensitivity of each parameters tested. Fig. 5A shows the 

fluorescence intensity signal obtained from varying the QDs concentration from 0.05 to 0.5 mg/mL. 

From the obtained data, 0.075 mg/mL QDs concentration induced the strongest fluorescence 

intensity signal for lysozyme recognition and was selected as the choice QD concentration. Data 

showing the effect of AuNPs concentration is displayed in Fig 5B. Stock solution of citrate-AuNPs 

were diluted in HEPES buffer and from the analysed data, we found 13.2 nM AuNP concentration to 

induce the strongest fluorescence enhancement signal in the presence of targeted lysozyme and 

was chosen as the choice AuNP concentration. Analysing the effect of the Apt concentration from 

0.2 to 1.0 µM (Fig. 5C), the obtained data showed that 0.8 µM Apt concentration induced the 

strongest fluorescence enhancement and was thus selected at the choice Apt concentration. The 

effect of incubation time investigated from 5 to 25 min (Fig. 5D) showed that the Apt-ZnSSe QDs-

AuNP probe was most sensitive to lysozyme within 5 min. Thus, 5 min incubation time was selected 

for the biosensor assay. 

 

3.5. Quantitative lysozyme detection 

Amylase and lysozyme are the two main types of enzymes found in saliva. With respect to saliva 

identification, amylase saliva test has been the most widely used method for visual colorimetric 

detection, but this method is not overly effective for accurate saliva identification. In this work, we 

employed a whole new strategy which directly targets lysozyme in saliva based on aptamer affinity 

binding interaction and using ZnSSe QDs as the signal transducer and AuNPs at the signal amplifier. 

Quantitative fluorescence detection of lysozyme was carried out using the developed Apt-ZnSSe 

QDs-AuNP biosensor probe. As shown in Fig. 6A, under optimum reaction conditions, lysozyme was 

detected quantitatively in 5 min within the concentration range of 0.05 - 3 mg/mL. As each 

concentration of lysozyme was detected, the fluorescence emission intensity signal was switched 



on and progressively increased due to LSPR-induced effect. The corresponding fluorescence 

calibration plot shown in Fig. 6B revealed the progressive fluorescence enhancement signal 

generated from quantitative lysozyme recognition. The limit of detection (LOD) was determined by 

multiplying the standard deviation of blank measurement (n = 9) by 3 and dividing by the slope of 

the calibration plot. The calculated LOD for lysozyme detection using the Apt-ZnSSe QDs-AuNP 

biosensor probe was 22.9 µg/mL (1.5 µM). Comparison of our analytical data with published data 

for lysozyme recognition showed that the Apt-ZnSSe QDs-AuNP biosensor probe is more effective 

in detecting lysozyme rapidly within 5 min [9,31,32]. 

 

3.6. Selectivity  

The efficacy of the Apt-ZnSSe QDs-AuNP biosensor probe to selectively detect lysozyme under 

optimum experimental conditions was investigated. To this effect, we evaluated three enzymes that 

could act as interferents to the fluorescence signal response of the Apt-ZnSSe QDs-AuNP probe for 

lysozyme recognition. α-Amylase obtained from human saliva (HSA) and β-galactosidase obtained 

from Aspergillus (β-Gluc) are both present in human saliva, while amyglucosidase, obtained from 

Aspergillus (AMY) is present in fermented food. All three enzymes were tested under the same 

experimental conditions used for lysozyme recognition. As shown in Fig. 7A, the developed Apt-

ZnSSe QDs-AuNP biosensor assay was highly selective for lysozyme recognition than the other 

tested enzymes. A ~3-fold increase in fluorescence signal intensity relative to the control (Apt-ZnSSe 

QDs-AuNP probe without lysozyme) was also generated. Hence, we can tentatively affirm that 

enzymes that the three tested enzymes did not significantly interfere with the developed Apt-ZnSSe 

QDs-AuNP biosensor probe that was designed to be selective towards lysozyme recognition. The 

high selectivity of the Apt-ZnSSe QDs-AuNP biosensor to lysozyme is due to the use of a highly 

selective biorecognition aptamer designed to precisely detect the target lysozyme. 

 

3.7. Detection of lysozyme in real human saliva samples  

To test the efficacy of the Apt-ZnSSe QDs-AuNP biosensor assay for real life lysozyme recognition, 

human saliva samples were collected, treated appropriately as discussed in the experimental assay 

section and incorporated into the biosensor assay system. Human saliva sample dilutions of 1:20 (5 

µL), 1:40 (2.5 µL) and 1:100 (1 µL) was prepared and detected using the Apt-ZnSSe QDs-AuNP 

biosensor probe. As shown in Fig. 7B, 1:100 dilution of saliva samples was successfully detected, 

thus indicating that the immobilised aptamer on the ZnSSe QDs-AuNP surface can recognise 

lysozyme in human saliva samples and trigger LSPR-induced fluorescence intensity signal. Table 1 

shows the comparison in analytical parameters (sensitivity and detection time) of the Apt-ZnSSe 

QDs-AuNP biosensor probe with conventional techniques for saliva identification. From the 

comparison, it is evident that our biosensor probe is more sensitive and rapid to detect saliva than 

the listed published probes. 

 



4. Conclusions 

L-cysteine ZnSSe QDs and citrate-AuNPs were effectively synthesised and bonded to construct an 

Apt-based fluorescent biosensor platform for lysozyme recognition. Lysozyme was successfully 

used as a model analyte to demonstrate the efficacy of the Apt-ZnSSe QDs-AuNP biosensor probe 

to recognise the enzyme presence in human saliva sample. Using affinity-based biomolecular 

binding interaction between the aptamer and the target lysozyme, the binding effect triggered LSPR 

amplified signal from AuNPs to mediate the fluorescence signal of the QDs upon lysozyme detection. 

Lysozyme was both quantitatively and selectively detected using the developed Apt-ZnSSe QDs-

AuNP biosensor probe within 5 min. Under optimised experimental conditions, human saliva 

samples were also detected reaching a sensitivity of 1:100 dilution comparatively higher than current 

used conventional presumptive tests, thus precisely showing that the Apt-ZnSSe QDs-AuNP probe 

can recognise lysozyme in human saliva samples. Future experimental work will need to be 

undertaken in order to evaluate the applicability of the Apt-ZnSSe QDs-AuNP biosensor for complex 

forensic casework scenarios where aged saliva stains will need to be detected on different matrixes 

and in complex samples.    
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Scheme 1. Representative detection mechanism for the fluorescence detection of salivary lysozyme 

using the Apt-ZnSSe-QDs-AuNP nanohybrid biosensor probe. Thiolated anti-salivary lysozyme DNA 

Apt is physically adsorbed on L-cyst-ZnS’s QDs. The formed Apt-ZnSSe-QDs is then bonded to 

citrate-AuNPs via hydrogen bond formation to form an Apt-ZnSSe-QDs-AuNP, leading to quenching 

of the QDs fluorescence. In the presence of salivary lysozyme, the Apt folds to bind the target 

enzyme which in turn switches on the fluorescence of the QDs and LSPR from AuNPs amplifies the 

fluorescence intensity signal. PL = photoluminescence. 
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Table 1.  Comparison of the analytical performance of the Apt-ZnSSe-QDs-AuNP nanohybrid 

biosensor with conventional presumptive tests for saliva identification.  

Presumptive test 
Sensitivity (saliva 
dilution) 

Reaction time 
(min) 

Ref. 

Polilight® PL 500 (Rofin) 1:10 -- [33] 

SALIgAE® : Abacus 
Diagnostics, Inc. (Catalog 
Number: 903295) 

1:10 30  [5] 

Starch‐iodine Mini‐
centrifuge Test 

1:50 20-30  [5] 

Apt-ZnSSe-QDs-AuNP 
nanohybrid biosensor 

1:100 5 This work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

Fig. 1. TEM images of (A) L-cysteine ZnSSe QDs, (B) citrate-AuNPs and the (C) Apt-ZnSSe QDs-

AuNP nanohybrid 
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Fig. 2.  (A) PXRD patterns for L-cysteine-ZnSSe QDs and citrate-AuNPs and (B) FT-IR spectra of L-

cysteine-ZnSSe QDs, citrate-AuNPs and the ZnSSe QDs-AuNP nanohybrid. 
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Fig. 3. DLS histogram plots of (A) citrate-AuNPs, (B) L-cysteine-ZnSSe QDs, and the (C) Apt-ZnSSe 

QDs-AuNP nanohybrid. 

 

 

 

 

 

 

 

 

 



 

 

Fig. 4. (A) UV/vis absorption spectra of AuNPs, ZnSSe QDs and the Apt-ZnSSe QDs-AuNP 

nanohybrid and the corresponding PL emission spectra of ZnSSe QDs and the Apt-ZnSSe QDs-

AuNP nanohybrid. (B) QDs fluorescence signals for lysozyme detection obtained from probing the 

effects of LSPR amplified signal from various plasmonic NPs. Control = Apt-ZnSSe QDs + NP type 

with no lysozyme. [Lysozyme] = 0.2 mg/mL. 
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Fig. 5. Fluorescence intensity data of the Apt-ZnSSe QDs-AuNP biosensor probe to the effects of 

(A) QDs concentration, (B) AuNPs concentration (∆ intensity = Lysozyme detected signal – control), 

(C) Apt concentration and (D) incubation time. [Lysozyme] = 1 mg/mL. 
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Fig. 6. (A) LSPR-induced fluorescence emission enhancement of the Apt-ZnSSe QDs-AuNP probe 

towards quantitative lysozyme detection. (B) Fluorescence intensity signal of the Apt-ZnSSe QDs-

AuNP biosensor probe towards lysozyme quantitative detection. Inset: Fluorescence linear 

calibration plot. 
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Fig. 7. (A) Selectivity the Apt-ZnSSe QDs-AuNP biosensor probe towards lysozyme (LYS) detection 

against tested interferents enzymes; α-amylase from human saliva (HSA), β-galactosidase from 

Aspergillus (β-Gluc) and amyglucosidase from Aspergillus (AMY). [Interferents] and [LYS] = 1 

mg/mL. (B) Fluorescence intensity signal obtained from the detection of human saliva samples at 

different concentrations. Control = Apt-ZnSSe QDs-AuNP with no lysozyme. 
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