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ABSTRACT 
According to documented reports, more than 200 million people across the globe are exposed to 

arsenic (As) contamination at levels above the World Health Organization (WHO) guideline limit of 

10 μg/L. In this work, a novel fluorescence OFF-ON ultrasensitive aptasensor was developed for As 

(III). To construct the fluorescence aptasensor, AuFeZnSe alloyed quantum dots (QDs) were newly 

synthesized and surface-coated with amphiphilic polymers (Amp-P) to render the QDs biocompatible 

and stable. Thereafter, cationic gold nanorods (AuNRs) were electrostatically bonded to the Amp-P-

QDs to form an Amp-P-QDs-AuNR nanocomposite which switched OFF the fluorescence of the 

bound QDs. Thiolated anti-As (III) DNA aptamer (Apt) was thereafter assembled on the Amp-P-QDs-

AuNR surface to form a Amp-P-Apt-QDs-AuNR probe. The affinity binding interaction between the 

targeted As (III) concentration and the Apt, triggered localized surface plasmon resonance (LSPR) 

from AuNRs to amplify the fluorescence intensity signal, thereby switching ON the fluorescence of 

the bound Amp-P-QDs. Comparison of the Amp-P-Apt-QDs and the Amp-P-Apt-QDs-AuNR probes, 

showed that the presence of AuNR enhanced the fluorescence of the bound Amp-P-QDs for As (III) 

by as much as 230%, representing an ~20-fold increase over the Amp-P-Apt-QDs probe without 

AuNRs. Under optimum conditions, As (III) was selectively and quantitatively detected with ultra-

high sensitivity. The linear range was 0.01 -100 μg/L, while the obtained detection limit of 0.01 μg/L 

(69.12 pM) was 1000 times lower than the WHO recommended limit. We successfully applied the 

Amp-P-Apt-QDs-AuNR probe to detect As (III) in environmental and biological samples  with 

analytical recoveries from ~ 93-105%. 
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1. Introduction 
Arsenic is a well-known carcinogen and also widely known to affect more than 200 million people 

worldwide exposed to arsenic contaminated groundwater that is well beyond the permissible limit of 

10 μg/L recommended by the World Health Organisation (WHO) [1-9]. Within the environment, 

arsenic exist in various inorganic forms such as arsine (-3 in AsH3), arsenite (+3 in AsO2
−, AsO3

3−), 

elemental arsenic (0), and arsenate (+5 in AsO4
3−) [10,11]. Amongst the different oxidized forms of 

arsenic, trivalent arsenic (As (III), arsenite), found in reduced atmospheres, and pentavalent arsenic 

(As (V), arsenate), prevalent in oxygenated environments, are the two major species present in 

natural water, specifically ground water [5,12]. According to the chemical environment assessment, 

the ratio of As (III) to As (IV) was found to be in the range of 100 to 10 [13]. Hence, As (III) is known 

to be more prevalent in the environment and has been reported to be 25 - 60 times more harmful to 

humans than As (V) [14]. The presence of arsenic in groundwater poses serious threat to humans, 

animals, and plants alike. Its presence can induce both acute and chronic toxicity to humans leading 

to abdominal pain, hair loss, weight loss, reflex losses, dyspepsia, anorexia, colitis, gastritis, and 

respiratory problems [15,16]. 
In the past three decades, there have been several instrumental techniques and chemical methods 

that have been developed for As. Molybdenum blue [17], silver diethyldithiocarbamate, and the [18] 
Gutzeit test,  [19] are the three most commonly used colorimetric chemical methods for arsenic 

recognition. These methods, though common, are not overly selective to arsenic and their limit of 

detection (LOD) does not meet the WHO’s recommended limit for arsenic recognition [20]. Also, 

AsH3 hypertoxic gas is released in both the silver diethyldithiocarbamate and Gutzeit test, thus 

posing serious threat to users and the environment alike [20]. In terms of instrumental methods used 

in arsenic detection, inductively coupled plasmo-mass spectrometry, atomic emission spectroscopy, 

atomic fluorescence spectroscopy and atomic absorption spectroscopy are the most popular [20]. 
Common limitations of the chemical method such as low sensitivity and low LOD are circumvented 

using these analytical techniques. However, the high cost of the instrumentation, prolonged analysis 

time, and the need for highly skilled personnel to operate the instrument, limits their use for on-site 

arsenic monitoring.  

To circumvent the shortcomings of traditional colorimetric and instrumental methods for arsenic 

detection, affinity-based optical biosensors using nanomaterials as nanocarriers or signal 

transducers have drawn significant interest within the past decade [21,22]. The unique possibility of 

detecting ultralow concentrations of an analyte in various matrices, the ability to selectively detect 

the target analyte without interferences, the robust flexibility for assay development, and the ability 

to transform the sensor into a miniaturised portable hand-held point-of-use detection device, has 

triggered a huge surge in mainstream nanobiosensor research.  

Amongst the various affinity-based biosensor concepts, aptamer (Apt)-based nanobiosensors have 

drawn significant interest [23]. The flexible conformational structures of Apts which allow it to fold 

into secondary and tertiary helical structures have been the basis for selective binding to a target 
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analyte with high affinity [24]. The biomolecular Apt-analyte binding interaction has been exploited 

on various nanomaterials surfaces to construct aptasensors for various analytes such as small 

molecules [25], ions [26], proteins [27], peptides [28], and tissues [29], etc. Hence, there is a 

continued interest in the use of Apt technology for the construction of affinity-based nanobiosensor 

devices.  

Amongst the various aptasensor transduction platform, fluorescence aptasensor has drawn 

considerable interest. The large surface area, size-dependent optical properties, narrow emission 

spectra, broad absorption, and excellent photostability of nano-fluorophores such as semiconductor 

quantum dots (QDs) nanocrystals have drawn huge interest over the past two decades [30]. 
Particularly, QDs aptasensor for As (III) have been reported in the literature [31,32]. However, there 

is still a considerable interest in the development of novel QD-based fluorescence aptasensor for 

arsenic exhibiting improved sensitivity and versatile applicability. Exploiting the optical properties of 

QDs by modifying their surfaces with other nanomaterial to form hybrid nanostructured systems, 

represents a unique and versatile means to develop highly sensitive, highly selective and rapid 

sensor detection systems. 

In this work, we report on the construction of a novel fluorescence aptasensor for As (III) using hybrid 

nanocomposite of non-cadmium containing amphiphilic polymer (Amp-P)-coated AuFeZnSe alloyed 

QDs and gold nanorods (AuNRs). Novel AuFeZnSe alloyed QDs were synthesized and used as the 

choice fluorophore signal reporter for this work, rather than the commonly used cadmium-based 

Group II-VII fluorescent QDs that may pose safety risk concern. Hydrophobic AuFeZnSe QDs were 

synthesized via the hot injection organometallic pyrolysis of metal precursors, surfactants, and 

organic ligands and were transformed into hydrophilic QD nanocrystals via Amp-p coating. Cationic 

AuNRs were synthesized via the seed-mediated approach and coated with cetyltrimethyl ammonium 

bromide (CTAB). Electrostatic interaction formed between the Amp-P-coated AuFeZnSe QDs and 

CTAB-AuNRs, switched OFF the fluorescence of the bound QDs. However, based on the binding 

affinity between the aptamer and the targeted As (III) concentration, the fluorescence of the QDs 

was switched ON with enhanced fluorescence intensity via localized surface plasmon resonance 

(LSPR) amplified fluorescence signal from the AuNRs to the QDs. The objective of this work is to 

develop a new fluorescent aptasensor for As (III) with improved analytical sensitivity and versatility. 

The developed Amp-P-AuFeZnSe QDs-AuNR fluorescence aptasensor was successfully applied for 

the detection of As (III) in environmental (river water) and biological (blood) samples. To the best of 

our knowledge, this is the first reported Amp-P-AuFeZnSe QDs-AuNR fluorescence aptasensor for 

As (III). 

 

2. Materials and methods 
2.1. Materials 

Oleylamine, colbalt chloride hexahydrate, trioctylyphosphine oxide (TOPO), trioctylyphosphine 

(TOP), hexadecylamine (HDA), silver nitrate (AgNO3), oleic acid, octadecene, selenium (Se), 
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sulphur, Trizma® acetate, N,N-diisopropylethylamine, poly(isobutylene-alt-maleic anhydride) and As 

(III) oxide were purchased from Merck. Citric acid and CTAB were purchased from Acros Organics. 

Myristic acid, n-octylamine, MES, indium chloride hydrate (InCl3.H2O), potassium phosphate 

monobasic (KHPO4), potassium phosphate dibasic (KH2PO4), zinc acetate dihydrate (ZnAc.2H2O), 

mercury (II) chloride, iron (II) chloride hexahydrate (FeCl3.6H2O), gold (III) chloride trihydrate 

(HAuCl4.3H2O), calcium chloride, silver nitrate (AgNO3), and copper (II) chloride dihydrate were 

purchased from Thermo Fisher. All other chemicals were used as received. Anti As (III)-Apt with the 

sequence:  

GGTAATACGACTCACTATAGGGAGATACCAGCTTATTCAATTTTACAGAACAACCAACGTCGC

TCCGGGTACTTCTTCATCGAGATAGTAAGTGCAATCT [33], was synthesized and purified by 

Merck.  

 

2.2. Characterization 

Ultraviolet/visible (UV/vis) absorption and fluorescence emission measurements were carried out 

using a Varian Cary Eclipse spectrophotometer. Transmission electron microscopy (TEM) analysis 

were carried using a JEOL JEM-1200EX operated at 80 kV. X-ray Diffraction (XRD) analysis was 

carried out using a Siemens D5000 diffractometer with Cu Kα radiation (λ = 1.54056 nm) and data 

were obtained in the range of 3-90° using a 0.1° 2θ step size and a 3 sec count time per step with a 

0.066° slit width. Dynamic light scattering (DLS) was carried out using a Zetasizer Nano ZS series 

(ZEN3600, Malvern).  

 

2.3. Preparation of metal precursors 

Iron oleate was synthesized according to previously reported procedure but with slight modification 

[34]. Briefly, 5.4 g FeCl3.6H2O and 18.3 g sodium oleate were mixed with 40 mL ethanol, 70 mL 

hexane, and 30 mL MilliQ H2O. The mixture was then stirred vigorously under N2 gas for ~3 hours 

(hr) and 40 minutes (min) with moderate heat (between 60-80 ᵒC) and was purified using acetone, 

acetone:chloroform, ethanol:acetone, and finally with acetone. 

To prepare the TOPSe precursor, 0.12 g of Se was mixed with 5 mL of TOP [35]. 
To prepare HDA-capped Au nanoparticle (AuNPs) used in the synthesis of the QDs, citrate-capped 

AuNPs were first synthesized according to previously reported procedure as follows [35]: 1 mL of 

1% HAuCl4.3H2O was mixed with ~79 mL of MilliQ H2O, then, a mixture of 4 mL 1% trisodium citrate, 

0.5 mL 1% tannic acid and 15.5 mL MilliQ H2O was added into the Au solution. This resulted in the 

formation of AuNPs within few seconds as evidence from the formed reddish solution colour. The 

solution was heated to ~65 o C and stirred vigorously under ambient condition for ~15 min. To convert 

the hydrophilic citrate-AuNPs to hydrophobic HDA-AuNPs, 2 g of HDA was mixed with 25 mL toluene 

and the solution was sonicated to aid complete dissolution of the HDA ligand. Approximately, 50 mL 

of citrate-AuNPs was then added into the HDA-toluene solution and stirred for few seconds. The 
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solution was allowed to settle to aid separation of the organic HDA-AuNPs from the aqueous 

solution. HDA-AuNPs were carefully pipetted out of solution and stored in a vial. 

 

2.4. Synthesis of Amp-P 

Amp-P was synthesized according to previously published method but with slight modification [36]. 
In a three-necked flask, a  mixture of 10 g poly(isobutylene-alt-maleic anhydride), 3 mL n-octylamine, 

5.5 mL N,N-diisopropylethylamine, and 200 mL of chloroform was heated up (to ~65 ᵒC) and stirred 

under ambient temperature for ~3 hr 40 min. Formation of the polymer network was evidenced from 

the increase in the viscosity of the solution. The polymeric solution was allowed to cool to room 

temperature and purified using acetone-ethanol mixture and finally with acetone. The purified 

product was dried in a fume hood and obtained as a fine powder. 

 

2.5. Synthesis of AuFeZnSe QDs 

AuFeZnSe QDs were newly synthesized via the organometallic hot-injection pyrolysis of metal 

precursors popularly used for the synthesis of Group II–VI QDs [35]. In a three-necked flask fitted 

with a reflux condenser, 0.4 g iron oleate, 0.9 g TOPO, 0.6 g Et2Zn, 5 mL HDA-AuNPs, 0.6 g myristic 

acid, 5 mL of oleylamine, 20 mL of oleic acid, and 30 mL of octadecene were mixed together and 

stirred under heat and N2 atmosphere. When the temperature of the solution reached ~245 ͦ C, 3 mL 

of TOPSe solution was added into the AuFeZn precursor solution to initiate the nucleation and 

growth of AuFeZnSe alloyed QDs. The AuFeZnSe QDs was allowed to grow for 15 min and the 

reaction was stopped and allowed to cool to room temperature. The hydrophobic AuFeZnSe QDs 

were purified via centrifugation using acetone, ethanol:acetone, acetone, 

H2O:chloroform:acetone:ethanol, and finally with acetone. The QDs product was dried in a fume 

hood and obtained as a fine orange powder. 

 

2.6. Preparation of Amp-P-coated AuFeZnSe QDs 

To overcoat the surface of hydrophobic AuFeZnSe QDs with Amp-P with the aim of rendering the 

QDs hydrophilic, 0.35 g AuFeZnSe QDs were dissolved in 20 mL chloroform and added into a 

polymeric-KOH-methanolic solution containing 3 g KOH, 40 mL methanol, and 0.4 g Amp-P. 

Appropriate volume of ultrapure MilliQ water was added into the solution and the solution was stirred 

for ~2 hrs 35 min. Purification of the QDs was carried via centrifugation using acetone and dried in 

a fume hood.  A brownish-red fine crystalline QDs powder was obtained. 

 

2.7. Synthesis of CTAB-AuNRs 

The synthesis of CTAB-AuNRs was carried out using an established procedure where a seed 

solution was used to grow the rod-shaped NPs. The seed solution was prepared by mixing 5 mL of 

2.5 × 10-3 M HAuCl4.3H2O, 10 mL of 0.1 M CTAB and ice-cold 0.6 mL of 0.1 M NaBH4 in a vial. The 

solution was then gently swirled without no vigorous stirring so as to preserve the shape of the 
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nanoparticles during growth. The growth solution was prepared by gently mixing 5 mL of 2.5 × 10-3 

M HAuCl4.3H2O, 10 mL of 0.1 M CTAB, 0.5 mL of 0.004 M AgNO3, and 0.4 mL of 0.1 M ascorbic 

acid. Thereafter, 24 μL of the seed solution was added into the growth solution and the solution was 

swirled gently and allowed to stand still for ~20 hr. The CTAB-AuNR solution was mixed with 

appropriate volume of MilliQ H2O and stored at ambient temperature before use. 

 

2.8. Fluorescence assay  

The buffer solution used in the fluorescence assay was prepared by mixing 2 g MES + 2 g Trisma 

acetate + 5 g KH2PO4 + 5 g K2HPO4 in 500 mL of MilliQ H2O and the pH was adjusted to 7. The 

calculation of the AuNR concentration used in the fluorescence assay is provided in the 

Supplementary Information file. To prepare the fluorescence biosensor assay for As (III), 0.8 mg/mL 

Amp-P-AuFeZnSe QDs and 28 nM AuNRs (aspect ratio 2.8) were mixed electrostatically in a 1:1 

(v/v) ratio to form an Amp-P-AuFeZnSe QDs-AuNR nanocomposite. Then, 175 μL of the Amp-P-

AuFeZnSe QDs-AuNR was mixed with 10 μL of the anti-As(III) thiolated aptamer and 175 μL of 

targeted As (III) concentration (prepared in MES-Trisma acetate-KH2PO4-K2HPO4 pH 7 buffer). The 

solution was stirred, and the fluorescence emission spectrum was measured after ~15 seconds 

using a fluorescence spectrophotometer at an excitation wavelength of 200 nm within the 

fluorescence wavelength range of 210 - 800 nm.  

 

3. Results and discussion 
3.1. Fabrication of the Amp-P-AuFeZnSe alloyed QDs 

Quaternary AuFeZnSe alloyed QDs were synthesized via the organometallic hot-injection route and 

stabilized with coordinating organic ligands as depicted in Scheme 1. In this work, HDA, myristic 

acid, oleylamine and oleic acid were used as organic surface stabilizing agents to render the QDs 

colloidally stable. The metal components of the QDs consisted of Au, Fe, Zn and Se, respectively. 

To generate the Au precursor, hydrophilic citrate-capped AuNPs were first synthesized and then 

converted to hydrophobic AuNPs via ligand exchange reaction of HDA in toluene. Rather than using 

the Fe salt directly in the QDs synthesis which could lead to unreacted Fe products, we synthesized 

Fe oleate and used it as the Fe precursor. This led to the complete dissolution of the Fe salt for the 

efficient nucleation and growth of the QDs. Zn and Se precursors were prepared and used as 

reported previously in the literature [35]. HDA-AuNPs and the other organic ligands used in the 

synthesis can be deoxygenated by the phosphonic precursors to yield anhydride products [35]. As 

shown in Fig. S1, the UV/vis absorption spectrum of HDA-AuNPs used in the QDs synthesis was 

not red-shifted in comparison to the native citrate-AuNPs. This evidently shows that the HDA-AuNPs 

were not aggregated upon the ligand exchange reaction. 

In order to render the QDs biocompatible and stable, Amp-P synthesized via a nucleophilic agent 

(n-octylamine) and an anhydride functionalized polymer backbone (poly(isobutylene-alt-maleic 

anhydride) (Mw = 6000 g/mol)) was used as the surface capping agent. The selected ratio between 
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the hydrophilic and hydrophobic units was derived by finetuning the relative number of organic-

phased n-octylamine reactive groups. Relatively, 40% of anchored n-octylamine repeating units that 

is illustrated as ‘m’ in the schematic diagram of the polymer structure in Scheme 1, was used in the 

synthesis of the polymer. The fabricated method for the polymer synthesis provided the following 

advantages: (i) the ability to control the relative number of functional unit for effective polymer 

coating; (ii) the lack of a cross linker during the synthesis; (iii) effective control of the n-octylamine 

hydrophobic chains and also over the hydrophilic/hydrophobic formation of the polymer coating and 

(iv) the lack of a carbodiimide coupling reaction step for the QDs polymer coating. 

 

3.2. Structural properties 

SEM image of the Amp-P-AuFeZnSe alloyed QDs is shown in Fig. 1A. From the SEM monograph, 

the morphology of the Amp-P-QD nanocrystals was characterised by a porous honeycomb like 

heterostructure. The individual particles are interconnected, dense and stacked together with coarse 

honeycomb pores extending across the image surface. The corresponding TEM image shown in Fig. 

1B depicts a heterostructure like morphology with some of the less stacked particles displaying 

quasi-like spherical shapes. From the TEM image, it is clearly evident that the Amp-P-QDs was 

characterized by a heterogeneous growth pattern.  

The seed-mediated approach was successfully used to synthesize AuNRs. In this work, gold solution 

and weak reducing agents such as ascorbic acid and CTAB were used to grow the particles into 

nanorods. As shown in the TEM image of Fig. 1C, moderately short AuNRs with length of ~24 nm 

was clearly seen alongside some individual quasi-shaped spherical particles. Although, a mixture of 

rod-shaped and spherical shaped particles was formed, the rod-shaped particles were still more than 

the quasi-shaped spherical particles. The corresponding TEM image of the Amp-P-QDs-AuNR 

nanocomposite shown in Fig. 1D revealed a combination of individual rod-shaped particles and 

quasi-shaped spherical particles. The ability to observe individual rod-shaped particles in the Amp-

P-QDs-AuNR nanocomposite structure, indicates that the morphology of the AuNRs was not 

distorted in the hybrid nanostructure. 

PXRD pattern of the Amp-P-AuFeZnSe alloyed QDs is shown in Fig. 2A. From the diffraction pattern, 

three prominent peaks of {111}, {220} and {311} planes at 27.2 o, 45.6 o, and 54.4 o were clearly 

projected. This evidently showed that the Amp-P-QDs exhibited a zinc-blende crystal structure 

similar to those notably observed for the diffraction pattern of other types of QDs chalcogenides 

[36,37]. 
 

3.3. Optical properties 

3.3.1. DLS and zeta potential analysis 

DLS analysis was used to characterize the hydrodynamic size and to assess the degree of dispersity 

of the nanomaterials in solution. Fig. 2B-D shows the DLS histogram plots of CTAB-AuNRs, Amp-

P-AuFeZnSe QDs, and the Amp-P-AuFeZnSe QDs-AuNR nanocomposite. For the AuNRs, the 
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hydrodynamic size was 18 nm while for the Amp-P-QDs and the Amp-P-QDs-AuNR, the 

hydrodynamic size were 408 nm and 64 nm respectively. Generally, hydrodynamic size >100 nm is 

indicative of polydispersed  particles in solution while hydrodynamic size <100 nm is indicative of 

monodispersed particles in solution. For the AuNRs, the hydrodynamic size distribution was less 

than 100 nm and clearly shows that the particles were monodispersed in solution. Conversely, the 

hydrodynamic particles size of the Amp-P-QDs was greater than 100 nm, implying that the Amp-P-

QDs were polydispersed in solution. The polydispersity could have been induced by the coating of 

the bulky polymer molecules. Interestingly, the hydrodynamic size of the Amp-P-QDs-AuNR 

nanocomposite was less than 100 nm, thus confirming the monodisperse nature of the particles in 

solution. The dramatic decrease in the hydrodynamic size of the Amp-P-QDs-AuNR relative to the 

Amp-P-QDs is indicative of the strong electrostatic binding interaction of the AuNRs with the Amp-

P-QDs. 

Zeta potential on the other hand was used to characterize the colloidal stability and surface charge 

of the nanomaterials in solution. Generally, the colloidal stability of NPs in solution are characterized 

according to: ±30 mV as highly stable, ±20-30 mV as moderately stable, ±10-20 mV as relatively 

stable and ±0-10 mV as highly unstable [38]. This guideline was used in this work to assess the 

colloidal stability of the respective nanomaterials. Fig. S2A – C shows the zeta potential plots of 

CTAB-AuNRs, Amp-P-AuFeZnSe QDs, and the Amp-P-AuFeZnSe QDs-AuNR nanocomposite. 

From the plots, the zeta potential surface charge for CTAB-AuNRs was +57 mV, Amp-P-AuFeZnSe 

QDs was -12 mV and Amp-P-AuFeZnSe QDs-AuNR nanocomposite was +33 mV. From our 

analysis, the AuNRs were highly stable while the Amp-P-QDs were relatively stable. Our analysis 

also confirmed the positive charge of the AuNRs and the negative charge of the Amp-P-QDs and 

the obtained results were used as a means to establish the electrostatic interaction between the two 

nanomaterials. Interestingly, we observed that the Amp-P-QDs-AuNR nanocomposite surface 

charge was positive and within the range of highly stable colloidal dispersion. It is therefore 

imperative to suggest that the electrostatic interaction between the Amp-P-QDs and AuNRs did not 

distort the geometry of the plasmonic NP in solution. Rather, CTAB-AuNRs stabilized the Amp-P-

QDs surface in the nanocomposite colloidal formation as evidenced by the highly stable surface 

charge value. 

 

3.3.2. FT-IR analysis 

FT-IR analysis of the Amp-P, AuNRs, Amp-P-QDs and the Amp-P-QDs-AuNR nanocomposite was 

carried out as shown in the displayed spectra of Fig. 2E. For the Amp-P, the band at 1771 cm-1 was 

ascribed to the C=O stretching vibration band while the band at 2966 cm-1 was attributed to the C-H 

stretching vibration. For the Amp-P-QDs, the band at 3310 cm-1 was assigned to the -OH stretching 

vibration while the bands at 2900 cm-1 and 1536 cm-1 were attributed to the C-H and COO asymmetric 

stretching vibration, respectively. For CTAB-AuNRs, the bands at 1647 cm-1 and 3196 cm-1 were 

assigned to the C=C stretching and N-H stretching vibrations. For the Amp-P-QDs-AuNR 
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nanocomposite, the bands at 3304 cm-1, 2927 cm-1 and 1562 cm-1 were assigned to the N-H 

stretching, C-H stretching and COO asymmetric stretching vibration, respectively. From the obtained 

data, the C-H and COO stretching vibrations of the Amp-P-QDs-AuNR shifted to high wavenumber 

relative to the Amp-P-QDs while the N-H stretching band also shifted to higher wavenumber relative 

to the CTAB-AuNRs. Therefore, we can use the observed shift in projected bands of the Amp-P-

QDs-AuNR nanocomposite as a means to confirm the established electrostatic interaction. 

 

3.3.3. UV/vis absorption and fluorescence emission analysis 

Fig. 3A shows the UV/vis absorption and fluorescence emission spectra of the synthesized 

quaternary Amp-P-QDs measured in MilliQ H2O. The Amp-P-QDs was characterized by a broad 

UV/vis absorption spectrum with a less pronounced excitonic absorption peak around 378 nm. The 

fluorescence emission spectrum was projected at an emission wavelength maximum of 485 nm. For 

CTAB-AuNRs, the absorption spectrum shown in Fig. 3B, was characterized by two prominent SPR 

absorption peaks. The peak at 533 nm is attributed to the transverse absorption cross section of the 

NP which corresponds to the embedded spherical-shaped particles. On the other hand, the peak at 

687 nm relates to the longitudinal cross section of the NP and it is attributed to the rod-shaped 

particles. Despite the presence of the transverse absorption peak, the TEM image of the NP shown 

in Fig. 1C, revealed the presence of more rod-shaped particles than spherical shaped particles with 

the ratio of rod-shaped particles to spherical particles being 1.6:1. Therefore, we have connoted the 

particles as being rod-shaped. The aspect ratio and the concentration of AuNRs were determined 

according to standard reported procedure [39] and the calculated procedure is provided in the 

Supplementary Information section. From our analysis, the calculated aspect ratio of the AuNRs was 

2.8 while the concentration used in the fluorescence assay was 28 nM. 

 

3.4. LSPR enhanced fluorescence intensity signal for As (III) 
In order to prove the LSPR enhanced fluorescence signal of the Amp-P-Apt-QDs-AuNR hybrid 

nanocomposite for As (III), we carried out a series of comparative studies. As shown in Fig. 3C, the 

fluorescence of the Amp-P-QDs was quenched upon electrostatic interaction with the AuNRs, 

thereby switching OFF the fluorescence of the bound Amp-P-QDs. Immobilization of the Apt on the 

Amp-P-QDs-AuNR surface led to slight quenching of the bound Amp-P-QDs fluorescence with 

negligible effect. This proves to show that the Apt did not switch on the fluorescence of the bound 

Amp-P-QDs. Detection of 100 μg/L As (III) using the Amp-P-Apt-QDs triggered a slight enhancement 

in the fluorescence signal which corresponded to 12% increase in fluorescence intensity. Whereas, 

when the Amp-P-Apt-QDs-AuNR nanocomposite probe was used to detect the same concentration 

of As (III), the fluorescence of the bound Amp-P-QDs was enhanced by ~230%. This represented 

~20-fold increase in fluorescence intensity over the Amp-P-Apt-QDs (without AuNRs). To confirm if 

the Apt-As (III) affinity binding influenced the LSPR amplified fluorescence intensity signal, the Amp-

P-QDs-AuNR nanocomposite was interacted directly with As (III) without the presence of the Apt in 
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the system. As shown in Fig. 3C, the fluorescence spectrum of the Amp-P-QDs-AuNR for As (III) 

was quenched relative to the fluorescence response of the Amp-P-Apt-QDs-AuNR for As (III) 

recognition. Therefore, it is justifiable to conclude that LSPR from AuNR greatly amplified the 

fluorescence of the bound Amp-P-QDs upon As (III)-Apt binding, leading to a fluorescence turn ON 

signal effect for ultrasensitive As (III) recognition. 

The reaction process underpinning the interaction of photon-emitting fluorophores with noble metal 

plasmonic NPs have long been reported in the literature [40,41]. Plasmonic metal NPs are known to 

act as either radiative fluorescence enhancers (“ON” state) or non-radiative fluorescence quenchers 

(“OFF” state) based on their size, shape and distance-dependent relationship with the fluorophore 

in an acceptor-donor interaction [42]. The competition between fluorescence enhancement intensity 

and quenching effect is attributed to the electric field magnitude and dielectric dispersion of the 

nanomaterial at the particle surface which triggers either plasmon-amplified fluorescence 

enhancement for bigger-sized NPs or plasmon-mediated fluorescence quenching for smaller NPs 

[42]. Lakowicz simulation using the radiative plasmon theory showed that depending on the coupling 

effect between the SPR oscillation of the metal NP and the fluorophore at a close distance to the 

metal surface, the plasmon-amplified radiative fluorescence intensity enhancement (“ON” state ) is 

induced by the cross section scattering of the NP, while the plasmon mediated non-radiative 

fluorescence quenching (“OFF” state) is triggered by the cross-section absorption of the NP [40]. 
Hence, we can deduce that the “OFF/ON” phenomena of the Amp-P-Apt-QDs-AuNRs aptasensor is 

triggered by the nature of the NP chemical environment, i.e., the fluorescence “OFF” state occurred 

with no Apt-As (III) binding interaction while the fluorescence “ON” state occurred with the Apt-As 

(III) binding interaction. 

 

3.5. Mechanism of the fluorescence “OFF-ON” aptasensor assay 
Scheme 1 shows the descriptive reaction mechanism of the Amp-P-Apt-QDs-AuNR biosensor probe 

for As (III). Firstly, the AuFeZnSe alloyed QDs was synthesized in the organic phase and surface-

coated with organic ligands. Thereafter, the hydrophobic QDs was transformed to hydrophilic QDs 

via a robust Amp-P coating. CTAB-AuNRs was then electrostatically bonded to the Amp-P-QDs 

surface to form an Amp-P-QDs-AuNR hybrid nanocomposite. The binding interaction between 

CTAB-AuNPs and the Amp-P-QDs switched OFF radiative electron and hole recombination state in 

the fluorescence of the bound Amp-P-QDs. The thiol modified anti-As (III) DNA Apt was then 

immobilized on the Amp-P-QDs-AuNR nanocomposite surface by direct adsorption. The Apt could 

directly adsorb on the Amp-P-QDs-AuNR nanocomposite surface by either binding to the Amp-P-

QDs, AuNR or both of the nanomaterial’s surface without the use of a crosslinker. As shown in Fig. 

3C, adsorption of the Apt on the Amp-P-QDs-AuNR nanocomposite surface did not switch on the 

fluorescence of the QDs. However, when the targeted As (III) was interacted with the Amp-P-Apt-

QDs-AuNR probe, the immobilized Apt bonded strongly to the target As (III) analyte based on 

biomolecular affinity binding interactions. The binding interaction then triggered LSPR signal from 
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the bound AuNRs to amplify the fluorescence intensity signal of the bound Amp-P-QDs. Hence, 

radiation exciton recombination state in the bound Amp-P-QDs was switched ON with high sensitivity 

for As (III).  

LSPR amplified fluorescence signals of QDs have been reported previously in the literature [43,44]. 
However, this is the first report on the use of LSPR amplified fluorescence signal from AuNRs to 

amplify the fluorescence intensity signal of newly synthesized Amp-P-AuFeZnSe QDs. Hence, we 

have plotted the fluorescence emission spectrum of the Amp-P-QDs against the absorption spectrum 

of the AuNRs as a means to unravel the theoretical basis for the LSPR induced fluorescence 

enhancement signal. As shown in Fig. 4A, the fluorescence emission spectrum of the Amp-P-QDs 

overlapped effectively with the absorption spectrum of the AuNRs. Therefore, the fluorescence 

quenching of the Amp-P-QDs could occur via nano-metal surface energy transfer (NSET) as 

previously reported for QDs-AuNP interaction [44]. Despite the spectral overlap, Förster resonance 

energy transfer mechanism could not have been the mode of interaction because both the Amp-P-

QDs fluorescence and the AuNR absorption were each quenched relative to their unbound state as 

shown in Fig. 4A. Therefore, we have predicted NSET as the binding mode of interaction between 

the Amp-P-QDs and AuNRs. 

In general, Apt are known to fold into various secondary forms such as stem, loop, bugle, pseudo-

knot, and G-quadruplex, which in effect allows the Apt to molecularly recognize their target by 

forming a three-dimensional (3D) structure [45]. The Apt is then able to bind to the target in a 3D 

manner via either of hydrogen bonding, shape complementarity, base stacking, van der Waals 

forces, hydrophobic or electrostatic interactions [46]. Since the target As(III) is a heavy metal, the 

suggested mode of binding interaction between by the Apt is likely electrostatic interaction, hydrogen 

bonding or van der Waals forces. According to Kim et al., prediction of the structural analysis of the 

Apt-As binding using Zuker’s algorithm Mfold, showed that the Apt exhibited hairpin loop architecture 

which can be classified into branched and tight secondary structure [47]. It was also further reported 

that As binds to the regions of the hairpin, base-pairing, or hairpin loop structures of the Apt [47]. 
 

3.6. Optimization of the fluorescence aptasensor assay 
Several experimental analysis were carried out to optimize the fluorescence aptasensor assay for 

As (III) recognition. Fig. 4B shows the fluorescence spectra and corresponding turn ON intensity 

signal (inset) studied from pH 6-11 for As (III) recognition using the Amp-P-Apt-QDs-AuNR biosensor 

probe. From the data, the fluorescence intensity signal increased from pH 6 to 7 and then decreased 

steadily as the pH increased to pH 9 and thereafter increased as the pH reached pH 11. In general, 

optimum fluorescence intensity signal was obtained at pH 7 and was chosen as the choice pH for 

the Amp-P-Apt-QDs-AuNR aptasensor As (III) assay. 

The effect of the Amp-P-QDs concentration from 0.1 – 0.8 mg/mL for As (III) detection was studied. 

The Amp-P-Apt-QDs-AuNR biosensor assay was prepared with different Amp-P-QDs concentration 

at a fixed concentration of the Apt (1 μM) and the AuNRs (28 μM). As shown in Fig. 5A, the effect of 
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the Amp-P-QDs concentration on the fluorescence intensity signal did not follow a definite trend. The 

corresponding effect of the Amp-P-QDs concentration on the UV/vis absorption spectra of the Amp-

P-QDs-AuNR nanocomposite is also shown in Fig. S3A. It was observed that as the concentration 

of the Amp-P-QDs decreased, the transverse SPR absorption peak became clearly visible in the 

absorption spectra as the concentration of the Amp-P-QDs decreased. However, the intensity of the 

SPR peak did not also follow a symmetric trend with respect to the tested Amp-P-QDs concentration. 

Hence, it is imperative to conclude that the fluorescence intensity signal for As (III) recognition was 

specific for each tested Amp-P-QDs concentration. Relative to the control, optimum fluorescence 

intensity signal was obtained for 0.8 mg/mL Amp-P-QDs concentration, and this was chosen as the 

choice concentration for the Amp-P-Apt-QDs-AuNR aptasensor As (III) assay.  

The effect of the LSPR amplified fluorescence intensity signal was studied by varying the Amp-P-

QDs to AuNRs ratio for As (III) detection. By fixing the Amp-P-QDs and AuNR concentration at 0.8 

mg/mL and 28 μM respectively, the  Amp-P-QDs to AuNR v/v ratio was studied from 1:1 to 1:5. As 

shown in Fig. 5B, the LSPR amplified fluorescence intensity signal of the Amp-P-Apt-QDs-AuNR 

biosensor probe towards As (III) decreased as the Amp-P-QDs to AuNR v/v ratio increased. The 

corresponding UV/vis absorption spectra (Fig. S3B) showed that as the Amp-P-QDs to AuNR v/v 

ratio increased, the SPR absorption transverse and longitudinal peak became stronger. Based on 

our results, the Amp-P-QDs to AuNR 1:1 v/v ratio which produced the highest fluorescence intensity 

signal, was selected as the choice ratio for the As (III) fluorescence biosensor assay. 

 

3.7. Selectivity of the fluorescence aptasensor assay 
The selectivity of the fluorescence turn ON aptasensor assay for As (III) using the Amp-P-Apt-QDs-

AuNR biosensor probe was studied. Several metal cations known to be present in the environment 

were tested under the same experimental conditions as As (III). Fig. 6 shows the fluorescence 

intensity signal generated for 14 tested metal cations in comparison to As (III). We have also tested 

As (V) and probed the generated fluorescence response in comparison to fluorescence response of 

the targeted As (III). As shown in the data, the fluorescence turn ON signal for As (III) was far superior 

than the signal generated from all tested metal cations. Slight enhancement in fluorescence signal 

was observed for some of the tested metal cations. However, the signal generated for As (III) was 

at least 2-fold or more higher than the signal generated for these cations. This implies that none of 

the tested metal cations generated significant fluorescence turn ON effect in comparison to the signal 

generated for As (III). It is also important to emphasize that the fluorescence signal generated for As 

(V) was far lower than the signal generated for the targeted As (III). This implies that the developed 

Amp-P-Apt-QDs-AuNR fluorescence aptasensor probe can discriminate efficiently between As (III) 

and As (V) based on the clear difference in fluorescence responses. Based on our results, it is 

imperative to say that the developed Amp-P-Apt-QDs-AuNR biosensor probe was highly selective 

to As (III). 
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3.8. Quantitative As (III) detection 
Ultrasensitive quantitative detection of As (III) from 0.01 – 100 μg/L was carried using the developed 

Amp-P-Apt-QDs-AuNR biosensor probe. As shown in Fig. 7A, the fluorescence emission spectra of 

the developed Amp-P-Apt-QDs-AuNR probe were steadily enhanced as increased concentration of 

As (III) was detected. The most remarkable observation was that a total of 230% fluorescence  

intensity increase was obtained at 100 μg/L detected As (III) concentration. The corresponding 

fluorescence intensity calibration curve for quantitative As (III) detection is shown in Fig. 7B. From 

the plot, the limit of detection (LOD) was calculated by multiplying the standard deviation of blank 

measurement (n = 10) by three and dividing by the slope of the fluorescence signal calibration plot 

while the limit of quantitation (LOQ) was determined by multiplying the obtained LOD by 3.3. The 

LOD obtained for As (III) using the Amp-P-Apt-QDs-AuNR biosensor probe was 0.01 μg/L (69.12 

pM) and it was 1000 times lower that the WHO permissible LOD recommended for As [1]. The 

calculated LOQ was 0.03 μg/L. 

 

3.9. Real sample application 
The application of the Amp-P-Apt-QDs-AuNR probe to detect As (III) in real samples (biological and 

environmental) was investigated. Cow blood samples collected locally from an abattoir in Perth, 

Scotland, (with ethical permission) and river water collected locally from the River Tay in Monifieth, 

Dundee, were both spiked with 0.5, 0.1 and 0.05 µg/L concentrations of As (III). As shown in Table 

1, the spiked As (III) concentrations were detected successfully in both cow blood and river water 

with satisfactory recoveries in the range of ~ 93-105%. Hence, we can affirm that the Amp-P-Apt-

QDs-AuNR biosensor probe is efficiently suitable to detect As (III) in biological and environmental 

samples. Comparative data showing the analytical performance of the Amp-P-Apt-QDs-AuNR probe 

for As (III) with other published methods is listed in Table 2. The comparison shows that our detection 

system is more sensitive and versatile to detect ultralow concentration of As (III) in both 

environmental samples (river sample) and biological samples (blood) than the published probes for 

these sample types. Also, the comparison of our QDs fluorophore probe with other QDs published 

probes, showed that our detection system is more environmentally friendly as it does not contain the 

toxic cadmium ion. 

 
4. Conclusions 
We have successfully constructed a novel fluorescence OFF-ON apatsensor for As (III). Quaternary 

Amp-P-AuFeZnSe alloyed QDs were newly synthesized and electrostatically bonded to cationic 

AuNRs to form an Amp-P-AuFeZnSe QDs-AuNR hybrid nanocomposite. The Amp-P-QDs, AuNRs 

and the Amp-P-QDs-AuNR nanomaterials were characterized using electron microscopy and optical 

spectroscopic techniques. The binding interaction between the Amp-P-QDs and AuNR, switched 

OFF the fluorescence of the bound QDs. By assembling the thiolated anti-As (III) Apt on the Amp-

P-QDs-AuNR surface, As (III) was able to bind to the Apt receptor with high affinity. The binding 
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interaction between the Apt and As (III) on the Amp-P-QDs-AuNR surface, triggered LSPR signal 

from AuNR to amplify the fluorescence intensity signal of the bound Amp-P-QDs. We observed that 

the presence of AuNRs in the nanocomposite structure, amplified the fluorescence intensity signal 

of the bound Amp-P-QDs by 230%, representing an ~20-fold increase over the Amp-P-Apt-QDs 

probe without AuNRs. As (III) was selectively and quantitatively detected with ultra-high sensitivity 

with the detection limit being 1000 times more sensitive than the WHO recommended limit for As. 

Application of the Amp-P-Apt-QDs-AuNR probe to detect As (III) in environmental (river water ) and 

biological (blood) samples was successfully achieved. 
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Table 1. Analytical parameters of the Amp-P-Apt-QDs-AuNR biosensor probe for As (III) detection 

in cow blood and river water. 

Matrix As (III), µg/L 
spiked 

Found 
(µg/L) 

Recovery (%) RSD (%, n=3) 

Cow blood 0.5 0.524 ~104.9 8.4 
Cow blood 0.1 0.096 ~96.6 11.0 
Cow blood 0.05 ~0.048 ~95.8 22.7 
River water 0.5 ~0.517 ~103.4 13.4 
River water 0.1 0.093 ~93.1 8.3 
River water 0.05 0.051 102.4 11.8 
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Table 2. Analytical performance of the Amp-P-Apt-QDs-AuNR biosensor probe for As (III) detection 

in comparison to other published methods. 
Probe Method Concentration 

range 
Applicable 
detection 

Matrix 

LOD  Ref. 

Coumarin-bonded 

benzothiazolines 

Fluorescence - Water 0.1 µg/L 48 

YPO4:Eu3+ NPs Fluorescence 0-10 mg/L  Water 10 mg/L 49 
Schiff triggered cell 

permeable 

receptor 

Fluorescence - Water 4.12 µg/L 50 

Glutathione-CdTe & 

CdSe/ZnS  QDs 

Fluorescence 2247 mg/L – 

0.375 μg/L 

River water 74.92 

µg/L 

51 

L-cysteine capped CdTe 

QDs 

Fluorescence 0.75–22.5 μg/L Water 0.226 

µg/L 

52 

Oxidase mimetic Mn3O4 

NPs 

Colorimetry  5-100 μg/L Tap water, 

river water 

and wheat 

1.32 µg/L 53 

Cationic polymer-Apt-

AuNPs 

Colorimetry 5-100 μg/L - 5.3 µg/L 54 

Apt-CTAB-AuNPs Colorimetry 1-100 μg/L Water 0.6 µg/L 55 
Fe3O4/Au NPs Colorimetry 0-20 μg/L Water 0.86 µg/L 56 

Graphene oxide/Prussian 

blue NPs 

Electrochemical 0.2-500 μg/L Tap water, 

river water 

and lake 

water 

0.058 

µg/L 

57 

MnOx Electrochemical 1-150 μg/L Water 1 µg/L 58 
Amp-P-Apt-QDs-AuNR Fluorescence 0.01-100 μg/L Blood & river 

water 

0.01 µg/L This 

work 
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Au, Fe, Se, Zn, 
organic ligands, 
stabilizers and 

non-coordinating 
solvent

240 oC

Inert gas

Amphiphilic 
polymer coating
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Scheme 1. Schematic representation of the Apt-Amp-P-QDs-AuNR fluorescence OFF-ON 

biosensor probe for As (III) recognition. Quaternary AuFeZnSe alloyed QDs is first synthesized in 

the organic phase and then coated with Amp-P to generate water-soluble and biocompatible Amp-

P-coated AuFeZnSe QDs. The prepared Amp-P-AuFeZnSe QDs is then electrostatically bonded to 

cationic CTAB-AuNR to form an Amp-P-AuFeZnSe QDs-AuNR hybrid. The bonding resulted in the 

fluorescence of the bound Amp-P-QDs being switched OFF. Thiolated anti As (III) DNA Apt is then 

immobilized on the AuFeZnSe QDs-AuNR hybrid surface. In the presence of the targeted As (III) 

concentration, the Apt binds to As (III) which in turn switches ON the bound Amp-P-QDs 

fluorescence with high sensitivity via LSPR effect from AuNRs. 
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Fig. 1. SEM image of the (A) Amp-P-AuFeZnSe QDs, and TEM images of the (B) Amp-P-AuFeZnSe 

QDs, (C) CTAB-AuNRs, and the (D) Amp-P-AuFeZnSe QDs-AuNR hybrid nanostructure. 
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Fig. 2. (A) PXRD pattern of the Amp-P-AuFeZnSe QDs. DLS plots of the (B) CTAB-AuNRs, (C) 

Amp-P-AuFeZnSe QDs, and the (D) Amp-P-AuFeZnSe QDs-AuNR nanocomposite. (E) FT-IR 

spectra of the (i) Amp-P, (ii) AuNRs, (iii) Amp-P-QDs and the (iv) Amp-P-QDs-AuNR nanocomposite. 
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Fig. 3. (A) UV/vis (dotted line) and fluorescence emission spectra (solid line) of Amp-P-AuFeZnSe 

QDs. (B) UV/vis absorption spectrum of the CTAB-AuNRs and (C) comparative fluorescence 

emission spectra of the Amp-P-QDs, Amp-P-QDs-AuNR hybrid, Amp-P-Apt-QDs-AuNR, and the 

fluorescence spectra response for As (III) using the Amp-P-QDs-AuNR nanocomposite (no Apt), 

Amp-P-Apt-QDs and the Amp-P-Apt-QDs-AuNR nanocomposite. [As (III)] = 100 μg/L. 
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Fig. 4. (A) Spectral overlap between the fluorescence emission spectrum of the unbound Amp-P-

AuFeZnSe QDs and the UV/vis absorption spectrum of the unbound CTAB-AuNRs. The 

fluorescence emission and UV/vis absorption spectra of the Amp-P QDs-AuNR hybrid is also shown. 
(B) Fluorescence spectra and corresponding intensity signal (inset) for As (III) detection (100 μg/L) 

at different pH using the Amp-P-Apt-QDs-AuNR hybrid nanocomposite biosensor probe. 
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Fig. 5. LSPR fluorescence enhanced intensity signal showing (A) the effects of the Amp-P-QDs 

concentration for the detection of As (III) at a fixed AuNR concentration (28 nM) and the (B) effect of 

the Amp-P-QDs:AuNR v/v ratio for As (III) recognition. Control = Amp-P-QDs-AuNR. [Apt] = 1 μM. 
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Fig. 6. LSPR fluorescence enhanced intensity signal showing the selectivity of the Amp-P-Apt-QDs-

AuNR biosensor probe towards As (III) detection. All analyte concentration were fixed at 100 μg/L. 
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Fig. 7. (A) LSPR fluorescence enhanced spectra showing the quantitative detection of As (III) using 

the Amp-P-Apt-QDs-AuNR biosensor probe. (B) Corresponding fluorescence intensity signal plotted 

against each detected As (III) concentration in order to generate the calibration plot.  Inset of Fig. 

7B: Linear calibration plot. 
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