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 ความก้าวหน้าล่าสุดของงานวิจัยทางนาโนเทคโนโลยีและวัสดุนาโนคือการได้นําเอามาใช้ในงานทางด้าน
เคมีวิเคราะห์ในการออกแบบฟลูออเรสเซนซ์โพรบเป็นจํานวนมาก ซึ่งในงานวิจัยจะนี้มุ่งเน้นการสังเคราะห์และ
ประยุกต์ใช้วัสดุนาโนที่แตกต่างกันสองชนิด ประกอบด้วย ซิลเวอร์นาโนคลัสเตอร์ (AgNCs) และ แคดเมียมซัลไฟด์
ควอนตัมดอท (CdS QDs) เพ่ือสร้างเป็นเซนเซอร์เชิงแสง 
 งานวิจัยน้ีทําการสังเคราะห์ซิลเวอร์นาโนคลัสเตอร์โดยการใช้พอลีอิเล็กโทรไลต์ คอืพอลีเมททาคลิลคิ   
แอซิด (PMAA) ซึ่งทําหน้าที่เป็นตัวรีดิวซ์และแมแ่บบในการเกิดอนุภาคนาโน จากน้ันนําไปใช้เป็นคัลเลอร์รีเมตรกิ
และฟลูออเรสเซนซ์เซนเซอรส์ําหรับการวิเคราะห์เชิงคุณภาพและปริมาณของ Fe2+ และ Co2+ ตามลําดับ การ
สร้างคัลเลอร์รเีมตริกเซนเซอร์แนวทางใหมส่ําหรับตรวจวัด Fe2+ ทําได้โดยการใช้ ซิลเวอร์นาโนคลัสเตอร์ พบว่า
เมื่อสารละลายมี Fe2+ สีของสารละลายซิลเวอร์นาโนคลัสเตอร์จะเปลี่ยน เป็นสีสม้ และสามารถสังเกตการ
เปลี่ยนแปลงนีไ้ด้ด้วยตาเปล่า นอกจากน้ันยังได้นําเอาซิลเวอร์นาโนคลัสเตอร์น้ีไปประยุกต์ต่อ โดยทําการปรับปรุง
ซิลเวอร์นาโนคลัสเตอร์โดยใช้ซิสเตอีน (L-Cyst-AgNCs) แล้วใช้ในการตรวจวัด Co2+ พบว่าเมื่อสารละลายมี Co2+ 
ผสมอยู ่ความเข้มของการคายแสงฟลูออเรสเซนซข์อง L-Cyst-AgNCs มีค่าลดลงและแปรผันตามความเข้มข้นของ 
Co2+ ที่เพ่ิมขึ้น การศึกษาดังกล่าวน้ีแสดงให้เห็นว่า L-Cyst-AgNCs เป็นเซนเซอร์ทีม่คีวามจําเพาะเจาะจงต่อ Co2+ 
เมื่อเปรียบเทียบกับโลหะไอออนชนิดอ่ืนๆ 
 นอกจากน้ันแล้วงานวิจัยน้ียังมุ่งเน้นในการสร้างเซอร์คูลาร์ไดโครอิซึมเซนเซอร์ โดยอาศัยสมบัติเชิงแสงที่
เป็นเอกลักษณ์ของผลึกนาโนของสารก่ึงตัวนํา แคดเมียมซัลไฟด์ควอนตัมดอท (CdS QDs) โดยทําการเสนอ
แนวทางใหม่เพ่ือตรวจวัด Ni2+ และ Co2+ โดยวัดสัญญาณการบิดระนาบแสงโพลาไรซ์ (CD) ของแคดเมียมซัลไฟด์
ควอนตัมดอทที่มีโมเลกุลปกคลุมเป็นซิสเตอีน (L-Cyst-CdS QDs) พบว่าการมี Ni2+ หรือ Co2+ จะส่งผลให้
สเปกตรัมของการบิดระนาบแสงโพลาไรซ์ของ L-Cyst-CdS QDs มีการเปลี่ยนแปลงอย่างมีนัยสําคัญ เน่ืองจากเกิด
สารประกอบเชิงซ้อนไครัลปกคลุมบนพ้ืนผิวของควอนตัมดอท นอกจากน้ันยังทําการสร้างเซนเซอร์การบิดระนาบ
แสงแนวทางใหม่โดยการใช้แคดเมียมซัลไฟด์ควอนตัมดอทท่ีปกคลุมด้วยซิสเตียมีน (Cys-CdS QDs) เพ่ือเป็น
เซนเซอร์สําหรับตรวจวัดและพิสูจน์เอกลักษณ์ไครัลของเพนนิซิลลามีน (PA) ซึ่งโดยทั่วไป D-PA และ L-PA ให้
สัญญาณการบิดระนาบแสงโพลาไรซ์ที่น้อย และ Cys-CdS QDs ไม่สามารถให้สัญญาณการบิดระนาบแสง
โพลาไรซ์ได้ แต่พบว่า สัญญาณการบิดระนาบแสงโพลาไรซ์ของ D-PA และ L-PA สามารถทําให้มีค่าสูงขึ้นและทํา
การตรวจวัดได้เมื่อมี Cys-CdS QDs อยู่ร่วมด้วย  



 งานวิจัยน้ียังทําการศึกษาเพ่ิมเติมในการสร้างฟลูออเรสเซนซ์เซนเซอร์โดยการใช้ CdS QDs สําหรับ
ตรวจวัด Cu2+, Hg2+ และ cysteamine โดยพบว่า Cys-CdS QDs สามารถนํามาใช้เป็นฟลูออเรสเซนซ์เซนเซอร์
แบบเปิดสัญญาณเพ่ือตรวจวัด Cu2+ และการคายแสงฟลูออเรสเซนซ์ของ Cys-CdS QDs มีการเปลี่ยนแปลงสอง
แบบคือมีความเข้มการคายแสงเพิ่มขึ้นและเกิดการเลื่อนของความยาวคลื่นไปทางแสงสีแดงเมื่อมีการเติม Cu2+ 
นอกจากน้ีพบว่าค่าความเข้มของการคายแสงฟลูออเรสเซนซ์ของ Cys-CdS สามารถเปล่ียนแปลงได้เมื่อมีการ
ปรับปรุงพ้ืนผิวโดยการใช้ Ag+ (Ag+@Cys-CdS QDs) และสามารถนํามาใช้เป็นฟลูออเรสเซนซ์เซนเซอร์ในการ
ตรวจวัด Hg2+ โดยการคายแสงของ Ag+@Cys-CdS QDs มีการลดลงแม้มีปริมาณ Hg2+ ที่ระดับความเข้มข้นน้อย
มาก เน่ืองจากเกิดอันตรกิริยาแบบเมทัลโลฟิลิค ระหว่าง Hg2+ และ Ag+ ส่วนงานวิจัยสุดท้าย ได้นําเอาแคดเมียม
ซัลไฟด์ควอนตัมดอทที่ปกคลุมพ้ืนผิวด้วยเพนนิซิลลามีน (DPA-CdS QDs) เพ่ือใช้เป็นฟลูออเรสเซนซ์เซนเซอร์
สําหรับตรวจวัดซีสเตียมีน เมื่อในระบบมีซีสเตียมีน จะส่งผลให้ความเข้มของการคายแสงฟลูออเรสเซนซ์ของ DPA-
CdS QDs มีค่าเพ่ิมขึ้นตามปริมาณของซิสเตียมีนที่เพ่ิมขึ้น เซนเซอร์ที่เสนอขึ้นมานี้สามารถนํามาใช้ในการตรวจวัด
ซีสเตียมีนในตัวอย่างนํ้าปัสสาวะอย่างมีประสิทธิภาพด้วยความแม่นที่สูง   
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 The recent advances in nanotechnology and nanomaterials have been integrated into 
analytical chemistry for the design of large numbers of fluorescent chemical probes. In this work 
focused on the synthesis and application of two different types of nanomaterials including silver 
nanoclusters (AgNCs) and cadmium sulfide quantum dots (CdS QDs) for fabrication of the optical 
sensors.  
 A water-soluble AgNCs was synthesized by using polyelectrolyte poly(methacrylic acid) 
(PMAA) as a reducing agent and template and demonstrated to use as a selective colorimetric sensor 
and fluorescence sensor for qualitative and quantitative analysis of Fe2+ and Co2+, respectively. A 
new colorimetric sensor for selective detection of Fe2+ by utilization of AgNCs was demonstrated. In 
the presence of Fe2+, the color of AgNCs turned to orange and can be observed by the naked eye. 
This work was extended by the modification of AgNCs with L-Cysteine (L-Cyst-AgNCs) to be a 
Co2+ sensor. In the presence of Co2+, the fluorescence intensity of L-Cyst-AgNCs was quenched as a 
linear function with the increasing of Co2+ concentration. The L-Cyst-AgNCs showed good 
selectivity towards the detection of Co2+ compared to other tested metal ions. 
 In addition, this work focused on the fabrication of circular dichroism sensors based on the 
unique optical property of the synthesized nanocrystalline semiconductor cadmium sulfide quantum 
dots (CdS QDs). A new approach for selective determination of Ni2+ and Co2+ by measuring a 
circular dichroism (CD) signal of CdS QDs capped with L-Cysteine (L-Cyst-CdS QDs) was 
demonstrated. In the presence of Ni2+ or Co2+, the CD spectra of L-Cyst-CdS QDs were significantly 
changed due to the formation of new chiral complexes on the capping molecules. In addition, a new 
CD sensor based upon cysteamine capped CdS QDs (Cys-CdS QDs) was demonstrated for detection 
and chiral identification of penicillamine (PA). Basically, D-PA and L-PA provide very low CD 
signals and the Cys-CdS QDs are not optically active in the CD signal. However, the CD signals of 
D-PA and L-PA can be enhanced in the presence of Cys-CdS QDs. 
 Furthermore, the fluorescence sensors based CdS QDs were demonstrated for the detection of 
Cu2+, Hg2+ and cysteamine. The Cys-CdS QDs can be used as a selective turn-on fluorescence sensor 
for Cu2+ detection. The fluorescence intensity of the Cys-CdS QDs was both enhanced and red 
shifted in the presence of Cu2+. In addition, the fluorescence intensity of Cys-CdS QDs can be 
modulated with Ag+ and employed as fluorescence sensors for the determination of Hg2+ ion. The 
fluorescence intensity of the Ag+ modulated Cys-CdS QDs (Ag+@Cys-CdS QDs) was significantly 
quenched in the presence of trace amounts of Hg2+ due to high-affinity metallophilic interactions 
between Hg2+ and Ag+. Finally, D-penicillamine capped cadmium sulfide quantum dots (DPA-CdS 
QDs) was proposed to be a fluorescence sensor for cysteamine detection. In the presence of 
cysteamine, the fluorescence intensity of the DPA-CdS QDs was enhanced proportionally with 
increasing cysteamine concentration. This sensor can be efficiently used for the detection of 
cysteamine in real urine samples with high accuracy. 
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 This work focused on the utilization of the special optical properties of optical 
nanomaterials including silver nanoclusters and nanocrystalline cadmium sulfide quantum dots 
for the fabrication of chemical sensors. Three types of new optical sensors were constructed 
including colorimetric sensor, fluorescence sensor and circular dichroism sensor. A colorimetric 
sensor was derived from optical property of the silver nanoclusters templated by polymethacrylic 
acid for the detection of ferrous ion. A novel concept of circular dichroism sensors based on 
chiral and achiral cadmium sulfide quantum dots were successfully demonstrated and fabricated. 
For the chiral quantum dots, L-Cysteine capped cadmium sulfide quantum dots, was used as a 
sensor probe for the detection of cobalt ion and nickel ion. In addition, achiral quantum dots, 
cysteamine capped cadmium sulfide quantum dots can be used as chiral identification and 
detection of penicillamine isomer. Finally, the new fluorescence sensors can be fabricated based 
on the silver nanoclusters and quantum dots. The silver nanoclusters modified with L-Cysteine 
can be used to selectively detect cobalt ion. The cadmium sulfide quantum dots capped with 
cysteamine was used to detect copper ions and can be applied for the detection of mercury ions 
after modification with silver ion. The cadmium sulfide quantum dots capped with D-
penicillamine was utilized as a sensor probe for detection of cysteamine.   
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1. A highly selective colorimetric sensor for ferrous ion based on polymethylacrylic 
acid-templated silver nanoclusters  
 
1. Introduction  

Iron is an integral metal ion in many physiological processes involving electron 
transfer [1]. Basically, it can complex with hemoglobin which carries oxygen from lungs to 
cells and plays an equally essential role in respiratory enzymes such as cytochromes [2]. 
However, accumulation of iron in the central nervous system can cause diseases such as 
Huntington’s, Parkinson’s, and Alzheimer’s diseases [3]. On the other hand, iron deficiency 
can be a problem during infancy, pregnancy, and adolescence [4]. In order to avoid the iron 
deficiency disease, an adequate supply of iron is required by taking dietary supplements, 
which contain iron, such as multi-vitamins.  

It is important to develop simple, accurate, and low cost methods for iron 
determination. Several methods have been proposed for quantitative analysis of iron such as 
spectrophotometry [5-10], digital image-based colorimetry [11], flow injection analysis [12-
14], fluorescence [15-16], chemiluminescence [17], radiometric [18],  ion selective electrode 
[19-24], voltammetry [25-27], and high performance liquid chromatography [28-30]. 
Furthermore, atomic absorption [31-32] and inductively coupled plasma mass spectrometry 
can commonly be used to determine a total concentration of iron in samples [33]. Basically, 
the simplest method for iron determination is based on the spectrophotometric detection after 
formation of a colored complex of Fe2+ with a specific ligand [34]. Several organic dye-based 
colorimetric probes for Fe3+ have recently been reported [35-40]. However, organic dyes 
forming color complexes with Fe2+ have been rarely studied [41]. Therefore, it is still 
important to search for a new compound to fabricate a selective colorimetric sensor for 
detecting Fe2+ in pharmaceuticals and food supplements [42]. 

Nanomaterials play an important role in the development of new chemical sensors due 
to excellent properties over its conventional bulk materials, especially the optical properties. 
Silver nanoclusters (AgNCs) are a new type of nanomaterials which consist of several to 
roughly a hundred atoms of silver [43]. The size of AgNCs is bigger than silver atom but 
smaller than silver nanoparticles resulted in hybrid properties between a single atom and 
nanoparticles. AgNCs possess a molecule-like property with a discrete electronic energy level 
[44]. Therefore, when AgNCs are excited by an appropriate light source, the nanoclusters can 
give fluorescence with high emission rates and large Stokes shifts [45]. Thus, the AgNCs can 
be used to fabricate the fluorescence sensors. 

Recently, different synthetic methods have been developed to prepare water-soluble 
Ag nanoclusters [46-48] to improve the quality of the nanoclusters. All synthetic methods 
start from a Ag+ precursor that must be reduced to Ag0. The key point of the nanoclusters 
synthesis is the use of scaffolds to prevent particle aggregation. There are several types of  
scaffolds used in the synthesis of AgNCs such as polyelectrolytes, polymers, DNA, and 
dendrimers [49-52]. In addition, a simple anionic polyelectrolyte poly(methacrylic acid) 
(PMAA) has been proved to function as an ideal template to generate high quality AgNCs.  

The applications of the AgNCs templated by PMAA which were synthesized by 
different methods have been reported. Most of the reports were based on the measurement of 
fluorescence emission such as the AgNCs synthesis from UV irradiation process can be used 
as Cu2+ sensor by measuring the fluorescence quenching [53]. In addition, AgNCs 
synthesized from a microwave irradiation process were employed as a sensitive and selective 
fluorescence quenching sensor for Cr3+ [47]. Moreover, AgNCs templated by PMAA were 
reported as a biosensor for detecting α-L-fucosidase (AFu) by measuring the fluorescence 
quenching [54]. From the literature reviews and our knowledge, there is no report regarding 
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the use of AgNCs templated by PMAA in fabricating colorimetric sensors for the detection of 
Fe2+.    

Currently, colorimetric sensors have become popular due to their capabilities to detect 
target compounds by observing color changes without resorting to any expensive instruments 
[55]. Thus, the development of naked eye diagnostic tool for selective detection of iron is a 
challenge in sensor research. In this paper, we aim to fabricate a new colorimetric sensor for 
selective detection of Fe2+ by utilization of AgNCs stabilized with PMAA. We hypothesized 
that in the presence of Fe2+, un-reacted Ag+ in the AgNCs solution can be reduced to Ag0 and 
deposit on the AgNCs. Therefore, the increasing particle size and the color changes are 
expected to be observed by the naked eye. Possible parameters affecting the color change are 
investigated and optimized to obtain the best sensitivity. Moreover, selectivity of the sensor 
towards Fe2+ comparing to other metal ions is also investigated. In addition, the proposed 
sensor is used to determine Fe2+ in iron supplement tablets. 

 
2. Experimental 

2.1 Chemicals 
All reagents are of analytical grade and used without further purification. Silver 

nitrate, BDH, England. Poly(methacrylic acid) sodium salt, Sigma-aldrich, Germany. Ferrous 
ammonium sulphate, Carlo Erba Reagents, Italy. Glacial acetic acid, QRec, Thailand. Sodium 
hydroxide, Carlo Erba Reagents, Italy. Ferric nitrate nonahydrate, lead (II) nitrate, nickel 
nitrate hexahydrate and zinc nitrate hexahydrate were purchased from Fluka. Sodium acetate 
and sodium hydroxide were obtained from Carlo Erba Reagents. Ultrapure water (18.2 MΩ 
cm) was obtained from a Millipore water purification system.  

 
2.2 Instrumentations 

Absorbance spectra were recorded using an Agilent HP 8453 UV–Vis 
spectrophotometer. Fluorescence spectra were recorded using a RF-5301PC 
spectrofluorometer (Shimadzu). The slit width used for both excitation and emission were 10 
nm. Cyclic voltammetry (CV) was carried out with an Autolab PGSTAT101 
potentiostat/galvanostat. The Nova 1.7 software was used to control the system and process 
data. A conventional three-electrode system was used. A glassy carbon electrode was used as 
working electrode, while the platinum sheet was used as counter electrode and Ag/AgCl as 
reference electrode. The pH of solutions was measured using UB-10 Ultra Basic pH meter 
(Denver Instrument). Transmission electron microscopy (TEM) images of the AgNCs were 
recorded on Tecnai G2-20 (FEI, Netherlands) under the accelerating voltage of 200 kV. An 
inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 2100 DV, 
USA) was used to determine total Fe content in the samples.  

 
2.3 Synthesis of silver nanoclusters (AgNCs) 

The silver nanoclusters (AgNCs) were synthesized using the procedure published 
previously [54] with modification. Briefly, AgNO3 (0.1699 g, 12.5 mmol) was dissolved in 
80 mL of deionized water in a three necked round bottom flask, and PMAA was diluted by 
water in the proportion of 1:20. The AgNO3 and PMAA solution were sonicated about 30 
min before mixing. The AgNO3 solution was then heated at 90 ºC under nitrogen atmosphere 
and 9 mL of PMAA solution was quickly added the hot AgNO3 solution with stirring. The 
mixed solution was refluxed under nitrogen atmosphere for 270 min. The mixture gradually 
became colorless to light umber color and then a reddish purple color. The concentration of 
colloidal silver nanoclusters was calculated using the mole of AgNO3 and found to be 11.25 
mM. The size of the synthesized AgNCs was characterized by transmission electron 
microscope (TEM). 
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2.4 Absorbance measurements  
Absorption spectra of AgNCs before and after adding Fe2+ were recorded in the 0.1 M 

acetic-acetate buffer solution at pH 5.0. To a 10.00 mL volumetric flask, 400 L of 11.25 
mM AgNCs (final concentration = 0.45 mM) and 40 μL of 10 mM ferrous ammonium sulfate 
hexahydrate solution (final concentration = 40 μM) were sequentially added. The mixture 
was made to a final volume of 10.00 mL with 0.1 M acetic-acetate buffer pH 5.0. The 
mixture was then incubated at room temperature for 20 min. The absorbance was monitored 
at the wavelength of 447 nm. The absorbance of silver nanoclusters solution and the 
absorbance after adding Fe2+ were assigned as A0 and A, respectively. The difference of the 
absorbance (A-A0) was plotted versus the concentration of Fe2+ to obtain a calibration curve. 
To study the effect of incubation time, the mixed solution between AgNCs and Fe2+ in 0.1 M 
acetic-acetate buffer solution pH 5.0 was incubated at 1-60 minutes before the absorbance 
measurements. To study the effect of solution pH, 0.1 M acetic-acetate buffer was used to 
control the pH range of 4.0-6.0. The calibration curve was constructed under the optimized 
conditions (0.45 mM of AgNCs in 0.1 M acetic-acetate buffer pH 5.0 and incubation time of 
20 min) in the presence of Fe2+ concentration ranging from 5 to 100 µM. 

2.5 Selectivity of the sensor 
To evaluate the selectivity of the proposed sensors, the following procedure was 

carried out. An individual stock solution of various metal ions (10 mM) was prepared by 
dissolution of a metal salt in deionized water. To a 10 mL volumetric flask containing 400 L 
of 11.25 mM AgNCs (final concentration = 0.45 mM) was added individually 40 μL of 10 
mM stock metal ions including Na+, K+, Li+, Mg2+, Ca2+, Pb2+, Ba2+, As3+, Cr3+, Zn2+, Cd2+, 
Fe2+, Fe3+, Co2+, Ni2+, Cr3+ and Cu2+ to obtain a final concentration of 40 μM. The mixture 
was diluted to the total volumetric flask with 0.1 M acetic-acetate buffer pH 5.0. The solution 
was mixed thoroughly and left for 20 min before recording the absorption spectrum. 

2.6 Determination of Fe2+ in real tablet samples 
A ferrous sulfate tablet sample (0.0500 g) was ground to a fine powder. The obtained 

powder was dissolved in 200 mL of deionized water and sonicated for 30 min. The 
suspension was subsequently filtered through a filter paper. Then, 1 mL of the supernatant 
solution was added to a 10 mL volumetric flask containing 400 µL of AgNCs and diluted 
with 0.1 M acetic-acetate buffer pH 5.0. The concentration of Fe2+ can be calculated using the 
standard calibration curve. For standard addition method, the appropriate volumes of Fe2+ 

standard solution were individually added into the mixture of 400 µL of AgNCs and 1 mL of 
the sample solution. Then the mixture was diluted with 0.1 M acetic-acetate buffer pH 5.0, 
and left for 20 min before recording the absorption spectrum.  

3. Results and Discussion 
 

AgNCs are one of the most currently interesting nanomaterials and have recently been 
introduced to the chemical analysis approach. Since the size of the nanoclusters, between a 
silver atom and silver nanoparticles, results in discrete electronic levels and allows the 
transition of an electron from a ground state to a higher electronic state upon excitation, the 
fluorescence emission is a dominant characteristic of this material. On the other hand, there 
are a few reports about the use of the absorption property of AgNCs to fabricate chemical 
sensors. Based on the quantum confinement effect, the absorption change can be expected if 
the size of the particle is changed. Therefore, in this work we expect the color of AgNCs 
solution changes in the presence of Fe2+ due to the increasing particle size. Parameters 
affecting the color changes are investigated and discussed extensively. 
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3.1. Characterization of the synthesized AgNCs 

The water-soluble silver nanoclusters (AgNCs) were successfully synthesized by an 
assistance of PMAA which was used as both template and reducing agent in a one-pot 
reaction. To avoid the oxidation reaction by oxygen presented in the solution, the solution of 
Ag+ and PMAA must be sonicated to remove the dissolved oxygen. AgNCs were obtained 
after heating the mixture of Ag+ and PMAA solution under N2 atmosphere. Characteristics of 
the synthesized AgNCs were investigated by TEM, UV-Vis spectrophotometer and 
fluorometer.  

The morphology of AgNCs was elucidated by TEM as shown in Fig. 1(a). The shape 
of the synthesized particles was nearly spherical, and the particles have a uniform distribution 
without any aggregation with an average size of about 2.1±0.1 nm (N=172). This result 
confirms that the synthesized particles are at the nanocluster size approaching the Fermi 
wavelength of electrons (0.5 nm for Au and Ag) [56]. Therefore, interesting properties 
beyond nanopaticles, such as the discrete energy levels leading to the observation of 
dramatically different optical, electrical, and chemical properties, can be expected [57]. 
Moreover, the synthesized nanoclusters become molecular-liked species with size-dependent 
absorption and size-dependent fluorescent emission upon irradiation by the UV–Visible light 
[58]. 

 

Fig.1  TEM images of AgNCs templated PMAA (a) before adding Fe2+, the average particle 
size was 2.1±0.1 nm (N=172) and (b) after adding Fe2+, the average particle size was  
7.4± 0.2 nm (N=32) (c) UV–Vis absorption spectra of the synthesized silver 
nanoclusters (AgNCs) at the concentration of 0.45 mM in deionized water and the 
solution of 6.010-3 %w/v PMAA (equivalent to the concentration of 0.45 mM 
AgNCs).   

Depending on the synthesis method and stabilizing agents, silver nanoclusters show 
different absorbance and fluorescence characteristics [59]. The optical properties of AgNCs 
were characterized and the results were shown in Fig 1(c). There was no significant plasmon 
band of Ag nanoparticles appeared in the range of 380-450 nm. The damping of the plasmon 
absorption with a respective weak and broadened absorption is typical for nanocrystal size 
particles (around 2 nm) [60-61]. 

Fluorescence emission of the synthesized particles can be used to confirm the 
nanocluster size of the particles due to the discrete electronic transition basically occurring in 
the nanocluster size level. Therefore, the fluorescence spectrum of the AgNCs was recorded 
and shown in Fig. S1 (ESI). The fluorescence emission maximum of AgNCs was obtained at 
555 nm when exciting at 470 nm. The fluorescence spectrum showed a relatively symmetric 
emission band suggesting that the synthesized AgNCs were nearly homogeneous and 
monodisperse [62].  
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The absorption and fluorescence spectrum revealed that the size of obtained particles 
was in the nanoclusters range, and there was no silver nanoparticles in the synthesized 
product, which was in agreement with the result obtained from TEM. Therefore, the 
fabrication of colorimetric probes based on nanocluster size particles can be performed using 
the as-prepared AgNCs.    

      
3.2. Study of the absorption spectra  

Experiments were carried out in acetic-acetate buffer pH 5.0 and in the final 
concentration of AgNCs and metal ion at 0.45 mM and 40 μM, respectively. The absorbance 
of AgNCs was firstly measured and the spectrum was showed in Fig. 2. The inset in Fig. 2 
depicted the corresponding color of each solution mixture. The AgNCs themselves showed 
very weak absorption band around 350-500 nm corresponding to a light yellow color. On the 
other hand, in the presence of Fe2+ the absorbance at 447 nm significantly increased and the 
color of the mixture turned to orange. Therefore, the synthesized AgNCs can potentially be 
used as a naked eye colorimetric sensor for detecting Fe2+. To confirm this observation was 
actually resulted from the two components, Fe2+ and AgNCs, parallel experiments were 
performed. AgNCs were mixed with Fe3+, and the absorption spectrum was recorded. The 
absorbance slightly increased comparing to the original spectrum. However, Fe3+ cannot 
significantly change the color of AgNCs. This result signifies that AgNCs can be used to 
differentiate Fe2+ and Fe3+. In addition, to confirm the important role of AgNCs, the 
absorbance spectra of the mixture between Fe2+/PMAA and Fe2+/Ag+ were measured. There 
was no significant change observed in both cases. The color change was not due to the 
mixture of PMAA and Fe2+. In addition, in the absence of AgNCs, the reaction of Fe2+ and 
Ag+ could not give a color change.  

 

Fig.2  Absorption spectra of 0.45 mM AgNCs and AgNCs in the presence of Fe2+and Fe3+ 
compared with the mixture between PMAA+ Fe2+ and Ag++Fe2+ in 0.1 M acetic-
acetate buffer pH 5.0. (All of metal ion concentrations were fixed at 40 μM).   
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3.3. Possible sensing mechanism   

From the previous section, it can clearly be seen that the mixture of AgNCs and Fe2+ 
gave the orange solution with the maximum absorption at 447 nm. Actually, during the 
synthesis of AgNCs the reduction of Ag+ to Ag0 cannot be completed. Therefore, there is 
always free Ag+ remained in the solution. The cyclic voltammetry was used to confirm the 
presence of unreacted Ag+ and the results were shown in the Fig. S2 (ESI). Form cyclic 
voltammograms of the AgNCs and AgNO3 solution, it can be seen that the cathodic peak 
(Epc) at -114 mV vs Ag/AgCl was due to the reduction of Ag+ to Ag0 and deposited on the 
electrode surface. Moreover, the anodic peak (Epa) at 400 mV vs Ag/AgCl was due to the 
oxidation of Ag0 which deposited on the electrode surface to Ag+. This result confirmed that 
there were unreacted Ag+ remained in the AgNCs solution. In this work, the unreacted Ag+ 
may bind with the negative charge of PMAA.  

 
Fig. S2 Cyclic voltammogram taken in 0.11 mM AgNCs and 0.11 mM AgNO3 solution in 0.1 
 M acetic-acetate buffer pH 5.0 at a scan rate of 100 mV s-1  

 
After adding Fe2+ into the AgNCs solution, free Ag+ on the polymer chain will be 

reduced by Fe2+ and deposited on the AgNCs. Therefore, the increasing size of the 
nanoclusters can be expected. The optical characteristic of the nanoclusters was reduced and 
the surface plasmon behavior, which is the nanoparticles characteristic, was dominated. This 
can be seen by the increasing of the plasmon band at around 447 nm (Fig. 2). This result 
agreed well with the TEM result shown in Fig. 1(b). Form the TEM image, it can be clearly 
seen that the average particle size of the AgNCs after mixing with Fe2+ was around 7.4±0.2 
nm bigger than the original AgNCs (2.1±0.1 nm).  

In addition, the results from the fluorescence spectroscopy can also used to support 
this phenomenon. Basically, if the particle size is in the nanoclusters region, the discrete 
energy level should be dominated. On the other hand, the energy level become close together 
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if more silver atoms are connected. It is expected that the fluorescence emission of the 
AgNCs should decrease with the increasing of the particle size (to be the silver 
nanoparticles). Therefore, the fluorescence emission of AgNCs in the absence and presence 
of Fe2+ were measured and the results were shown in Fig. S1 (ESI). The fluorescence 
intensity of the AgNCs can be observed indicating the presence of the discrete energy level. 
On the other hand, the fluorescence intensity decreased at the same wavelength in the 
presence of Fe2+. This result suggests that the decreasing of the fluorescence intensity was 
due to the decreasing of the number of nanoclusters (fluoresce specie) and the increasing of 
the number of nanoparticles (non-fluoresce species).  

The reduction of free Ag+ causing the increasing of the AgNCs size has also been 
reported by Tang, F. and coworker [54]. The growth of AgNCs was due to the reduction of 
the surplus Ag+ to Ag0 by α-L-fucosidase, and the fluorescence intensity was quenched due to 
the growth of the particle size. In addition, AgNCs were required as catalysts for the growth 
of the particles.    

 

Fig. S1 Fluorescence spectra of 0.45 mM AgNCs without and with 40 μM Fe2+ in 0.1 M 
acetic-acetate buffer pH 5.0  

 
3.4. Selectivity of the proposed sensor 

The selectivity of the sensor is the key feature of a chemical sensor because the 
proposed sensor must ideally respond to only one target species when other related species do 
not respond in the same direction. Although there are many reports on the use of organic 
ligands as selective probes for fabricating colorimetric sensors for Fe2+, to the best of our 
knowledge the use of other materials to fabricate a selective colorimetric sensor for Fe2+ has 
not yet been reported. In this work, we proposed the colorimetric sensor using PMAA-
template AgNCs for the detection of Fe2+. The interference of other cations to our proposed 
sensor must be investigated by measuring the absorbance change in the presence of various 
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cations including Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, 
Ag+, Pb2+, Hg2+, Al3+ and Cr3+. The absorption spectra of AgNCs in the presence of various 
metal ions and the corresponding absorbance changes were shown in Fig. 3(a) and Fig. 3(b), 
respectively. Moreover, color changes upon mixing each metal ion with AgNCs were 
exhibited in Fig. 4. It can be seen that the absorbance spectra of the AgNCs at 447 nm were 
significantly increased only in the presence of Fe2+. On the other hand, other studied metal 
ions especially Fe3+ did not significantly affect the spectrum. In addition, as seen from Fig. 4, 
the color of AgNCs turned to orange only in the case of Fe2+. The slightly yellow color can 
be observed in the case of Fe3+ possibly due to the redox equilibrium between Fe2+ and Fe3+. 
Our proposed sensor can be used in a qualitative analysis for Fe2+ using the naked eye. The 
interfering studies confirmed that the proposed sensor possesses the highest selectivity 
towards Fe2+. From the absorption spectra in Fig. S3 (ESI), it can be clearly seen that this 
sensor can be used to detect Fe2+ in the presence of other metal ions. However, Hg2+ showed 
a different spectrum from other metal ions, probably due to different effects to the sensor. 
The good selectivity of this sensor may be due to the fact that the spontaneous redox reaction 
can be possible only in the case of Fe2+. From the standard reduction potential data [63], it 
can be seen that the reduction potential of Fe3+ + e- → Fe2+ equal to 0.771 V (at 298.15 K) 
which is less than that of Ag+ + e- → Ag (s) (0.7993 V at 298.15 K). Therefore, the reduction 
of Ag+ by Fe2+ can spontaneously occur. On the other hand, other studied metal ions possess 
higher reduction potential than that of Ag+/Ag (cannot undergo the oxidation reaction), and 
the spontaneous redox reaction cannot be occurred. The selectivity of this sensor can, 
however, be interfered by a strong reducing agent such as Sn2+. 

 

 
 Fig.3  (a) Absorption spectra of 0.45 mM AgNCs with different metal ions in 0.1 M acetic-

acetate buffer pH 5.0. (b) The corresponding absorbance difference between before 
(A0) and after (A) adding various metal ions to a final concentration of 40 µM.  
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Fig.4  Photograph of 0.45 mM AgNCs solution with different metal ions in 0.1 M acetic-
acetate buffer pH 5.0 when adding various metal ions to a final concentration of 40 
µM. 

 
Fig. S3 Absorption spectra of 0.45 mM AgNCs in the presence of Fe2+ 40 μM and 40 μM of 
 other metal ions in 0.1 M acetic-acetate buffer pH 5.0. 
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3.5. Effect of the solution pH 

Since pH of the solution can affect the charge of PMAA, the effect of the solution pH 
to the absorption spectra of AgNCs and the effect of pH to the reaction of the AgNCs with 
Fe2+ were studied. Experiments were carried out by adjusting pH of 0.1 mM acetic-acetate 
buffer from 3.0 to 6.5. The absorbance of AgNCs in different pHs before and after adding 
Fe2+ were shown in Fig. S4 (ESI) and the comparison of absorbance values were plotted as a 
function of pH as shown in Fig. 5. As shown in Fig. S4 (a) (ESI), absorption spectra of 
AgNCs were depended on the solution pH. At the solution pH lower than 5.0, the significant 
absorption spectra can be observed at around 435 nm. On the other hand, when the solution 
pH was higher than 5.0 the absorbance at 435 nm was very low. At lower pH, the aggregation 
of AgNCs may occur due to the protonation of the carboxylate group of the PMAA reducing 
the repulsion between the AgNCs particles. Therefore, the characteristic of silver 
nanoparticles was dominated. On the other hand, at higher pH, the negative charge of PMAA 
may prevent the particle aggregation, and the nanoclusters form was dominated.  

The effect of solution pH to the reaction of AgNCs and Fe2+ was shown in Fig. S4 (b) 
and the comparison of absorbance values was shown in Fig. 5(a). The results revealed that 
when adding 40 µM of Fe2+ the absorbance of AgNCs at 447 nm increased and absorption 
spectra were not much different for all studied pHs. This may stem from the fact that after 
AgNCs reacted with Fe2+ and the particles grew bigger, the pH would no longer affect the 
particle aggregation. However, to obtain the best sensitivity the maximum absorbance change 
should be selected. Fig 5(b) showed the relationship between the difference (A-A0) of AgNCs 
absorbance after (A) and before (A0) adding Fe2+ and solution pHs. It can be seen that at the 
solution pH higher than 4.5 the increasing of the absorbance at 447 nm were not significantly 
different. Therefore, the pH 5.0 was chosen as a suitable pH and used in further experiments. 

 
Fig. S4 Absorption spectra of 0.45 mM AgNCs in the absence (a) and presence (b) of  Fe2+ 40 
 μM in 0.1 M acetic-acetate buffer pH 3.0-6.5.   
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Fig.5  Effect of the solution pH towards the absorbance of 0.45 mM AgNCs in the absence 
 (a) and presence (b) of Fe2+ 40 μM in 0.1 M acetic-acetate buffer pH 3.0-6.5.  

3.6. Effect of the incubation time  

Fast response time is an ideal characteristic of chemical sensors. In this work the 
response time of the sensor was studied in term of the incubation time between AgNCs and 
Fe2+ in the range of 0-60 min at the optimized condition. The absorption spectra of the 
mixture between AgNCs and Fe2+ were recorded at different incubation time. The absorbance 
spectra were shown in Fig. S5 (ESI) and the plot between the absorbance values versus 
incubation times were depicted in Fig. 6. The results exhibited that the reaction between 
AgNCs and Fe2+ immediately occurred after mixing. Therefore, the response time of the 
proposed sensor is very fast and can be used to sense Fe2+ in a few seconds. For practical use, 
the color of AgNCs immediately changed to orange after mixing with Fe2+. Although, the 
reaction can immediately occur in a few minutes but the detection precision at the incubation 
time less than 20 minutes (as shown in Fig. 6) was not satisfied. Therefore, to obtain the best 
sensitive and precise sensor, we allowed the incubation time of 20 min before recording the 
absorbance spectra.  
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Fig.6  Effect of incubation time towards the absorption spectra of 0.45 mM AgNCs in 
presence of Fe2+ 40 μM in 0.1 M acetic-acetate buffer pH 5.0 at the incubation time 
from 0-60 min. 
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Fig. S5 Absorption spectra of 0.45 mM AgNCs in presence of Fe2+ 40 μM in 0.1 M acetic-
 acetate buffer pH 5.0 at the incubation time from 0-60 min.   

 

3.7. Effect of concentration of AgNCs on the detection of Fe2+ 
The effect of AgNCs concentrations to the detection sensitivity was investigated by 

measuring the absorbance of AgNCs at different concentrations in the presence of 40 μM 
Fe2+. The absorption spectra after adding Fe2+ were depicted in Fig. S6 (ESI) and the plot of 
absorbance values versus AgNCs concentrations were shown in Fig. 7. The absorbance of 
AgNCs (at 447 nm) is lower than 0.1 AU at all concentrations according to the characteristic 
of silver nanoclusters. The low absorbance of the sensor probe at the detection wavelength is 
a good characteristic for the sensor fabrication because a better sensitivity can be obtained. In 
the presence of Fe2+, higher concentration of AgNCs provided higher absorbance value with 
the red shift spectrum as shown in Fig. S6 (ESI). The higher concentration of AgNCs may 
provide bigger particle size of silver nanoparticles. However, when looking at the increasing 
absorbance (A-A0) at 447 nm and comparing to the absorbance of AgNCs at the same 
concentration (Fig. 7(b)), the increasing of the absorbance values was found to be in the same 
order. Therefore, the concentrations of AgNCs in the studied range did not significantly 
affect the detection sensitivity. However, the concentration of AgNCs should be fixed for a 
comparison and the color change could be distinguished by the naked eye. Therefore, the 
concentration of AgNCs at 0.45 mM was selected for further investigation. 
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Fig.7  Effect of the AgNCs concentration towards the absorption spectra of AgNCs in the 

presence of Fe2+ 40 μM in 0.1 M acetic-acetate buffer pH 5.0 at the different 
concentration of AgNCs from 0.11-0.90 mM.  

 
Fig. S6 Absorption spectra of AgNCs in presence of Fe2+ 40 μM in 0.1 M acetic-acetate 
 buffer pH 5.0 at the difference concentration of AgNCs from 0.11-0.90 mM.   
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3.8. Colorimetric titrations 

The quantitative analysis of Fe2+ by the proposed sensor was studied by measuring the 
AgNCs absorbance upon the increment of Fe2+ concentrations at the optimized condition to 
construct a calibration curve. The absorbance spectra of AgNCs at different Fe2+ 
concentrations and the corresponding calibration curve were shown in Fig. 8. Upon the 
increment of Fe2+ concentration from 5 to 100 μM, the absorbance at 447 nm linearly 
increased as a function of the increasing Fe2+ concentration. It should be noted that the 
spectrum shape did not change, and only the increasing of absorbance was observed. As 
shown in the inset of Fig. 8, the proposed sensor can be used in a wide linear working 
concentration range of 5-100 µM, where the linear regression equation was (A-A0) = 
9.5110-3 [Fe2+] (μM) + 0.0024 with a correlation coefficient (r2) of 0.9993. 

The LOD was calculated as the concentration of Fe2+ producing the absorbance equal 
to A0+3×the standard deviation of A0, whereas the LOQ was also calculated as the 
concentration of Fe2+ giving a absorbance equal to A0+10×the standard deviation of A0. The 
LOD and LOQ of the proposed sensor were 76 nM and 1.96 μM, respectively. These results 
indicated that the developed sensor was highly sensitive and that it could detect Fe2+ at very 
low concentration levels. There have been several reports on Fe2+ sensors as summarized in 
Table S1 (ESI). It can be seen from Table S1 that most of the detection limits obtained by 
colorimetric sensors are lower than micromolar range. In addition, the detection limit 
obtained by the proposed sensor is in nanomolar level which is better than that in the previous 
reports as shown in Table S1 (ESI). In addition, it should be noted that the selectivity of the 
proposed sensor over the detection of Fe3+ ion is excellent.  

Furthermore, the repeatability of the proposed sensor was evaluated. The relative 
standard deviation from the detection of 40 μM Fe2+ for ten replicates was found to be only 
0.67%. In addition, the repeatability of the calibration curve was also evaluated. The 
calibration curves of Fe2+ were constructed in triplicate by using the same crop of the 
synthesized AgNCs, and the results were shown in Fig. S7 (ESI). The three calibration curves 
obtained could be superimposed almost perfectly. These results suggested that the proposed 
sensor exhibited very good repeatability. Furthermore, the reproducibility of the proposed 
sensor was also demonstrated by constructing of the Fe2+ calibration curves from different 
crops of synthesis and the results were shown in Fig. S8 (ESI). Three calibration curves 
obtained from different crops of the synthesized AgNCs exhibited insignificantly different 
curve. This result suggests that the proposed sensor can provide a very well reproducibility.   
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Fig.8  Colorimetric titration spectra of 0.45 mM AgNCs with Fe2+ concentration range of 0-

100 µM in 0.1 M acetic-acetate buffer pH 5.0, (inset) the corresponding calibration 
curve.  

 
Fig. S7 (a) Absorption spectra of 0.45 mM AgNCs in presence of Fe2+ 40 μM in 0.1 M acetic-
 acetate buffer pH 5.0 at the same lot of the synthesized AgNCs  and (b) the 
 corresponding calibration curve.  
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Fig. S8 (a) Absorption spectra of 0.45 mM AgNCs (different crop) in presence of Fe2+ 40 μM 
 in 0.1 M acetic-acetate buffer pH 5.0 at the different lot of the synthesized AgNCs 
 and (b) the corresponding calibration curve.  
 

3.9. Measuring Fe2+ in real tablet samples 
In order to demonstrate the proposed method in real samples application, we further 

investigated the feasibility of the assay for the detection of Fe2+ in tablet samples. Two types 
of the iron supplement tablets in the ferrous sulphate form were dissolved in deionized water 
and diluted to the appropriate concentration before the measurement. Concentrations of the 
Fe2+ in diluted samples were directly calculated comparing to the standard calibration curve 
constructed by each method. Moreover, spiked samples with the standard Fe2+ at two 
different concentration levels were also evaluated to determine the method accuracy. The 
amount of Fe2+ in the tablet samples was also measured comparing to the 1,10-phenanthroline 
method. In addition, total Fe in the tablet samples were determined by using ICP-OES. The 
results obtained from the three methods are listed in Table 1. From Table 1, Fe2+ 
concentrations in the sample I and sample II calculated by the three methods were not 
significantly different. Moreover, after spiking two different Fe2+ concentration levels into the 
samples, the %recovery in the range of 98.6–116.8% was obtained, confirming the accuracy 
of the sensor. Regarding the precision aspect, %R.S.D. values of three measurements were 
less than 0.025%. These results showed that the proposed sensor provided a very good 
precision. 
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Table 1 Measurements of Fe2+ in iron supplement tablet samples using the proposed sensor, 
1,10 phenanthroline and ICP-OES  method. 

Methods Sample No Added (μg) 
Found ± SD 

(%W/W) 
%RSD 

% Recovery 
± SD 

This method 

Sample I 
- 13.45 ± 0.20 0.015 - 

5.58  16.46 ± 0.06 0.003 104.9±0.4 
16.7 20.81 ± 0.33 0.016 103.3±1.7 

Sample II 
- 15.85 ± 0.23 0.014 - 

5.58 21.12 ± 0.53 0.025 116.8±2.9 
16.7 23.56 ± 0.00 0.002 98.6±0.2 

1,10-
Phenanthroline 

Sample I 
- 13.95 ± 0.42 0.030 - 

5.58 15.82 ± 0.25 0.016  97.8±1.5 
16.7 20.23 ± 0.10 0.005 98.0±0.5  

Sample II 
- 16.03 ± 0.66 0.041 - 

5.58 18.16 ± 0.11 0.006 99.4±0.1  
16.7 22.50 ± 0.00 0.002 99.0±0.2 

      ICP-OES 

Sample I 
- 14.30 ± 0.20 0.014  - 

5.58 15.90 ± 0.20 0.013 96.3±1.2  
16.7 19.80 ± 0.49 0.025  94.3 ±2.3 

Sample II 
- 16.43 ± 0.07 0.004         - 

5.58 18.10 ± 0.05 0.003 96.8±0.3  
16.7 22.10 ± 0.59 0.026 95.5±2.6 

 
4. Conclusion 

We have successfully demonstrated a new, selective, and rapid colorimetric sensor for 
the determination of Fe2+ using PMAA-templated AgNCs. In the presence of Fe2+, the color 
of AgNCs turned to orange and can be observed by the naked eye. On the other hand, other 
studied metal ions did not alter the color of the AgNCs signifying that this sensor possesses 
high selectivity towards Fe2+. The maximum plasmon band at 447 nm linearly increases with 
the increasing of Fe2+ concentrations due to the decreasing of silver nanoclusters form and the 
increasing of the silver nanoparticles form. The proposed Fe2+ sensor provided a wide 
working range of 5–100 µM with very low detection limit of 76 nM. This sensor was applied 
to determine Fe2+ in iron supplement tablet samples with satisfactory results.  
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2. L-Cysteine modified luminescence nanomatrials as fluorescence sensor for Co2+: 
effects of core nanomaterials in detection selectivity 
 

1. Introduction 

Cobalt is a vital trace element that plays an important role in human organisms as a 
key component of vitamin B12 [1,2]. However, cobalt is also acutely toxic in larger doses 
and even long-term exposure at low level. Cobalt can give rise to adverse health effects 
related to various organs and tissues such as decreased cardiac output, thyroid enlargements, 
heart disease, and elevated red blood cells [3-5]. 

Numerous techniques have been used for the determination of trace Co2+ such as 
flame atomic absorption spectrometry (FAAS) [6], inductively coupled plasma–atomic 
emission spectrometry (ICP-OES) [7,8], fluorometric methods [9,10], surface-enhanced 
raman spectroscopy [10], electrochemical techniques [12,13] and colorimetric methods 
[14,15]. However, these methods have their own limitations such as tedious sample 
treatments, time-consuming and expensive instrumentation. 

Nowadays, chemical sensor is an interesting research discipline to analytical chemists.  
Chemical sensors fabricated from nanomaterials are currently a hot issue due to special 
properties of the nanometerials upon the size reduction to nanometer levels. Optical 
phenomena of nanomaterials such as absorption or emission have been applied to fabricate 
new optical chemical sensors [16]. There are many kinds of optical chemical sensors using 
nanomaterials for the detection of heavy metal ions such as fluorescence sensors derived 
from quantum dots [17-20] and carbon dots [21]. Moreover, gold nanoparticles [22,23] and 
silver nanoparticles [24] have been used to fabricate colorimetric sensors for metal ions. 
However, based on the best of our knowledge, there are no reports regarding the effect of 
luminescence core nanomaterials in detection selectivity toward heavy metal ions. Therefore, 
in this work we investigate the role of luminescence core nanomaterials towards the detection 
selectivity of the fabricated sensors. 

Recently, silver nanoclusters (AgNCs) have been discovered as a new class of 
luminescent nanomaterials and have attracted a great deal of interests from analytical 
chemists [25-27]. AgNCs show excellent photophysical properties such as good 
photostability, high photoluminescence and large Stokes shift [28]. Basically, the size of 
silver nanoclusters is found between silver atoms and silver nanoparticles which is close to 
the Femi wavelength of electrons, ca. 0.5 nm [29]. Therefore, a molecular like phenomenon is 
dominated from discrete energy levels [30], resulting in size-dependent luminescence and 
exhibiting better optical properties compared to silver nanoparticles [31].  

AgNCs were found to be excellent fluorophores for chemical sensing, bioimaging, 
bio-labels, catalysis and single-molecule studies [32]. AgNCs can be prepared from the 
chemical reduction [33-36], γ-rays irradiation [25], sonochemistry [37] or photochemical 
reduction [38] of silver nitrate in the presence of different template/capping molecules such 
as DNA [39-43], peptides and proteins [44], dendrimers [45], polymers [37], polymer 
microgels [46]. The as-prepared AgNCs from different synthetic methods were proposed as 
fluorescence probes for the detection of different specific target species such as α-L-
fucosidase [47], Cu2+ [48], Hg2+ [49] and Cr3+ [50]. However, there are a few reports 
regarding the fabrication of fluorescence sensors by modification of AgNCs surfaces with 
specific molecules to be a selective sensor for a specific target analyte.  
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  In this work, we propose a new approach for the fabrication of the fluorescence 
sensor to detect Co2+ based on a modified surface of the luminescence nanomaterials 
including AgNCs and CdS QDs with L-Cysteine. AgNCs have been prepared by using 
poly(methacrylic acid) as both template and reducing agent and following by the reaction 
with L-Cysteine in a one pot reaction. There are many papers described the fluorescence 
sensors fabricated from L-Cysteine capped CdS QDs to detect Ag+ [51], Hg2+ [52] and Zn2+ 
[53]. However, there is no report regarding the use of Cyst-CdS QDs as a Co2+ sensor. The 
analogues L-Cysteine capped cadmium sulfide quantum dots (Cyst-CdS QDs) was also 
synthesized. Luminescence properties of the L-Cyst-AgNCs and Cyst-CdS QDs are 
investigated to find a suitable sensor for Co2+. Circular dichroism (CD) spectroscopy is also 
used to observe the formation of Co2+ complex with L-Cysteine on the surface of both 
luminescence nanomaterials. Moreover, the effective sensor is applied to determine Co2+ in 
real water samples.   

2. Experimental 
2.1 Reagents 

All chemicals were of analytical grade and used without further purification. L-
Cysteine was obtained from Aldrich. AgNO3 was purchased from BDH. Poly(methacrylic 
acid) (PMAA) was received from Carlo Erba. Cobalt nitrate was received from Fluka. Tris-
hydroxymethyl- methylamine was obtained from Merck. Sodium hydroxide was purchased 
from UNIVAR. Hydrochloric acid 37% were purchased from QReC. All aqueous solutions 
were prepared by using deionized water with the specific resistivity of 18.2 MΩ cm from 
RiOs

TM Type I Simplicity 185 (Millipore water). L-Cysteine capped CdS quantum dots (L-
Cyst-CdS QDs) used in this work were synthesized using the previously reported procedure 
[54]. 
 
2.2 Instrumentation 

Emission spectra were recorded using a RF-5301PC spectrofluorophotometer 
(Shimadzu). Slit widths for the excitation and emission were 5 nm. Absorption spectrum of 
the L-Cyst-AgNCs solution was recorded on a Agilent HP 8453 spectrophotometer (Agilent). 
Inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 2100 DV, 
USA) was employed for the determination of Co2+ in real water samples. Transmission 
electron microscopy (TEM) images of L-Cyst-AgNCs were obtained from a TecnaiG2-20 
(FEI, Netherlands) under the accelerating voltage of 200 kV. Circular dichroism (CD) spectra 
were measured on a J-815 circular dichroism spectrometer (Jasco). The pH of solution was 
measured using a UB-10 UltraBasic pH meter (Denver Instrument).  

 
2.3 Synthesis of L-Cysteine modified silver nanocluster (L-Cyst-AgNCs)  

The L-Cysteine modified silver nanoclusters (L-Cyst-AgNCs) were synthesized by 
modification of the method described previously [55]. PMAA was diluted ten times by 
deionized water and the solution of 12.5 mM AgNO3 was sonicated in ultrasonic bath for 30 
minutes. Into a three neck round bottom flask, the mixtute of 11 mL of diluted PMAA and 80 
mL of AgNO3 was heated at 80 °C under N2 atmosphere for 15 minutes. In anothor flask, L-
Cysteine (0.1515 g) was dissolved in 7 mL of deionized water and 3 mL of 1.0 M NaOH. 
Then, the solution of L-Cysteine was quickly added to the hot solution in the three neck round 
bottom flask. After refluxing for 270 min, a yellow brown color of  L-Cyst-AgNCs was 
obtained.  
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2.4 Fluorescence measurements 
 To study the quenching of L-Cyst-AgNCs and L-Cyst-CdS QDs emission spectrum 

by Co2+, the following general procedures were carried out. To a 10 mL volumetric flask 
containing 1.5 mL of the L-Cyst-AgNCs or  the L-Cyst-CdS QDs solution was added 10.0 
mM of the stock solution of Co2+ to a given concentration level. Then, 1.0 mL of 1.0 M Tris–
HCl buffer solution pH 9.5 was added to adjust the solution pH, and the mixture was diluted 
to a final volume of 10.00 mL with deionized water. The solution mixture was then incubated 
at room temperature for 10 minutes before recording the fluorescence spectrum at λem/λex = 
520/383 nm and 495/330 nm for L-Cyst-AgNCs and L-Cyst-CdS QDs, respectively. 

 

2.5 Interference studies 

The selectivity of the proposed sensor towards Co2+ over other cations was evaluated 
by the following procedure. Each stock solution of metal ions (10 mM) was prepared by 
dissolution of a metal salt in deionized water. To a 10 mL volumetric flask, 50 μL of the 
stock solution (to be a final concentration of 50 μM) was mixed with 1.50 mL of the L-Cyst-
AgNCs solution. Then, 1.0 mL of 1.0 M Tris–HCl buffer solution pH 9.5 was subsequently 
added to control the solution pH, and the mixture was diluted to a final volume of 10.00 mL 
with deionized water. The solution mixture was then incubated at room temperature for 10 
minutes before recording the fluorescence spectrum. 

 
2.6 Circular dichroism (CD) measurement  

Circular dichroism spectra of L-Cystiene, and L-Cyst-AgNCs in the absence and 
presence of various metal ions were studied by the following procedure. To a 10 mL 
volumetric flask, 50 μL of 10 mM Co2+ was mixed with 1.50 mL of the L-Cyst-AgNCs 
solution or 1.50 mL of 12.5 mM L-Cystiene. Then, 1.0 mL of 1.0 M Tris–HCl buffer solution 
pH 9.5 was sequentially added to adjust the solution pH, and the mixture was diluted to a 
final volume of 10.00 mL with deionized water. The solution mixture was then incubated at 
room temperature for 10 minutes and diluted 10 times with deionized water before recording 
the CD spectrum. The CD spectra were collected with a standard sensitivity of 100 mdeg, a 
data pitch of 1.0 nm, a bandwidth of 1.0 nm, a scanning speed of  200 nms-1, and a response 
time of 1 s using a quartz cuvette (1 cm path length). The circular dichroism spectra of L-
Cyst-CdS QDs in the absensence and presence of various metal ions were studied according 
to our previously published paper [54]. 

 
2.7 Application to real water samples 

In order to demonstrate the applicability of the proposed sensor, real ground water 
was used as representative environmentally contaminated samples. The water sample was 
collected with a polyethylene bottle and used immediately after filtering through a filter 
paper. The accuracy and precision of the proposed sensor were evaluated by the 
determination of spiked samples at 3 different concentrations (25, 50 and 75 µM) under the 
optimized condition. The concentration of Co2+ in the spiked samples were calculated using 
the calibration curve.  The results from the proposed sensor was compared to those obtained 
from the ICP-OES technique. 
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3. Results and discussion 
In this work, AgNCs were synthesized by using PMAA as both a reducing agent and 

a template, following by the modification of the AgNCs surface with L-Cysteine to obtain the 
as-prepared L-Cyst-AgNCs. CdS QDs capped with L-Cysteine were also synthesized in order 
to compare the effect of core materials. Both of the synthesized compounds were proposed as 
a fluorescence sensor for the detection of Co2+. The sensor characterization and parameters 
possibly affected the detection efficiency were studied and discussed.  

 
3.1. Characteristics and optical properties of L-Cyst-AgNCs and L-Cyst-CdS QDs 

The size and morphology of the as-prepared L-Cyst-AgNCs were evaluated by 
transmission electron microscopy (TEM). The TEM image of the L-Cyst-AgNCs was shown 
in Fig. 1. It can be seen from Fig. 1 that size of the synthesized product was at the nanocluster 
level with the average size approximately 2.2±0.5 nm. In addition, the shape of the L-Cyst-
AgNCs was close to spherical. The size distribution was very narrow suggesting a well-
dispersed nanomaterial. Moreover, there was no formation of larger silver nanoparticles or 
aggregates appeared in the image. Form the morphology results, this material should provide 
good optical characteristics, especially fluorescence emission.   

 

   Fig. 1  The TEM image of L-Cyst-AgNCs 

Optical properties of the L-Cyst-AgNCs were characterized from their absorption and 
emission spectra. Fig. 2 shows a UV-visible absorption spectrum and a fluorescence spectrum 
of the synthesized AgNCs. The L-Cyst-AgNCs showed an absorption onset at around 425 nm. 
However, there was no plasmon bands of Ag nanoparticles appeared around 380-450 nm. In 
addition, the damping and broadening of the plasmon absorption signified the unique 
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characteristic of silver at the nanocrystal level [56,57]. The fluorescence spectra of the as-
prepared L-Cyst-AgNCs are shown in Fig. 2. The strong emission of L-Cyst-AgNCs appeared 
at 520 nm with an excitation at 383 nm, which also indicated the formation of the silver 
nanoclusters. The as-prepared L-Cyst-AgNCs showed a symmetrical emission spectrum, 
indicating that the L-Cyst-AgNCs were monodisperse [58], agreeing well with the TEM 
result. Both optical and  morphology studies suggested that the L-Cyst-AgNCs were 
successfully synthesized by the present method and possessed good optical properties for 
fabricating fluorescence sensors. 

 

Fig. 2  The absorption and fluorescence spectra  of the synthesized L-Cyst-AgNCs (λex / 
λem= 383/520 nm). 

 The synthesis and characterization details of L-Cyst-CdS QDs were already reported 
in previous publications (ESI) [54]. A typical TEM image of the Cyst-CdS QDs (Fig. S1; 
ESI) showed highly uniform and monodisperse nanocrystals in a narrow distribution of 2.8 ± 
0.4 nm diameter. An absorption band edge was observed around 420 nm (Fig. S2 (a); ESI). In 
addition, a fluorescence emission band was observed at 495 nm upon exciting at 330 nm (Fig. 
S2 (a); ESI). Moreover, the obtained fluorescence spectrum shape was well defined and 
relatively symmetrical. Since the fluorescence spectrum of quantum dots is very sensitive to 
their size and shape, the result implies that the synthesized L-Cyst-CdS QDs are uniform in 
shape and naturally spherical.   
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Fig. S1 TEM image of the L-Cyst-CdS QDs with the average particle size of 2.8 ± 0.4 nm 
 (N=229) 
 

 
Fig. S2 (a) absorption (dash line) and fluorescence (solid line) spectrum of 1.095 mM L-Cyst-
 CdS QDs (λex = 330 nm) in 0.1 M PBS pH 7.0, (b) CD spectrum of 2.50 mM L-
 Cysteine and 0.365 mM L-Cyst-CdS QDs in 0.1 M PBS pH 7.0.  
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3.2. Fluorescence spectrum  

The fluorescence spectrum of the PMAA templated silver nanocluster (AgNCs) and 
L-Cyst-AgNCs were studied to demonstrate the importance of the surface modification by 
using L-Cystiene. The fluorescence spectrum of PMAA-templated AgNCs, L-Cyst-AgNCs 
and L-Cyst-CdS QDs in the absence and presence of Co2+ are shown in Fig. 3(a), Fig. 3(b), 
and Fig. 3(c), respectively. The fluorescence spectrum of the PMAA-templated AgNCs (Fig. 
3(a)) can be observed at the maximum fluorescence emission at 575 nm when exciting at 507 
nm. When adding Co2+ in to the solution of PMAA-templated AgNCs, the fluorecence 
spectrum was slightly changed when comparing to the original spectrum. The results 
signified that the PMAA-templated AgNCs can not be used as a fluorescence probe for the 
detection of Co2+. On the other hand, the fluorescence spectrum of L-Cyst-AgNCs showed the 
maximum fluorescence emission at shorter wavelength of 520 nm when exciting at 383 nm 
signified the smaller cluster size than PMAA-templated AgNCs. In addition, the shape of the 
fluorescence spectrum was relatively symmetrical compared to the fluorescence spectrum of 
PMAA-templated AgNCs, suggesting that the L-Cyst-AgNCs had narrower size distribution. 
Furthermore, the fluorescence intensity of L-Cyst-AgNCs was significantly quenched in the 
presence of Co2+, but the spectrum maintained the same pattern. The fluorescence quenching 
may be due the electron transfer from core AgNCs to the Co2+ which form complex with L-
Cysteine moieties on the AgNCs surface. This phenomenon demonstrated the important role 
of L-Cystiene modified on the PMAA-templated AgNCs surface.  

In addition, the same experiment has been carried out using the synthesized L-Cyst-
CdS QDs as a probe and the results are shown in Fig. 3(c). The fluorescence spectrum of L-
Cyst-CdS QDs can also be quenched in the presence of Co2+ and the fluorescence spectrum 
maintains the same shape. This result revealed that Co2+ may form a complex with L-
Cysteine on the surface of the quantum dots and act as a good quencher. From this 
experiment, it can be noted that  L-Cyst-AgNCs and the L-Cyst-CdS QDs can potentially be 
used as a fluorescence probe for the detection of Co2+ by observing the degree of 
fluorescence quenching. 

 

Fig. 3  Fluorescence spectra of (a) PMAA-templated AgNCs,  (b) L-Cyst-AgNCs and (c)  
 L-Cyst-CdS QDs in 100 mM Tris–HCl buffer solution pH 9.5 in the presence and 
 absence of 50 μM Co2+. 
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3.3. Selectivity 

Selectivity is a key index when a new chemical sensor is proposed. Ideally, the sensor 
must respond to only target species so that it can be used in a complex sample. The 
experiment has been carried out by measuring the fluorescence spectra after adding each 
metal ion at the same concentration level. The fluorescence spectra of the L-Cyst-AgNCs and 
L-Cyst-CdS QDs in the presence of various metal ions are shown in Fig. 4(a) and Fig. 4(b), 
respectively. It can be seen that the fluorescence spectrum of the L-Cyst-AgNCs and L-Cyst-
CdS QDs are significantly quenched in the case of Co2+. However, other studied metal ions 
do not alter the fluorescence spectrum when using AgNCs as a luminescence core. This may 
due to the formation of a stable cobalt complex with the L-Cystiene moieties on the L-Cyst-
AgNCs surface. Therefore, the electron transfer from the AgNCs to the cobalt complex can 
occur when the AgNCs are excited with an appropriate wavelength resulting in the 
fluorescence quenching (relaxation in the radiationless pathway).  

On the other hand, when using CdS QDs as a luminescence core, other studied metal 
ions significantly altered the fluorescence spectrum of L-Cyst-CdS QDs (Fig. 4(b)). The poor 
selectivity signified that a metal ion could interact not only with the capping molecule but 
also with the core CdS QDs by the possible formation of a metal sulfide. From these results, 
it can be concluded that the type of luminescence core plays an important role in the 
selectivity of the sensor and use of AgNCs as a luminescence core provides better selectivity 
than CdS QDs.  

 

Fig. 4.  Fluorescence spectrum of (a) 1.5 mM L-Cyst-AgNCs and (b) 0.23 mM L-Cyst-CdS 
QDs in the presence of 50 µM of metal ions (reaction medium in 100 mM Tris–HCl 
buffer solution pH 9.5).  



 9 

3.4. Circular dichroism (CD) spectroscopy 

Since the L-Cysteine molecule contains a chiral carbon, the L-Cyst-AgNCs should be 
optically active and give a CD spectrum. When Co2+ complexes with L-cysteine on the 
surface of AgNCs to give a chiral Co2+ complex, changes in the CD spectrum of L-Cyst-
AgNCs can also be observed. CD spectra of L-Cyst-AgNCs and free L-Cystiene in the 
presence and absence of Co2+ are illustrated in Fig. 5(a) and Fig. 5(b), respectively. Upon 
adding Co2+ into the solution of free L-Cysteine and L-Cyst-AgNCs, the results in Fig. 5 
showed that in the case of free L-Cysteine, the new CD band at around 275 nm was observed. 
The intensity of the band increased with the increasing of Co2+ concentration, suggesting the 
formation of a chiral complex between L-Cysteine and Co2+. However, when observing the 
titration of L-Cyst-AgNCs with Co2+, the change in CD pattern was significantly different 
from the case of free L-Cysteine. In the presence of Co2+, a twist of CD spectrum at (-) 250 
and (+) 296 nm can be observed. The intensity of both bands increased upon increasing Co2+ 
concentrations. This result suggested that the chiral Co2+ complex of the L-Cysteine moiety 
occurred on the surface of AgNCs.  

Circular dichroism spectroscopy (CD) was also applied to shed light on the selectivity 
of the proposed sensor toward metal ions. The CD spectra of L-Cyst-AgNCs in the presence 
of various metal ions are shown in Fig. 5(c). The CD spectra of L-Cyst-AgNCs change to a 
twist shape which can be observed only in the presence of Co2+. On the other hand, the CD 
spectra do not change when adding other metal ions. The results implied only Co2+ formed 
chiral complexes with the modified L-Cystiene moieties on the L-Cyst-AgNCs surface. The 
evidence from fluorescence and CD spectra confirmed that the proposed sensor could be a 
selective sensor for the detection of Co2+. 

 
Fig. 5  Circular dichroism spectra of (a) 0.15 mM L-Cyst-AgNCs, (b) 0.19 mM L-Cysteine 
 and (c) 0.15 mM L-Cyst-AgNCs in the present of 5.0 µM different cations in 10 mM 
 Tris–HCl buffer solution pH 9.5 in the presence of different concentrations of Co2+. 

In the case of L-Cyst-CdS QDs, our previous work showed that the CD spectrum of L-
Cyst-CdS QDs significantly changes only in the presence of Ni2+ and Co2+. In the presence of 
only Ni2+, the CD signal at 324 nm changed to the opposite direction, while in the presence of 
only Co2+ the intensity of the signal at 352 nm increased significantly as shown in Fig. S3 
(ESI). On the other hand, other studied metal ions did not significantly affect the CD 



 10 

spectrum of Cyst-CdS QDs. This experiment demonstrated that only Ni2+ and Co2+ were able 
to interact with cysteine on the CdS QDs surface to form chiral complexes. 

 

Fig. S3 CD Spectrum of L-Cyst-CdS QDs in the presence of various metal ions (50 μM)  in  
 0.1 M PBS pH 7.0.  

 CD spectra of L-Cyst-AgNCs suggested that the fluorescence quenching of L-Cyst-
AgNCs upon adding Co2+ was due to the chiral complex formation between L-Cysteine on the 
nanomaterials surface and Co2+ ions. However, CD spectra of L-Cyst-CdS QDs implied that 
the fluorescence quenching of L-Cyst-CdS QDs upon adding various metal ions was more 
complicated, rather than the simple coordination bonding of metal ions to the L-Cysteine 
moiety on the CdS QDs surface. Possibly, other metal ions interact with the core CdS QDs by 
formation of metal sulfides [59]. The possible metal sufide formation on the QDs surface 
affected the emission (fluorescence) spectum tremendously but did not affect the absorption 
(CD) spectrum. These results revealed the important role of the core nanomaterials in ion 
sensing by luminescence approaches. Thus, L-Cyst-AgNCs were definitely chosen as a 
suitable fluorescence sensor for the detection of Co2+ and were studied in the details.  

3.5. Effect of pH 

The effect of the solution pH towards the fluorescence quenching of L-Cyst-AgNCs   
by Co2+ was studied. The experiment was carried out by adjusting 100 mM Tris-HCl buffer 
containing 1.0 mM L-Cyst-AgNCs and 50 µM Co2+ to the desired pH. The fluorescence  
intensity of 1.0 mM L-Cyst-AgNCs at different solution pHs before and after adding Co2+ is 
shown in Fig. 6(a). Flouorescence intensity of L-Cyst-AgNCs increased when pH of the 
solution were increased from 7.5 to 9.5. At pH 9.5, the L-Cyst-AgNCs showed the highest 
fluorescence intensity while pHs above 9.5 the fluorescence intensity decreased. After adding 
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50 µM Co2+, the fluorescence intensity of L-Cyst-AgNCs was quenched for all studied pHs. 
The degree of fluorescence quenching (F0-F) upon adding Co2+ is shown in Fig. 6(b). The 
highest fluorescence quenching efficiency was found at pH 9.5. Therefore, 100 mM Tris-HCl 
buffer pH 9.5 was chosen as a medium solution for further  studies. 

 

Fig. 6  (a) Effect of the pH on fluorescence intensity of 1.0 mM L-Cyst-AgNCs, in the 
 absence and presence of 50 µM of Co2+ in 100 mM Tris–HCl buffer solution, (b) The 
 comparison of degree of fluorescence quenching (F0-F) at different pHs when adding 
 50 µM Co2+. 

3.6. Effect of the L-Cyst-AgNCs concentration 

The effect of L-Cyst-AgNCs concentration towards the detection sensitivity was 
studied by varying from 0.50 to 2.00 mM and controlling the solution pH at 9.5 with 100 mM 
Tris-HCl buffer. Fluorescence intensities of L-Cyst-AgNCs at different concentrations in the 
absence and presence of Co2+ are exhibited in Fig. 7(a). In the absence of Co2+, the 
fluorescence intensities increased with increasing the concentration of L-Cyst-AgNCs. In 
addition, when adding only 50 µM of Co2+ into the solution of L-Cyst-AgNCs, the 
fluorescence intensities were quenched for all studied concentration of L-Cyst-AgNCs. The 
degree of fluorescence quenching (F0-F) upon adding Co2+ is compared in Fig. 7(b). The 
highest detection sensitivity was obtained when using 1.5 mM concentration of L-Cyst-
AgNCs. Therefore, 1.50 mM concentration of L-Cyst-AgNCs was chosen in order to obtain 
the best detection sensitivity. 
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Fig. 7 (a) Fluorescence intensity of L-Cyst-AgNCs at the different concentration, in the 
 absence and presence of 50 µM Co2+ in 100 mM Tris–HCl buffer solution pH 9.5, (b) 
 The comparison of degree of fluorescence quenching (F0-F) when adding 50 µM Co2+ 
 at different L-Cyst-AgNCs concentration. 

3.7. Incubation time 

In order to compromise between the detection sensitivity and analysis time, the effect 
of the incubation time was also examined. The experiment was carried out by mixing L-Cyst-
AgNCs and 50 µM of Co2+ in 100 mM Tris–HCl buffer solution pH 9.5 at room temperature 
for a period of 60 minutes, and the fluorescence spectra were recorded every 5 minutes. The 
fluorescence intensities of L-Cyst-AgNCs at different incubation time are shown in Fig. 8. It 
can be seen that the fluorescence intensity of L-Cyst-AgNCs itself was very stable through a 
period of the study. This result signified that the as-prepared L-Cyst-AgNCs were very stable 
and could be tolerant to photobleaching. After adding Co2+, it was found that the fluorescence 
intensities were quenched and became stable after mixing less than one minute. The results 
signified that the proposed sensor provided very a fast response time and did not need a long 
period of incubation time. In practical, the fluorescence intensity can be measured 
immediately after mixing Co2+ with L-Cyst-AgNCs. This characteristic is one of the 
requirements for the fabrication of an efficient chemical sensor. 
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Fig. 8 Fluorescence intensity of L-Cyst-AgNCs in the absence and presence of 50 µM Co2+ 
in 100 mM Tris–HCl buffer solution pH 9.5 at different incubation times. 

3.8. Analytical performance characteristic of the proposed sensor 

The proposed sensor was validated to demonstrate the analytical merits under the 
optimized parameters. The experiment was carried out by recording the decreasing of the 
fluorescence intensity of the L-Cyst-AgNCs upon the addition of different concentrations of 
Co2+ under the optimized conditions. The fluorescence spectra in the presence of various 
concentrations of Co2+ and the corresponding calibration curve are shown in Fig. 9(a) and 
Fig. 9(b), respectively. It is obvious that the fluorescence intensities gradually decreased with 
the increasing of Co2+ from 0 to 150 μM. Form the fluorescence spectra, it can be seen that 
the spectrum shape after quenching remained the same, signifying that the quenching 
mechanism was based on the decreasing of the fluoresce number (uncomplexed L-Cyst-
AgNCs). A good linear relationship between the maximum fluorescence intensity of L-Cyst-
AgNCs and Co2+ concentrations was obtained within the range of 0 to 150 μM. The 
regression equation was found to be F = -0.48×[Co2+, µM] + 125.59 (r2 = 0.9945). The limit 
of detection (LOD) and limit of quantitation (LOQ) were also evaluated to demonstrate the 
limitation of the sensor. The LOD and LOQ of the proposed sensor were 4.2 and 14.0 μM, 
respectively.  
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Fig. 9 (a) The fluorescence spectra of 1.5 mM L-Cyst-AgNCs in the presence of Co2+ 0-175 
µM in 100 mM Tris–HCl buffer solution pH 9.5 (b) The corresponding calibration 
curve. 

3.9. Application to real water samples   

In order to demonstrate the feasibility of the proposed sensor in real applications, 
determination of Co2+ in a spiked ground water sample was evaluated by the proposed sensor 
and compared with results obtained from ICP-OES technique. The ground water sample was 
collected and filtered through Whatman No. 42 filter papers. Then, each of the filtered water 
was mixed with 100 mM Tris-HCl buffer pH 9.5 and spiked with Co2+ at three different 
concentration levels (25, 50 and 75 µM). The results obtained by the proposed sensor and 
ICP-OES method are summarized in Table 1. It can be seen that the Co2+ contaminated in the 
water samples was not detectable by the proposed method suggested that the Co2+ 
concentration in the water samples were lower than the LOD of this sensor. However, after 
spiking three different concentrations of Co2+ into the water samples, the %recovery values of 
104-107% can be obtained. Moreover, the water sample and its spiked sample were 
determined using ICP-OES. The results showed that the Co2+ content obtained from the 
proposed sensor was in close agreement with those obtained by using the ICP-OES method. 
The recovery results and the results from ICP-OES can be used to confirm the accuracy of 
this sensor. In addition, the %R.S.D. values of three measurements were less than 5% 
suggested that the proposed sensor provided good precision and could be used to determine 
Co2+ in real situation.  
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Table 1. Determination of Co2+ in ground water sample by the proposed sensor and ICP-OES  

Added Proposed sensor   ICP-OES  
(µM) Found (µM)a %Recovery RSD (%)  Found(µM)a %Recovery RSD (%) 

0 n.d. - -  0.80 ± 0.00 - - 
25 25.88 ± 0.84 104 ± 3 3.2  25.94 ± 0.17 101 ± 1 0.7 
50 52.42 ± 2.24 105 ± 5 4.3  50.46 ± 0.06   99 ± 1 0.1 
75 80.15 ± 1.27 107 ± 2 1.6  75.54 ± 0.17 100 ± 1 0.2 

 
a Mean ± SD (n = 3) 

n.d. = not detectable (less than 4.2 µM) 

4. Conclusion 

In this work, the fluorescence sensor for the selective detection of Co2+ was developed 
by using L-Cysteine modified luminescence nanomaterials including quantum dots and silver 
nanoclusters. The results confirmed that the L-Cysteine modified on poly(methacrylic acid) 
templated-AgNCs (L-Cyst-AgNCs) provided better sensor characteristics toward the 
detection of Co2+ than the L-Cyst-CdS QDs. In the presence of Co2+, the fluorescence 
intensity of L-Cyst-AgNCs decreased as a linear function with the increasing of 
Co2+ concentration due to the formation of chiral Co2+ complex of the L-Cystiene moieties on 
the L-Cyst-AgNCs surface. The fabricated sensor showed good selectivity towards the 
detection of Co2+ compared to other tested metal ions. This sensor can be used to detect trace 
Co2+ in wide working concentration range with excellence accuracy and precision. The 
proposed sensor was demonstrated to detect Co2+ in real water samples with satisfied results.  
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3. A circular dichroism sensor for Ni2+ and Co2+ based on L-Cysteine capped cadmium 
sulfide quantum dots   
 
1. Introduction  

Cobalt is an essential micronutrient for biochemical metalloenzyme reactions [1,2]. It 
is a part of vitamin B12 structure, which is important for production of red blood cells and 
prevention of pernicious anemia [3]. On the other hand, cobalt can be a toxic compound at 
high concentrations which can cause many diseases such as slow respiration, giddiness 
cardiomyopathy, pulmonary disorders and hyperglycemia [4]. Nickel is an important 
component of the enzyme urease. It is considered to be essential for plants and some 
domestic animals [5, 6]. However, nickel is one of an important toxic element widely 
distributed in the environment that can cause nasal and lung dermatitis, asthma, malignant 
tumors and disorders of central nervous system [7-9].  

Several analytical methods based on the atomic spectrometry have been implemented 
to determine the concentration level of cobalt and nickel ions such as flame atomic absorption 
spectrometry (FAAS) [10-12], graphite furnace atomic absorption spectrometry (GFAAS) 
[13, 14], and inductively-coupled plasma optical emission spectrometry (ICP-OES) [15-17]. 
Moreover, electrochemistry [18-20] and chromatography [21-23] techniques have also been 
reported. However, these techniques require sophisticated instruments and special training, 
making them unfriendly and cumbersome. Therefore, it is important to develop sensitive and 
selective methods for determination of trace amounts of cobalt and nickel.  

Circular dichroism (CD) spectroscopy is one of the powerful techniques employed in 
a wide research area. This technique is often used to study biological rather than non-
biological systems [24] such as studies of the coordination chemistry of Ca2+ ions toward 
some amino acids located at the C-terminus of the peptide [25], the interaction between 
deferiprone and human serum albumin [26], the effect of etoposide on DNA, histones and 
DNA–histones complex in the structure of nucleosomes [27], the affinity between pheromone 
binding proteins (antennal special protein 1, ASP1) with a queen mandibular pheromone 
component (methyl-p-hydroxybenzoate, HOB) [28], and the interaction between 
polyvinylthiol-functionalized silver nanoparticles with lysozyme [29]. Furthermore, CD is a 
valuable tool in inorganic chemistry, particularly in the study of chirality of inorganic and 
organic nanomaterials [30]. This technique is not frequently used in the quantitative analysis. 
However, based on the principle of this technique it may provide excellent selectivity.   

Nanomaterials have been introduced into the recent developments in modern 
analytical chemistry and become the ideal building blocks for the fabrication of chemical 
sensors which cannot be found from the bulk materials. This is due to their excellent optical, 
electrical, magnetic, and catalytic properties resulting from quantum effects and nanoscale 
structures [31].  

Chiral nanomaterials are currently an interesting issue and used for the fabrication of 
selective enantiomeric sensors. The chirality of inorganic nanomaterials is basically 
originated from the chirality of organic molecules used as stabilizing agent. There have been 
some recent publications on the preparation of chiral gold nanoparticles [32, 33] and silver 
nanoparticles [34, 35]. In addition, chiral nanocrystalline semiconductor or quantum dots 
(QDs) is also an active research area with a broad range of interesting applications [36]. Thus 
far, CdSe and CdS QDs prepared in the presence of chiral ligands such as penicillamine [37], 
cysteine methylester [38], and cysteine [39] have been reported. Chiral cysteine-capped 
CdSe(ZnS) quantum dots were synthesized, and used for the selective recognition of carnitine 
enantiomers [40]. Moreover, chiral CdS QDs were synthesized by using microwave induced 
heating with the racemic (Rac), D- and L- enantiomeric forms of penicillamine as the 
stabilizers [41]. Post-synthetic ligand exchange employing chiral capping ligands represented 
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an appealing approach to access chiroptical QDs. The preparation of optically active CdSe 
QDs by post-synthetic ligand exchange on achiral CdSe using readily available D- and L-
Cysteine was also proposed. Despite a number of theoretical and experimental studies on the 
optically active inorganic nanomaterials, the origin of chirality was still unclear [32, 33, 41-
43] and allured chemists to explore further.  

To the best of our knowledge, there is no report regarding the fabrication of CD 
sensor based on the chiral quantum dots for detection of heavy metal ions. In this work we 
demonstrate a new approach for the determination of some heavy metal ions by measuring 
the CD signal of chiral quantum dots after complexing with Co2+ or Ni2+. The selectivity of 
the proposed sensor can be expected due to a unique optical property of the chiral complex 
formed on the surface of the quantum dots. The proposed sensor may be a new elegant tool to 
develop a highly selective and sensitive optical chemical sensor for analysis of heavy metal 
ions in the future.     

  
2. Experimental 

2.1 Chemicals 
All reagents were of analytical grade and used without further purification. Cadmium 

chloride (CdCl2·H2O) was obtained from Riedel–deHaen. L-Cysteine was purchased from 
Aldrich. Sodium sulfide and Nickle (II) nitrate 6-hydrate (Ni(NO3)2·6H2O) were purchased 
from BDH. Cobalt (II) nitrate (Co(NO3)2) and nitric acid (65%) were purchased from 
CARLO ERBA. Potassium dihydrogen orthophosphate (KH2PO4) and potassium hydrogen 
orthophosphate (K2HPO4) were purchased from UNIVAR. All aqueous solutions were 
prepared with deionized water (DI) with the specific resistivity of 18.2 MΩ cm (Millipore 
water). The L-cysteine capped CdS quantum dots (Cyst-CdS QDs) used in this work were 
synthesized and characterized as described in the supplementary data (SD).  

 
2.2 Instrumentations 

Circular dichroism was performed on a Jasco-815 CD spectropolarimeter (JASCO, 
Japan) using a 1 cm quartz cell cuvette, with a scanning rate at 100 nm min-1. The 
fluorescence spectra were recorded using a Shimadzu RF-5301PC spectrofluorometer. 
Excitation and emission spectra were recorded using the slit width of 5 nm. Absorption 
spectra were measured using an Agilent HP 8453 spectrophotometer. The pH of solutions 
was measured using a UB-10 UltraBasic pH meter (Denver Instrument). FT-IR spectra were 
recorded on a Bruker Tensor 27 FT-IR spectrometer using Pike Gladi attenuated total 
reflectance (ATR) cell equipped with a diamond crystal plate. Transmission electron 
microscopy (TEM) was carried out on Tecnai G2-20 (FEI, Netherlands) under the 
accelerating voltage of 200 kV. Inductively coupled plasma optical emission spectrometer 
(ICP-OES, Optima 2100 DV, USA) was employed for the determination of Ni2+ and Co2+ in 
real water samples.  

 
2.3 Circular Dichroism (CD) measurements 

To study the circular dichroism spectra of the synthesized Cyst-CdS QDs, the 
following procedure was carried out. A stock solution of Ni2+ and Co2+ (10 mM) was 
prepared by dissolution of the nitrate salt in DI water. To a 10 mL volumetric flask, 200 µL 
of the synthesized Cyst-CdS QDs (to be a final concentration of 1.095 mM) was mixed with 
the stock solution of Ni2+ or Co2+ to obtain the final concentration of 70 µM for Ni2+ and 80 
µM for Co2+. The mixed solution was made to a final volume of 10.00 mL with 0.1 M 
phosphate buffer pH 7.0 and incubated at room temperature for 10 min before recording the 
CD spectra. To study the effect of incubation time, the mixed solution of Cyst-CdS QDs and 
Ni2+ or Co2+ in 0.1 M phosphate buffer solution pH 7.0 was incubated at 1–30 min before the 
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CD measurements. To study the effect of solution pH, 0.1 M phosphate buffer was used to 
control the pH range of 6.5–7.0, and 0.1 M Tris-HCl buffer was used for the pH range of 7.5–
9.5. The calibration curves were constructed from the optimized conditions (1.095 mM of 
Cyst-CdS QDs in 0.1 M phosphate buffer pH 7.0 and incubation time of 10 minutes) in the 
presence of Ni2+ or Co2+ (concentration ranging from 4-400 µM). The wavelengths at 324 nm 
and 352 nm were monitored for Ni2+ and Co2+, respectively. 

2.4 Absorption and fluorescence measurements 
Effects of Ni2+ or Co2+ toward the absorption and fluorescence spectrum of Cyst-CdS 

QDs were investigated. Into a 10.00 mL volumetric flask, 200 µL of Cyst-CdS QDs (final 
concentration of 1.095 mM) was mixed with 1.0 mL of 1.0 M phosphate buffer solution pH 
7.0. An appropriate volume of stock Ni2+ or Co2+ solutions was sequentially added into the 
mixture and diluted with DI water. The mixture was then incubated at room temperature for 
10 minutes before recording the absorption spectrum or fluorescence spectrum (λex = 330 
nm). 

2.5 Selectivity of the sensor 
To evaluate the selectivity of the proposed sensors, the following procedure was 

carried out. Into a 10.00 mL volumetric flask, 200 µL of Cyst-CdS QDs (to obtain a final 
concentration of 1.095 mM) was mixed with 1.0 mL of 1.0 M phosphate buffer solution pH 
7.0, following by adding the individual stock solution of metal ions including Li+, K+, Ba2+, 
Ag+, Fe2+, Hg2+, Mn2+, Pb2+, Cd2+, Zn2+, Mg2+ and Cr3+ to obtain the final concentration of 50 
µM. The mixture was diluted to the total volumetric flask with DI water. The solution was 
mixed thoroughly and left for 10 min before recording the CD spectra.   

2.6 Application to real water samples 
In order to demonstrate the applicability of the proposed sensor, drinking water, 

natural pond water and tap water were used as the real samples. All water samples were 
analyzed immediately without storage and filtered through filter paper to remove particle 
matters. The accuracy and precision of each measurement were evaluated by spiking with 
two different concentrations of Ni2+ (at 35.0 and 65.0 µM) and Co2+ (at 7.0 and 25.0 µM) and 
analyzed under the optimized condition. Moreover, to confirm the accuracy of the proposed 
sensor, all spiked samples were also directly analyzed using the ICP-OES.   

3. Results and Discussion 
Basically, nanocrytalline quantum dots have been used for fabrication of fluorescence 

sensors for selective detection of various target species. However, the applications of 
quantum dots in the fabrication of CD sensors have rarely been demonstrated. Therefore, 
evaluation of the CD phenomenon of L-cysteine capped CdS QDs is still a challenging issue. 
The change of CD signal of the chiral nanocrystal upon complexation with some heavy metal 
ions is studied in details.  

 
3.1. Study of the CD spectra  

The feasibility of the synthesized chiral QDs for the fabrication of CD sensor has been 
studied. It can be expected that the optical property of the chiral QDs should be altered if the 
chiral ligands on the surface of QDs complex with metal ions. Changes of the CD spectrum 
should correspond to the degree of complexation. Therefore, the CD spectrum of the Cyst-
CdS QDs are studied by observing the change of CD signal in the absence and the presence 
of Ni2+ or Co2+, and the results are shown in the Fig. 1. 
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Fig. 1  CD spectrum of 1.095 mM Cyst-CdS QDs and 2.50 mM L-Cysteine in 0.1 M PBS pH 
7.0  in the absence and presence of (a) Ni2+ and (b) Co2+.  

After adding Ni2+ or Co2+ into the solution of L-Cysteine, the CD spectra show a 
negative change at the wavelength lower than 300 nm in the case of Ni2+. In the presence of 
Co2+, changes of the CD signal in the negative direction at 295 nm and positive direction at 
350 nm can be observed. The changes of the CD spectrum of L-Cysteine upon the addition of 
Ni2+ or Co2+ are due to the formation of the chiral complex between L-Cysteine and Ni2+ or 
Co2+ [44]. The formation of chiral complex between L-Cysteine and Ni2+ or Co2+ is further 
investigated. The L-Cysteine solution is titrated with Ni2+ or Co2+ and the results are shown in 
Fig. S4 (in the SD). The results show that the increasing of Ni2+ or Co2+ concentration 
enhances the intensity of the CD signals. These results signify that the degree of the CD 
change corresponds to the number of chiral complexes formed and can be used for the 
quantitative analysis of Ni2+ and Co2+. Comparing to the CD spectrum of Cyst-CdS QDs in 
the presence of Ni2+ or Co2+, the CD spectrum also changes from the original CD spectrum of 
Cyst-CdS QDs. In the case of Ni2+, the CD signal at 324 nm exhibits significant changes to 
the opposite direction. Upon the addition of Co2+, the CD signal of Cyst-CdS QDs at 352 nm 
increases in the positive direction. It should be noted that the change of CD spectrum upon 
the addition of Ni2+ or Co2+ in the case of L-Cysteine and Cyst-CdS QDs are totally different. 
Therefore, the resulting chiral complexes in both cases are definitely not the same structure. 
In addition, Cyst-CdS QDs give more enhanced CD signals than L-Cysteine upon addition of 
Ni2+ or Co2+. Thus, a CD sensor for the selective detection of Ni2+ and Co2+ can potentially be 
fabricated by monitoring the CD signal of Cyst-CdS QDs.           

Since the principle of CD detection is based on the rotation of the polarized light by a 
single chiral compound, it cannot discriminate a mixture of chiral compounds. Therefore, 
simultaneous determination of Co2+ and Ni2+ was found to be a limitation of the propose 
sensor because there are two kinds of chiral complexes in the same sample. The optical 
rotation by two chiral complexes also provides a mixture of the CD spectra (Fig. S5 in the 
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SD), and the quantitative analysis of each analyte cannot be evaluated. 

 

Fig. S4 CD spectrum of 1.095 mM Cyst-CdS QDs in 0.1 M PBS (pH 6.5-7.0) or 0.1 M Tris-
HCl buffer (pH 7.5-9.5) in the presence of 50 µM (a) Ni2+ and (b) Co2+.  

 

Fig. S5 The CD spectra of 1.095 mM Cyst-CdS QDs in 0.1 M PBS pH 7.0 in the presence of 
Ni2+ and Co2+ (at the same concentration) concentration ranging 4-30 μM. 
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3.2. Effect of the solution pH 

Since L-Cysteine is an amino acid, the pH of the solution can affect the charge of       
L-Cysteine on the Cyst-CdS QDs and may affect the complex formation. To obtain the best 
sensitivity, the effect of solution pH has been explored. Experiments are carried out by 
adjusting the pH of the buffer solution. Phosphate buffer is used to control the pH ranging 
from 6.5-7.0 and Tris-HCl buffer for the pH beyond 7.0. The CD spectrum is illustrated in 
Fig. S4 (in the SD). The changes of mdeg upon the addition of 50 µM Ni2+ and Co2+ are 
monitored at 324 and 352 nm, and the results are shown in the Fig. 2(a) and Fig. 2(b), 
respectively. It can be seen that the Ni2+ or Co2+ can form chiral complexes with Cyst-CdS 
QDs for all studied pH ranges. The best sensor sensitivity is obtained when using 0.1 M PBS 
at pH 7.0. Therefore, this condition is applied for further investigation. 

 

Fig. 2  Effect of the solution pH on the CD change of 1.095 mM Cyst-CdS QDs in 0.1 M 
PBS (pH 6.5-7.0) or 0.1 M Tris-HCl buffer (pH 7.5-9.5) in the presence of 50 µM (a) 
Ni2+ (at 324 nm) and (b) Co2+ (at 352 nm). 

3.3. Effect of the incubation time  

The incubation time after mixing Cyst-CdS QDs with Ni2+ or Co2+ has been studied to 
compromise between the analysis time and the sensitivity. Actually, fast analysis time is 
needed for the fabrication of new efficient chemical sensors. The experiments are carried out 
by measuring the mdeg change after adding Ni2+ or Co2+ at different incubation times from 0 
to 30 minutes. The CD signal of Cyst-CdS QDs is also measured for monitoring the stability 
of the probe. The results are shown in Fig. 3(a) and Fig. 3(b) for Ni2+ and Co2+, respectively. 
After adding Ni2+ or Co2+ for only 10 minutes, the CD signal becomes stable and gives the 
highest sensitivity. Therefore, the mixing solution between Cyst-CdS QDs and Ni2+ or Co2+ 
needs at least 10 minutes before recording the CD spectrum and this incubation time is used 
as the optimized condition for further experiments.    
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Fig. 3  Effect of the incubation time on the CD change of 1.095 mM Cyst-CdS QDs in 0.1 M 
PBS pH 7.0 in the absence and presence of 50 µM (a) Ni2+ (at 324 nm) and (b) 
Co2+ (at 352 nm). 

3.4. Selectivity of the proposed sensor 
 

In this work, the probe Cyst-CdS QDs possesses chiral property, and the selectivity 
stems from the ability of the QDs-bound L-Cysteines to complex metal ions. Previous reports 
have shown that L-Cysteine can form complexes with many transition [45, 46], alkali and 
alkaline earth metal ions [47]. Therefore, we have monitored the changes in CD spectra of 
Cyst-CdS QDs after adding various metal ions including Li+, Na+, K+, Ca2+, Mg2+, Ba2+, Cr3+, 
CrO4

2-, Mn2+, Fe2+, Fe3+, Cu2+, Ag+, Pb2+, Zn2+, Cd2+ as well as Hg2+, and the results are 
shown in Fig. 4. It can be clearly seen that the CD spectrum significantly changes only in the 
presence of Ni2+ and Co2+. In the presence of only Ni2+, the CD signal at 324 nm changes to 
the opposite direction. The degree of CD change monitored at 324 nm is shown in Fig. 4(b). 
Other studied metal ions do not respond to this sensor. In addition, this probe can also be 
used to detect only Co2+ at the wavelength of 352 nm by monitoring the increasing of the CD 
signal at this wavelength, and the degree of the increasing of CD signal is shown in Fig. 4(c). 
On the other hand, other studied metal ions do not significantly affect the CD spectrum of 
Cyst-CdS QDs at this wavelength. This experiment thus confirms that the proposed sensor 
possesses highly selectivity toward Ni2+ and Co2+.  

To demonstrate the advantage of the CD sensor over the fluorescence sensor, the 
fluorescence titrations of Cyst-CdS QDs with Ni2+ or Co2+ are also studied. The fluorescence 
titration spectra are shown in Fig. S6 (in the SD) and Fig. S7 (in the SD) for Ni2+ and Co2+, 
respectively. Basically, Cyst-CdS QDs can give the fluorescence emission as well as other 
QDs. Cyst-CdS QDs emit at the maximum emission wavelength of 495 nm when exciting at 
330 nm. Upon titrating with Ni2+ or Co2+, the fluorescence quenching can be observed at the 
same emission wavelength. The result implies that Ni2+ and Co2+ may form stable complexes 
with the QDs-bound L-Cysteines, not with the QDs surface. Based on the hard-soft acid base 
principle, Ni2+ and Co2+ ions which are modulate soft acids may form complexes with 
modulate soft bases of caboxylate and amine moieties. Therefore, stable complexes can be 
formed using donor atoms of L-Cysteines on the surface of QDs.  

The fluorescence quenching data are analyzed using the Stern–Volmer equation (1) 
[48]. 

F
F0    =   1 + KSV[Q]    (1) 
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where F0 and F are the fluorescence intensities of Cyst-CdS QDs in the absence and 
in the presence of Ni2+ or Co2+, respectively. KSV is the Stern-Volmer quenching constant 
which is related to the quenching efficiency and [Q] is the concentration of Ni2+ or Co2+. As 
shown in Fig. S6 (c) and Fig. S7 (c) in the SD, a linear relationship between the ratio of F0 to 
F and Ni2+ or Co2+ concentration is observed in the range of 20-60 µM and 10-80 µM with a 
KSV of  3.57×105 M-1 and 1.00×104 M-1 for Ni2+ or Co2+, respectively. The remarkably high 
KSV values suggest a high quenching efficiency of Ni2+ or Co2+.  

The results show that if the Cyst-CdS QDs probe is used as a fluorescence sensor, it 
cannot discriminate Ni2+ and Co2+. On the other hand, it can be used as a CD sensor for 
selective detection of Ni2+ or Co2+ at different wavelength. Moreover, the improvement in 
term of linear working concentration range and detection sensitivity can be obtained from the 
proposed CD sensor. 

 

 
 

Fig. 4  (a) Effect of the possible interfering ions on the CD spectrum of 1.095 mM Cyst-CdS 
QDs in 0.1 M PBS pH 7.0. The CD change upon the addition of each metal ion at 324 
nm (b) and (c) at 352 nm. The concentration of each metal ion was fixed at 50 µM. 

 
3.5. Analytical performance of the proposed sensor  

There are few reports regarding the application of the CD technique in the 
quantitative analysis of metal ions, probably due to the limit of the sensitivity. Basically, the 
analysis by CD needs the analyte concentration at millimolar level. However, in this work we 
demonstrate the CD technique for a selective determination of metal ions at the micromolar 
level. The lower detection sensitivity can be enhanced by the introduction of QDs 
nanoparticles. Therefore, our finding allows CD to be used as efficient quantitative analysis 
for metal ions. 

The quantitative analysis is studied by constructing the calibration curve for Ni2+ and 
Co2+. Under the optimized condition, the solution of Cyst-CdS QDs is titrated with the 
appropriate volume of the standard solution of Ni2+ or Co2+, and the CD spectra are recorded 
as shown in Fig. 5. Form Fig. 5(a), it can be seen that the CD signal at the wavelength of 324 
nm increases as a function of the increasing of Ni2+ concentration. The calibration curve of 
Ni2+ can be obtained by plotting the CD signal (mdeg) as a function of the concentration of 
Ni2+ as shown in Fig. 5(b). The working linear concentration range of the proposed sensor for 
detecting Ni2+ is found in the range of 10-60 µM. The concentration beyond this range gives 
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saturate response (inset Fig. 5(b)). The regression equation is found to be CD (medg) = 
0.5757×[Ni2+] (µM ) – 15.234 with the correlation coefficient (r2) of 0.9819.  

For the detection of Co2+, upon the increasing of Co2+ concentration, the CD signal at 
352 nm significantly increases as a linear function of the increment of Co2+ concentration as 
shown in the Fig. 5(c). The calibration curve is also plotted between the CD signal (mdeg) at 
352 nm against the concentration of Co2+, and the results are shown in Fig. 5(d). It is found 
that this sensor provides the linear working range of 4-80 µM. The regression equation was 
found to be CD (medg) = 0.3682×[Co2+] (µM ) – 1.0153 with the correlation coefficient (r2) 
of 0.9888.                 

The limit of detection (LOD) and limit of quantitation (LOQ) are also determined. 
The LOD has been calculated as the concentration of Ni2+ or Co2+ giving the CD signal 
(mdeg) equal to CD0 (mdeg)+3×standard deviation of CD0. Similarly, the LOQ is defined as 
the concentration of Ni2+ or Co2+ giving the CD signal (mdeg) equal to CD0+10×standard 
deviation of CD0, where CD0 is the CD signal of Cyst-CdS QDs in the absence of Ni2+ or 
Co2+ at 324 or 352 nm, respectively. The LOD of the proposed sensor for the determination 
of Ni2+ and Co2+ are 7.33 µM (0.430 ppm) and 1.13 µM (0.066 ppm), respectively. In 
addition, the LOQ of the proposed sensor for the determination of Ni2+ or Co2+ are 11.49 µM 
(0.675 ppm) and 4.19 µM (0.247 ppm), respectively. The repeatability of the present method 
is also evaluated. The relative standard deviation from the detection of 50 µM Ni2+ or Co2+ 
for five replicates is less than 1%. 

Analytical characteristics of the proposed sensor confirm that the proposed sensor 
possesses excellence detection sensitivity, repeatability with relatively low detection limit 
and can be a powerful sensor for the application in real situation.  

 
Fig. 5  CD titration spectrum of 1.095 mM Cyst-CdS QDs in 0.1 M PBS pH 7.0  in the 

presence of (a) Ni2+ concentration ranging 10-70 µM (b) the corresponding calibration 
curve (at 324 nm) and (c) Co2+ concentration ranging 4-80 µM (d) the corresponding 
calibration curve (at 352 nm). 
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3.6. Application to real water samples analysis  

The application of the proposed sensor for the determination of Ni2+ or Co2+ has been 
demonstrated by using 3 types of real water samples. The water samples used in this work are 
tap water, drinking water, and pond water samples. The pond water sample has been filtered 
through a filter paper to remove any particulate suspension. All water samples are spiked 
with Ni2+ or Co2+ to be the final concentration of 35, and 65 μM under the optimized 
condition. In order to demonstrate the accuracy of the proposed sensor, the spiked samples 
are also directly determined by the ICP-OES. The concentrations of Ni2+ or Co2+ in the water 
samples obtained by the proposed sensor and the ICP-OES are summarized in Table 1 and 
Table 2 for Ni2+ and Co2+, respectively. Table 1 and Table 2 show that the concentration of 
Ni2+ or Co2+ found by the proposed sensor are in good agreement with the spiked value and 
the recovery was in the range of 91-103%. Moreover, the concentrations of the spiked 
samples agree well with the results obtained from ICP-OES, confirming the accuracy of the 
proposed sensor. Furthermore, the %RSDs from 3 replicates are lower than 3% suggesting 
that the proposed sensor provides good precision. These results signify that the proposed 
sensor can be used in practical applications. 

 
Table 1. Determination of Ni2+ in real water samples by using the proposed sensor (n=6) and 

the ICP-OES technique (n=3).  

Methods Sample  Added 
(μM) 

Found ± SD 
(μM) %RSD % Recovery 

This method 

Tap water 
- n.d. - - 

35.0 30.0 ± 0.2 0.6 91 
65.0 62.2 ± 1.0 1.5 97 

Drinking water 
- n.d. - - 

35.0 30.3 ± 0.3 1.0 92 
65.0 63.0 ± 1.0 1.7 98 

Pond water 
- n.d. - - 

35.0 30.0 ± 0.2 0.5 90 
65.0 62.3 ± 0.7 1.2 98 

  ICP-OES 

Tap water 
- n.d. - - 

35.0 32.5 ± 0.1 3.7 93 
65.0 65.4 ± 0.1 1.1 101 

Drinking water 
- n.d. - - 

35.0 32.8 ± 0.0 0.4 94 
65.0 64.8 ± 0.1 1.7 100 

Pond water 
- n.d. - - 

35.0 32.7 ± 0.0 2.5 94 
65.0 64.0 ± 0.1 3.7 98 

* n.d. = not detectable (less than LOD) 
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Table 2. Determination of Co2+ in real water samples by using the proposed sensor (n=6) and 

the ICP-OES technique (n=3).  

Methods Sample  Added 
(μM) 

Found ± SD 
(μM) %RSD % Recovery 

This method 

Tap water 
- n.d. - - 

7.0 7.2 ± 0.1 1.2 103 
25.0 24.6 ± 0.4 1.6 99 

Drinking water 
- n.d. - - 

7.0 6.7 ± 0.1 1.1 98 
25.0 25.1 ± 0.4 1.7 100 

Pond water 
- n.d. - - 

7.0 7.3 ± 0.2 2.6 103 
25.0 24.9 ± 0.3 1.3 99 

  ICP-OES 

Tap water 
- n.d. - - 

7.0 7.6 ± 0.0 1.1 109 
25.0 24.0 ± 0.1 6.9 96 

Drinking water 
- n.d. - - 

7.0 7.2 ± 0.0 0.8 104 
25.0 25.1 ± 0.1 3.9 101 

Pond water 
- n.d. - - 

7.0 7.5 ± 0.0 6.2 108 
25.0 24.0 ± 0.1 5.6 96 

* n.d. = not detectable (less than LOD) 

4. Conclusion 

We have successfully demonstrated a new approach for the fabrication of CD sensor 
by using nanocrystalline quantum dots. The CdS QDs capped with L-Cysteine were used as a 
CD probe for selective determination of Ni2+ and Co2+. The Cyst-CdS QDs showed optically 
active in the CD spectrum due to the chiral capping molecule. In the presence of Ni2+ or Co2+, 
the CD spectra of Cyst-CdS QDs were significantly changed due to the formation of new 
chiral complexes on the capping molecules. On the other hand, other studied cations did not 
significantly alter the CD spectrum of Cyst-CdS QDs. The degree of the mdeg change 
linearly increased with increasing the concentration of Ni2+ or Co2+ with wide working 
concentration ranges. The proposed sensor provided very low detection limit of 7.33 µM 
(0.430 ppm) and 1.13 µM (0.066 ppm) for Ni2+ and Co2+, respectively. The feasibility of the 
proposed sensor for real situation was demonstrated by using 3 types of real water samples 
and compared to the results obtained from ICP-OES. The results confirmed that the proposed 
CD sensor can be used to detect Ni2+ and Co2+ in real samples with good accuracy and 
precision.    
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4. Circular dichroism sensor based on cadmium sulfide quantum dots for chiral 
identification and detection of penicillamine    
 
1. Introduction  
 Penicillamine (PA) is a sulfur-containing amino acid which is generally considered to 
be in a family of aminothiols [1]. It is a pharmaceutically essential chiral compound which is 
a degradation product of penicillin [2]. It can typically be classified into two forms including 
D-penicillamine (DPA) and L-penicillamine (LPA). The pharmaceutical form is DPA whereas 
LPA is clinically toxic since it inhibits the action of pyridoxine [3]. DPA is therefore 
favorable in the treatment of clinical pathology [4]. Due to the toxicity of the LPA form, 
various analytical techniques, including high performance liquid chromatography [5], 
chemiluminescence, flow injection analysis [6,7], capillary electrophoresis [8], 
electrochemistry [9], spectrophotometry [10], and fluorimetry [11] have been reported for 
identification of DPA in both pharmaceutical preparations and biological samples. All of 
these methods, however, cannot make an effective discrimination between D- and L-isomers. 
Consequently, the development of methods for analytical identification of DPA and LPA is in 
an early state and still a challenging issue to pursue. 

Recently, chemical sensing based upon tailored nanoparticles (NPs) has attracted 
more and more attentions due to their unique size-dependent optical properties. Optical NPs 
have been widely used in a wide spectrum of practical applications such as biosensors [12], 
biomarkers [13], biomedical imaging [14] and optical sensors [15,16]. Recently, 
nanocrystalline semiconductors or quantum dots (QDs) have been efficiently used for optical 
sensors. The detection technique is primarily relied upon the fluorescence properties of QDs 
[17]. They can be designed and modified for selective fluorescence sensors by using 
appropriate core materials and capping molecules [18-23]. In addition to the direct sensing 
onto the QD surface, other indirect approaches could be used for electrochemical sensors 
[24].  

In order to modify the fluorescence properties of QDs, various capping molecules are 
modified onto the QDs surface. The use of stereospecific chiral molecules as a capping agent 
is capable of providing a new strategy for chemical sensors [25]. Basically, chiropical activity 
of QDs can be induced by a chiral environment via binding of chiral organic ligands to the 
QDs surface [26]. The chiroptical properties of QDs can be modified by using different types 
of core and capping molecules. Chiroptical properties of many tailored QDs structures have 
been reported, for example D- and L- penicillamine capped on the CdS QDs [27], CdS nano-
tetrapods [28] or CdSe QDs [26,29] and chiral thiols capped CdTe QDs [30]. The distinctive 
properties of the surface-modified QDs can lead to the potential applications in fluorescence 
sensors. 

However, the study on the detection of enatiomeric compounds by using fluorescence 
QDs is still in the early state. Very little progress has been recently reported. This is probably 
due to the difficulty of design of specific interactions between each isomer and the chiral 
probe to obtain different signals. The core/shell structure QDs, a promising candidate, has 
been proposed for specific enantiomeric sensors using fluorescence spectroscopy. To 
illustrate, cyclodextrin capped CdSe/ZnS core/shell QDs were used as chiral recognition of 
amino acids [31]. Chiral cysteine-capped CdSe/ZnS core/shell QDs were also proposed as a 
selective fluorescence sensor for quantification of carnitine enantiomers [32]. Additionally, 
CdSe/ZnS core/shell QDs passivated by N-acetyl-L-cysteine methyl ester were used as a 
fluorescence sensor to recognize the chirality of the non-steroidal anti-inflammatory drugs, 2-
arylpropionic acid, based on the cooperative action between the QDs and their organic 
capping molecules [33]. To the best of our knowledge, no experimental work has so far been 

http://en.wikipedia.org/wiki/Pyridoxine
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published on the analysis of the QDs as a sensor for the quantitative determination of DPA 
and LPA.  

 Circular dichroism (CD) spectroscopy has been widely used to analyze chiral 
molecules of all types and sizes [34]. It is an essential technique to elucidate the secondary 
structure or conformation of macromolecules, particularly proteins. This technique can be 
used to observe the change of the protein secondary structure caused by the environmental 
changes due to interactions of amino acids. CD spectroscopy can also be used to detect 
interactions between QDs and biomolecules such as enzyme [35] or protein [36,37]. 
Nonetheless, this technique is infrequently used to observe the interactions between QDs and 
small chemical compounds. More specifically, this technique is seldom used as a sensor for 
quantitative analysis. Recently, our group demonstrated the potential application of the CD 
technique to detect heavy metal ions by using chiral QDs as a sensor probe [38]. The 
detection principle was based on the measurement of the degree of the CD signal which 
depends upon the formation of chiral complex on the QD surface. The proposed sensor can 
be utilized for the selective detection of Ni2+ and Co2+. It was also found that the CD sensor 
based on chiral QDs provided superior sensor characteristics, compared to measuring QDs 
fluorescence property.   

In the present work, a new CD sensor based upon cysteamine capped cadmium sulfide 
QDs (Cys-CdS QDs) has been proposed for detection and chiral identification of DPA and 
LPA. The Cys-CdS QDs are not optically active in the CD signal (achiral probe). In contrast, 
the CD data can be detected once Cys-CdS QDs react with DPA or LPA, resulting in a 
formation of chiral QDs. This phenomenon provides the possibility to apply Cys-CdS QDs as 
optical detection of chiral-thiol containing compounds. Interestingly, compared to the direct 
detection of chiral-thiol containing compounds by CD, this sensor is capable of detecting at 
relatively low concentration levels. Besides the capability of detecting at low concentrations, 
a progressive spectral change has been observed with increasing concentrations of the DPA 
or LPA. Thus, the quantitative analysis can also be addressed. The selectivity of the proposed 
sensor was comparatively observed among various forms of chiral-thiol containing 
compounds. Moreover, the feasibility of the proposed sensor in a practical application was 
demonstrated by determination of DPA and LPA in urine samples.   

 
2. Materials and Methods 

2.1 Chemicals 
Chemical reagents used in the current work were all at least of analytical grade and 

used as receive. Both DPA and LPA were purchased from Aldrich. Cysteamine 
hydrochloride was obtained from Sigma. Sodium sulfide (Na2S) was obtained from BDH. 
Cadmium chloride (CdCl2·H2O), potassium dihydrogen orthophosphate (KH2PO4) and 
dipotassium hydrogen orthophosphate (K2HPO4) were purchased from UNIVAR. Deionized 
water (DI) was used for all dilutions with a specific resistivity of 18.2 MΩ cm (Millipore 
water). Cys-CdS QDs used in this work were prepared and characterized as previously 
described in our recent report [20] (see the electronic supporting information (ESI) for more 
information). 

2.2 Instrumentations 
The detection and chiral identification of DPA and LPA were carried out using 

circular dichroism spectroscopy recorded on a Jasco-815 CD spectropolarimeter (JASCO, 
Japan) using a 1 cm quartz cell cuvette, with a scanning rate at 200 nm min-1. The 
fluorescence spectra data were collected on a Shimadzu RF-5301PC spectrofluorometer. 
Excitation and emission spectra were recorded with a slit width of 5 nm. Absorption spectra 
were investigated using an Agilent HP 8453 spectrophotometer. The pH of solutions was 
measured with a UB-10 UltraBasic pH meter (Denver Instrument). The transmission electron 
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microscope (TEM) micrograph was recorded on Tecnai G2-20 (FEI, Netherlands) operating 
at a 200 kV accelerating voltage. 

2.3 Circular dichroism measurements 
The CD spectrum of PA in the presence of Cys-CdS QDs was obtained by the 

following procedures. DPA or LPA was dissolved in water to obtain a 10 mM stock solution. 
Subsequently, 100 µL of the Cys-CdS QDs (0.04 mg mL-1) were blended with the stock 
solution to obtain concentrations in a range of 0-40 µM. The mixed solution was then made 
to obtain a final volume of 10.00 mL with 50 mM phosphate buffer pH 7.0. Before recording 
the CD spectra, it was incubated at room temperature for 10 min. To investigate the effect of 
incubation time, the mixed solution of Cys-CdS QDs and DPA or LPA in 50 mM phosphate 
buffer solution pH 7.0 was incubated from 1–60 min before recording the CD spectra. The 
effect of solution pH on the detection and chiral identification of PA was studied by using 50 
mM phosphate buffer to control pH in a range of 6.0–7.0 and 50 mM Tris-HCl buffer for the 
pH in a range of 7.5–10.0. Calibration curves for DPA or LPA were achieved under the 
optimized conditions (0.04 mg mL-1 of Cys-CdS QDs in 50 mM phosphate buffer pH 7.0 and 
incubation time of 10 min) with a range of concentrations of DPA or LPA (0-40 µM). The 
calibration curves were fitted with the CD signals at 253 nm. 

2.4 Selectivity of the sensor 
To evaluate the selectivity of the proposed sensor, the following procedures were carried 

out. 100 µL of Cys-CdS QDs (to obtain a final concentration of 0.04 mg mL-1) were mixed 
with 500 µL of 1.0 M phosphate buffer solution pH 7.0 in a 10.00 mL volumetric flask. 
Subsequently, the individual stock solution of other related compounds was added to obtain a 
concentration of 10 µM. The mixture was then diluted with water. The solution was mixed 
and kept at room temperature for 10 min before recording CD spectra.  

 
2.5 Application to real urine samples 
In order to evaluate the practical application of the proposed sensor, a urine sample from 

a healthy volunteer was used as a representative of clinical sample. It was prepared in the 
same procedure as reported previously [39]. The collection of fresh urine specimen from the 
healthy volunteer was done within 1 h. It was important that the urine sample was fresh when 
tested; therefore, it was immediately used without storing. To remove contaminated particles, 
the fresh urine specimen was filtered through a filter paper. A fifty-fold sample dilution was 
made with 50 mM phosphate buffer pH 7.0 and then equilibrated for 30 min at room 
temperature. The accuracy and precision of quantitative analysis were evaluated by spiking 
three different concentrations of DPA and LPA (5, 10 and 15 µM) into the urine specimen 
under the optimized condition before the fluorescence measurement.  
 
3. Results and discussion 

Surface-modified QDs have been utilized as luminescent probes for chemical 
determination. Herein, we demonstrate a new practical application of Cys-CdS QDs in the 
chiral identification and detection. This approach is based upon the CD spectroscopy 
technique. This technique is often used in the identification of chirality and associated CD of 
the chiral molecules; however, the concentrations of chiral compounds must be at a relatively 
high level. As a result, chiral compounds at low concentrations cannot be effectively 
detected. In the present work, achiral QDs are proposed as a sensor probe for detecting thiol-
chiral containing compounds. It was found that the reaction between thiol-chiral containing 
compounds and the achiral QDs leads to optically active probe. In the following sections, the 
sensor characterizations and optimizations are reported and discussed in details. 
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3.1 CD response of QDs to chiral-thiol containing compounds   

The CD spectra of the 0.04 mg mL-1 Cys-CdS QDs in the absence and presence of PA 
(DPA and LPA) and cysteine were initially investigated as shown in Fig. 1 (a) and (b), 
respectively. The CD spectrum of Cys-CdS QDs did not show any optically active 
characteristics confirming that Cys-CdS QDs had no chiroptical property. Besides, it was 
found that concentrations of chiral-thiol containing compounds (PA and cysteine) at only 20 
μM are not adequate to record the CD spectra. CD spectra of both PA and cysteine at higher 
concentrations were then observed as illustrated in Fig. S4 (ESI). Once the concentrations 
were increased, the CD spectra can be recorded and exhibited a mirror image profile of the 
enaniomer. It should be noted that the detection of chiral-thiol containing compounds by CD 
spectroscopy technique occurred at relatively high concentration levels. 

To observe the CD response as a consequence of the interaction between achiral Cys-
CdS QDs and chiral-thiol containing compounds, CD spectra of Cys-CdS QDs in the 
presence of the chiral-thiol containing compounds at the same concentration level (at only 20 
μM) were recorded, and the medium of the solution was controlled. It was found that the CD 
spectra were significantly altered after addition of PA and cysteine as shown in Fig. 1 (a) and 
(b), respectively. In the presence of DPA, the CD spectrum displayed a strong trisignate CD 
feature with positive Cotton effects at 230 and 275 nm and a negative Cotton effect at 253 
nm. The mirror image profile of LPA was also detectable. The CD spectra of Cys-CdS QDs 
in the existence of cysteine, as shown in Fig.1 (b), exhibit a similar pattern to that of the 
presence of PA but with lower intensity. It is noticeable that the CD spectrum patterns of the 
studied chiral-thiol containing compounds are different from their spectra at higher 
concentration levels ((-) 234 and (+) 234 nm for DPA and LPA, respectively). This is due to 
the surface modification of new chiral QDs via binding of PA (via thiol group) and Cd2+ on 
the surface of QDs [27]. This leads to an electronic coupling between QD and chiral ligands 
in its proximity [26]. Organic capping ligands can be used to trigger and control interactions 
of optically active QDs. Therefore, the spectrum of chiral-thiol containing compounds is 
different from that of free PA. It should be noted that the CD spectrum of the Cys-CdS QDs 
after adding PA exhibited different pattern comparing with the PA capped CdS QDs as 
reported by Moloney et al. [27]. Moloney’s work showed that the CD spectra of D- and L- 
penicillamine stabilized CdS QDs are more complex than our Cys-CdS QDs after adding PA, 
with maxima/minima at 207 ± 3, 252 ± 2, 293 ± 3, 320 ± 2 and 345 ± 2 nm. This observation 
suggested that hydrogen bonding interactions between the primary capping molecules 
(cysteamine) and PA in our case affected the CD pattern in a different manner as compared to 
the direct interactions of PA on the surface of CdS. However, the CD pattern obtained from 
both cases still showed the mirror image spectra when using the different PA isomers. More 
importantly, the CD signal of chiral-thiol containing compounds can be recorded at a very 
low concentration which cannot be detected at the same concentration level of the free PA.  
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Fig. 1  The CD spectrum of 285 μM Cys-CdS QDs in the absence and presence of 20 μM of 

(a) DPA and LPA and (b) D-cysteine and L-cysteine in 50 mM PBS pH 7.0. 

 

Fig. S4 The circular dichroism spectrum of (a) D-penicillamine and L-penicillamine (b) D-
 cysteine and L-cysteine in 50 mM PBS pH 7.0. 
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3.2 Possible sensing mechanism  
The interaction of PA on Cys-CdS QDs was studied by investigating the absorption 

spectrum of Cys-CdS QDs in the presence of PA as shown in Fig. S5 (ESI). The absorbance 
intensity of the Cys-CdS QDs was increased without any spectrum shift after addition of PA. 
This indicates that the interaction between PA and QDs do not alter their sizes. In addition, 
PA is a strongly coordinating ligand and it is able to chelate cadmium ions on the surface of 
QDs providing better surface passivation [27]. This can reduce surface states and lead to 
strong confining potential and consequently higher luminescence efficiency.  

As the fluorescence of CdS QDs is normally sensitive to the modified surface, the 
fluorescence spectrum of Cys-CdS QDs in the presence of various concentrations of DPA or 
LPA was investigated and the results are shown in Fig. S6 (ESI). There are no differences in 
fluorescence spectra of Cys-CdS QDs upon adding DPA or LPA. It is clearly seen that the 
fluorescence spectrum intensity of Cys-CdS QDs increased once PA was added. This is due 
to a reduction of the crystal defect at the QD surface thus reducing surface trap. However, the 
fluorescence intensity was not a function of the concentration of PA. Thus, the fluorescence 
approach can not be used to either quantitatively analyze PA or differentiate between DPA 
and LPA. 

In order to investigate the interaction of PA on the QDs surface in details, cyclic 
voltammograms of the QDs in the absence and presence of PA have been recorded and the 
results are shown in Fig. S7 (ESI). The cyclic voltammogram of only Cys-CdS QDs showed 
the cathodic peak of CdS to Cd0 at -1.18 V (vs Ag/AgCl) and the anodic peak at -0.95 V and       
-0.77 V (vs Ag/AgCl) corresponding to the oxidation of Cd0 to CdS [40]. It should be noted 
that DPA and LPA barely showed redox waves in the studied potentials. After adding PA 
into the solution of Cys-CdS QDs, it can be seen in Fig. S7 (ESI) that the cathodic peak at -
1.18 V (vs Ag/AgCl) significantly decreased. This may be due to the strong coordination of 
PA on to the surface of CdS causing less CdS to be reduced to Cd0. Consequently, the anodic 
peak of Cys-CdS QDs at -0.95 V (vs Ag/AgCl) increased in the presence of PA probably due 
to the formation of Cd(S-PA) complexes.  

The results suggested that PA was attached to the surface of achiral Cys-CdS QDs 
resulting in novel chiral QDs. Schaaf and Whetten [41] proposed three different models 
accounting for a CD response from a nanocrystal with chiral ligands: (i) the core of the 
nanoparticle is chiral; (ii) the nanoparticle surface is chiral; (iii) only the adsorbate is chiral.  

A theoretical model based on density functional theory together with experimental 
results of the PA capped CdS QDs showed that penicillamine ligand bound via N and S to 
one surface-Cd [42]. The chirality was introduced via additional bonding of carboxylate to a 
neighboring Cd. Due to the strong interaction between chiral ligands and, the ligands strongly 
distorted the outermost Cd atoms of the QDs, transmitting an enantiomeric structure to the 
surface layers. Nevertheless, there is little distortion of CdS geometry in the inner of QDs 
core. Thus, the CD signals stemmed from near-surface Cd atoms that were enantiomerically 
distorted by penicillamine ligands, agreeing with model (ii) proposed by Schaaf and Whetten. 

Very recently, Pawar et al. [43] reported the detection of DPA using 3-
mercaptopropionic acid capped CdS QDs by following the enhancement of fluorescence 
intensity of QDs upon the addition of DPA. In this system, the thiol (–SH)  groups  of  DPA  
can  bind  with Cd2+ on  the  surface of QDs which  leads  to  the  removal  of  local trap  
states  and  resulting  in  the  fluorescence  enhancement. Pawar’s results agree well with our 
fluorescence and cyclic voltammetry results. Therefore, the fluorescence sensing mechanism 
of our work should be pertinent to model (iii) proposed by Schaaf and Whetten.  

According to this phenomenon, the detection of chiral-thiol containing compounds in 
the presence of Cys-CdS QDs provides more sensitivity. In the light of this result, achiral 
Cys-CdS QDs can be used to identify chiral-thiol containing compounds. Moreover, the CD 
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signals obtained from both PA enantiomers showed higher intensity than that obtained from 
cysteine. Therefore, Cys-CdS QDs can be potentially used as selective CD sensor for the 
detection and chiral identification of PA.  

According to the basic principle of CD spectroscopy, the CD spectrum can be 
generated due to the different absorption of the left- and right-circularly polarized light [44]. 
This phenomenon would only in the case of the polarized light pass through the chiral 
compound. The different in the absorption of circularly polarized light can be expressed in 
equation (1).  
∆A = AL - AR = b.c.∆ε                (1) 

where AL and AR are the absorbance of the left- and right circularly polarized light by 
the chiral sample, respectively. It should be noted that there is no difference in AL and AR for 
achiral compounds. Thus, the degree of absorption can be well explained by the classical 
Beer−Lambert Law. Therefore, the abbreviation b, c, Δε are defined as a path length of the 
sample cell in centimeters, molar concentration and molar extinction coefficient of the 
sample at the specified wavelength, respectively. It can be seen from the equation (1) that the 
value of b is a constant parameter (in the case of using the same container) and ∆ε is also a 
constant value as long as measuring at the same wavelength. Therefore, the degree of ∆A 
would be linearly dependent on the concentration of chiral samples. In this work, since the 
probe is achiral compound, the ∆A would depend on the number of PA interacting with 
cysteamine on the surface of QDs. Thus, our Cys-CdS QDs can be used in a quantitative 
analysis of PA. 

 

Fig. S5 The absorption spectra of D-penicillamine, L-penicillamine before and  after modified 
 with Cys-CdS QDs in 50 mM PBS pH 7.0 (dilute 4 times from the fluorescence 
 experiment)   
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3.3 Effect of the solution pH  

From the previous section, the CD signal of PA at low concentrations can be detected 
after the reaction between PA and the Cys-CdS QDs yielding new chiral QDs. Thus, the pH 
of the medium has to be initially optimized to obtain the best reaction condition between PA 
and Cys-CdS QDs. To evaluate the optimum pH, phosphate buffer solution was applied to 
control the pH of solution in a range of 6.0 - 7.0. In the meanwhile, tris-HCl buffer solution 
was introduced for a pH range of 7.5-10.0. The CD spectrum of Cys-CdS QDs in the 
presence of DPA and LPA at different solution pHs are illustrated in Fig. 2(a) and Fig. 2(c), 
respectively. In addition, the corresponding CD signal of DPA and LPA at 253 nm as a 
function of the solution pHs are shown in Fig. 2(b) and Fig. 2(d), respectively. 

It was found that after adding either DPA or LPA into the Cys-CdS QDs, low 
intensity CD signals were obtained provided that the pH of the solution was lower than 7.0. 
In contrast, the CD signals were, after adding both DPA and LPA, significantly increased 
when the solution pHs were as high as 7.0 indicating the presence of a more number of PA 
molecules. This suggested that the binding between thiol  (-SH) group of PA and the surface 
of Cys-CdS QDs affected by the solution pH. The binding of the S-Cd bond (thiol group of 
PA and CdS core QDs) at the neutral pH was more favorable than in the acidic pHs. 
Nonetheless, once the solution pH became more alkaline, PA may form disulfide compound 
by itself, thus decreasing the number of PA on the QDs. In the light of this reaction condition, 
the solution pH of 50 mM PBS was adjusted to 7.0 in order to obtain the optimum detection 
sensitivity. 

 

Fig. 2  CD spectrum of 285 µM Cys-CdS QDs in the presence of 40 µM (a) DPA and (c) 
LPA in different solution pHs in 50 mM buffered solution and  the corresponding CD 
signal of (b) DPA and (d) LPA at a wavelength of 253 nm as a function of the 
solution pHs (n=3). 

3.4 Effect of Cys-CdS QD concentration 

The detection sensitivity can basically be affected by the concentration of the sensor 
probe. Therefore, the effect of the Cys-CdS QD concentration on the detection sensitivity was 
investigated in 50 mM PBS at pH 7.0 by increasing concentrations in the range of 0-0.08 mg 
mL-1 in the presence of 40 µM of PA. After the solution was well mixed, the CD spectrum 
was recorded. As shown in Fig. 3, a significant role of Cys-CdS QDs in the detection can be 
clearly seen. Apparently, the CD signals of DPA and LPA in the absence of Cys-CdS QDs 
cannot be detected. In constrast, once 0.02 mg mL-1 of Cys-CdS QDs was mixed into the 
solution the CD spectra can be observed for both DPA and LPA, as illustrated in Fig. 3 (a) 
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and (c), respectively. However, the fluctuation of CD spectra at wavelengths lower than 240 
nm was observed once the concentrations of Cys-CdS QDs were higher than 0.04 mg mL-1, 
and the spectra are not well defined. This phenomenon is a result of energy absorption of 
Cys-CdS QDs in a range of the studied wavelengths, which can disturb the CD spectrum. 
Therefore, the increase of achiral probes did not improve the detection sensitivity. This 
suggests that fuctionalized PA onto the limited number of Cyst-CdS QDs provides better 
sensor characteristics than more amount of the probes. In the light of this result, 0.04 mg mL-

1 of Cys-CdS QDs was chosen for further studies.  

 

Fig. 3  CD spectrum of Cys-CdS QDs in 50 mM PBS at pH 7.0 in a range of concentration of 
Cys-CdS QDs between 0-570 μM in the presence of 40 µM (a) DPA and (c) LPA and 
the corresponding CD signal of (b) DPA and (d) LPA at 253 nm as a function of the 
concentration of Cys-CdS QDs (n=3).  

3.5 Selectivity of the proposed sensor  

In principle, the CD technique is capable of detecting only the compounds which 
manifest chiral property. Therefore, the proposed sensor is a very promising candidate for 
detecting PA enantiomers. The experiments were carried out by adding possible interfering 
compounds into the sensor probe under the optimum condition as discussed in the previous 
section. The CD spectrum of the Cys-CdS QDs in the existence of each interfering compound 
was individually recorded as shown in Fig. 4. It can be clearly seen that CD spectra 
developed once the Cys-CdS QDs were in the presence of chiral-thiol containing compounds 
including DPA, LPA, D-cysteine and L-cysteine. It is also notable that the CD signals of Cys-
CdS QDs in the presence of D-cysteine and L-cysteine show lower sensitivity than that of 
DPA and LPA. In addition to DPA, LPA, D-cysteine and L-cysteine, several chiral 
compounds were also investigated including L-alanine, L-arginine, L-asparagine, L-aspartic 
acid, L-glutamic acid, D,L-glutamine, L-histidine, L-isoleucine, L-leucine, D,L-methionine, D-
phenylalanine, L-phenylalanine, L-proline, L-threonine, L-tryptophan, L-tyrosine, L-serine and 
L-valine. It is noticeable that these chiral compounds have no thiol group (-SH) and they 
exhibit no spectrum change as illustrated in Fig. 4. This result can be used to confirm the 
importance of the thiol group on the detection using this novel approach. Besides, we also 
investigated the detection of certain compounds containing thiol group including cysteamine 
and thioglycolic acid, methyl-3-mercaptopropionate, 4,5-dihydro-thiazole-2-thiol, 
thioglycolic acid and mercaptoethanol. Although these compounds contains thiol group, they 
show no appearance of CD spectra. The spectral selectivity of this sensor over other thiol 
containing compounds is due to the basic principle of the CD technique which is capable of 
detecting only the chiral optically active compounds. It should be noted that a low 
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concentration of each compound was used in the experiment in order to control the 
concentration level of the tested compounds for the comparison. In addition, compared with 
the direct detection of PA, the proposed sensor is able to detect PA at the lower 
concentration. This result reveals the advantages of the CD technique over conventional 
techniques especially the spectrofluorometry. Taking into account of these factors, our 
proposed sensor is capable of providing an excellent spectral selectivity on the detection of 
DPA and LPA.       

 

Fig. 4  (a) CD spectrum of 285 µM Cys-CdS QDs in 50 mM PBS at pH 7.0 in the presence 
of 10 µM of DPA, LPA and possible interfering compounds (b) the corresponding CD 
signals of DPA, LPA and possible interfering compounds at 253 nm (n=3). 

3.6 Analytical merits of Cys-CdS QD-based CD sensor  

The CD technique is not typically used as quantitative analysis approach due to the 
relatively high detection limit compared with other molecular spectroscopy techniques. 
However, our group recently demonstrated the application of CD technique in a quantitative 
analysis of some heavy metal ions by using chiral CdS QDs [38]. As discussed in the 
previous section, the CD spectrum of free PA cannot be detected provided that the 
concentrations of the solution are relatively low. However, the use of Cys-CdS QDs as a 
sensor probe allows not only chiral identification but also the quantitative analysis of PA at 
micromolar level. Thus, an analytical performance of the proposed sensor was thoroughly 
investigated. 

The calibration curves for the quantitative determination of DPA and LPA were obtained 
by using the optimized condition as discussed in the previous section. The appropriate 
volumes of stock PA solutions were added into the solution of Cys-CdS QDs containing 50 
mM PBS at pH 7.0 to gain the final concentrations ranging from 0 to 40 µM. The CD spectra 
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of Cys-CdS QDs in the presence of different concentrations of DPA and LPA were recorded 
as shown in Fig. 5(a). Based on the intensity of CD spectra, the corresponding calibration 
curves can be obtained as illustrated in Fig. 5(b). As one can see, the CD signals of Cys-CdS 
QDs were increased with increasing DPA and LPA concentrations. The development of the 
CD spectrum upon the increase of PA amount exhibits a progressive spectral change without 
any significant shift. The mirror image profile of its enantiomer can also be observed. This 
result demonstrates that the increase of CD intensity is due to the increasing amount of PA on 
the surface of CdS QDs. The proposed CD sensor provides a good linear relationship 
between the CD signal (mdeg) and the concentration of DPA and LPA at 253 nm. The 
regression equations were found to be CD (mdeg) = -1.375×[DPA, µM] - 0.536 (r2 = 0.9896) 
and CD (mdeg) = 1.380×[LPA, µM] + 0.531 (r2 = 0.9920) with a range of concentrations 
between 1–35 µM. The concentration of PA beyond 35 µM showed the saturation of the CD 
signal which may be due to the limited space of the surface of the Cyst-CdS QDs (as shown 
in Fig. S8, ESI). The calibration equation was obtained once all possible affected parameters 
were optimized. As a result, the different calibration regression equation will be achieved 
provided that the different QD concentration is used. The detection sensitivity, however, will 
be less than that of the optimized condition. From a practical point of view, the concentration 
of the probe in both the standard and sample solution must be controlled in order to keep 
away from the effect of probe concentration. 

The direct measurement of PA by CD technique was carried out in order to compare with 
the counterpart experiment. The CD spectra of DPA and LPA at the same concentration 
range (without Cys-CdS QDs) and medium were recorded. As shown in Fig. 5(b), the 
relationships between CD signals and PA concentration are plotted. Obviously, the CD signal 
was not significantly changed with increasing PA concentrations. This confirms that the 
detection sensitivity of the proposed sensor is superior to the direct CD measurement. The 
detection limits (LOD) of the proposed sensor was also evaluated. It is defined as the 
concentration of PA giving the CD signal CD0 + (3×standard deviation of CD0) (at 253 nm), 
where CD0 is the baseline CD signal of the Cys-CdS QDs. It was found that the LOD of DPA 
and LPA was 0.49 and 0.74 µM, respectively.  

 
Fig. 5  (a) The CD spectrum of 285 µM Cys-CdS QDs in the presence of different 

concentrations of DPA and LPA in a range of 0-40 µM in 50 mM PBS buffer at pH 
7.0 and (b) the corresponding calibration curve (at 253 nm) and calibration curve of 
the direct CD measurement of DPA and LPA (at 230 nm). 



 12 

 

Fig S8 (a) The CD spectrum of 0.04 mg mL-1 Cys-CdS QDs in the presence of different 
 concentrations of DPA and LPA in a range of 0-140 µM in 50 mM PBS buffer at pH 
 7.0 and (b) the corresponding calibration curve in a range of 0-140 µM (at 253 nm). 

3.7 Application of the proposed sensor in real urine samples 

In order to demonstrate whether the proposed sensor can be used for the detection of 
PA in a real situation, the urine samples from a healthy volunteer was used as a clinical 
sample model. The standard solutions of DPA or LPA were spiked into the urine sample to 
obtain the concentrations of 5, 10 and 15 µM. The CD spectra of the spiked samples were 
recorded and the concentration of PA can be simply interpreted by the corresponding 
calibration curve. The calculated amount of PA in real urine sample and spiked samples are 
summarized in Table 1. Excellent recoveries are in a range from 94 to 106 % with the relative 
standard deviations (%RSD) lower than 6.0%. From the experiments, it can be confirmed that 
the proposed detection technique is reliable and can be utilized in a broad range of 
applications.  

 
Table 1. Concentrations of DPA and LPA in real urine sample measured by the proposed 
sensor (n=3). 
Spiked Found (µM) ± SD %Recovery ± SD RSD (%) 

(µM) DPA LPA DPA LPA DPA LPA 

- n.d. n.d. - - - - 

5 5.27±0.13 4.94±0.25  105.5±2.7 97.5±4.9 2.6 5.0 

10 9.52±0.36 9.66±0.17 95.2±3.6 96.0±1.7 3.8 1.8 

15 15.83±0.18 14.27± 0.36 105.5±1.2 94.7±2.4 1.1 2.5 
*n.d. = not detectable  

4. Conclusion 

We found that thiol containing chiral molecules conjugated with CdS QDs can lead to 
new CD signals. The CD signal-generating phenomena of thiol containing chiral molecules 
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can provide a novel strategy for the PA detection. The CD spectrum of DPA and LPA 
obtained from this approach also show mirror image profile; therefore, it can be used to 
identify the absolute chirality of PA. In addition, the CD signal (mdeg) from this approach 
depends on the concentrations of PA leading to the possible quantitative analysis. The 
proposed sensor allows the detection sensitivity of the PA at a micromolar range. Compared 
with conventional analysis, this technique provides many advantages and can overcome the 
primary limitations of the CD. Moreover, with reliable results this sensor can be potentially 
applied in practical realizations especially in detection of PA in physiological urine samples. 
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5. Cysteamine capped CdS quantum dots as a fluorescence sensor for the determination 
of copper ion exploiting fluorescence enhancement and long-wave spectral shifts 
 
1. Introduction  

It is well known that copper is one of the heavy metals and essential elements for many 
living organisms [1-2]. However, it also becomes toxic at high levels. It causes liver damage 
in infants [3]. Recently, it has been suggested that copper deficiency can increase the risk of 
developing coronary heart disease [4]. Thus, the determination of copper in the environment 
and biological samples is of tremendous interest and importance for analytical chemists. 

Basically, a large number of traditional methods including atomic absorption 
spectroscopy (AAS) [5-6], inductively coupled plasma emission mass spectroscopy (ICP-
MS) [7], electrochemical methods [8-9], and ion chromatography [10] have been reported 
and used successfully for the determination of Cu2+ in environmental samples. However, 
these methods need sophisticated and high operation cost, and the procedures used in these 
methods are requiring long operating times. Furthermore, they can not be used for on-site 
measurements. Therefore, the development of new methods for determination of Cu2+ is still 
one of the most important goals.  

Chemical sensors are currently attractive to chemists due to their high sensitivity, 
selectivity, and simplicity. A variety of organic fluorophore-based sensors have been 
proposed for the detection of Cu2+ due to their relatively high sensitivity [11-14]. However, 
organic fluorophore often suffer from the nature of organic molecules such as non-resistance 
to photobleaching, giving narrow excitation bands, and emitting broad spectra. In order to 
overcome the drawbacks of organic fluorophore-based sensors, nanocrystalline quatum dots 
(QDs) have attracted widespread attention in diverse research fields [15-19] due to many 
excellent optical properties, such as high quantum yield, tunable size-dependent emission, 
narrow emission peaks, and resistance to photobleaching. These properties provide important 
advantages over organic dyes in fluorescent applications, resulting in the increasing use of 
QDs as the fluorescent probe in analytical chemistry [20].  

Recently, various reports have been published on the using of QDs for determination of 
Cu2+ via analyte-induced changes in fluorescence intensity. The concentration of Cu2+ can be 
measured based on the change of fluorescence intensity of QDs caused by the interactions 
between QDs surface and Cu2+. Chen and Rosenzweig [21] reported for the first time that 
Zn2+ and Cu2+ can be determined by utilizing fluorescence CdS QDs capped by different 
ligands such as polyphosphate, L-cysteine and thioglycerol. Similarly, Asfura et al. [22] 
utilized peptide-coated CdS QDs as a fluorescence probe for Cu2+ and Ag+ ions. Later, CdSe–
ZnS QDs modified with bovine serum albumin were also investigated for the determination 
of copper [23]. The water-soluble CdSe QDs surface modified either with 2-mercaptoethane 
sulphonic acid or with 2-mercaptoacetic acid were prepared and used for determination of 
Cu2+ in aqueous solutions. Koneswaran and Narayanaswamy [24] developed L-cysteine-
capped ZnS QDs as a novel fluorescence nanosensor for Cu2+ ion in aqueous medium. The 
fluorescence sensor was based on the fluorescence quenching of L-cysteine-capped ZnS QDs. 
Moreover, mercaptosuccinic acid (MSA)-capped CdSe QDs were successfully synthesized in 
aqueous medium and directly applied to sensitive and selective detection of Cu2+ in the 
presence of other physiologically relevant cations [25]. According to these reviews, it can be 
seen that most of the QDs sensors for the detection of Cu2+ were based on the fluorescence 
quenching. 

Basically, sensing mechanisms of fluorescence sensors using QDs as probe are based on 
turn-on or turn-off strategies with or without the spectrum shift. If interactions between QDs 
and a target analyte induce changing of the particle size, the shift of the fluorescence 
spectrum would be observed. For analysis purpose, the large Stokes shift to the longer 
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wavelength can provide better analytical merits such as sensitivity and selectivity. However, 
the fluorescence sensors based on the changing of the size of quantum dots have not 
frequently reported. Akshya et al. reported that the CdS QDs functionalized with N-(2-
hydroxybenzyl)-cysteine, showing a fluorescence emission at 542 nm. In the presence of 
Cu2+ the fluorescence spectra was quenched and shifted to 600 nm. In addition, this sensor 
also responded to Hg2+ by the fluorescence quenching mechanism [26]. Liu et al. used 
aptamer-programmed self assembly of QDs for sensitive fluorescent sensing of adenosine 
and thrombin. The aptamer was split into two flexible single strand deoxyribonucleic acid 
(ssDNA) fragments and modified on the QDs surface. In the presence of a target analyte, the 
QDs probe were assembled together, lead to fluorescence quenching and red shift of the 
emission peak [27]. Furthermore, Yuan fabricated fluorescence Hg2+ sensor using CdSe-ZnS 
quantum dots functionalized with 2-hydroxyethyldithiocarbamate (HDTC). The fluorescence 
intensity of the sensor can be selectively and efficiently quenched by Hg2+ through a surface 
chelating reaction between HDTC and Hg2+. They reported that the fluorescence maxima 
wavelength shifted from 596 to 603 nm due to the formation of a thin shell of a mercury-
containing compound on the CdSe cores upon the increasing concentration of Hg2+ [28]. In 
addition, Wang et al. reported that the red-shift of the emission band of thioglycolic acid-
capped CdTe QDs was used as a sensing mechanism for the detection of Ag+. However, the 
shift of the fluorescence spectrum was due to the stabilization of a charge-transfer state, but 
not due to the aggregation induced by Ag+ ion [29]. 

Herein, we reported a new fluorescence turn-on sensor for selective detection of copper 
ions (Cu2+) based on the unmodified cysteamine capped CdS quantum dots (Cys-CdS QDs). 
Fluorescence intensity was enhanced and a red-shift in emission was observed in the presence 
of Cu2+. Parameters affecting the increasing ability of Cu2+ were studied and optimized. 
Moreover, the selectivity of the sensor towards other metal ions was also investigated. In 
addition, the proposed sensor was used to determine Cu2+ in real water samples.       
 
2. Experimental 

2.1 Chemicals 
All reagents used were of analytical grade and used without further purification. 

Cadmium chloride (CdCl2⋅H2O) was obtained from Riedel-deHaen. Cysteamine 
hydrochloride was purchased from Sigma. Sodium sulfide (Na2S⋅xH2O) was recieved from 
BDH. Mercuric chloride was obtained from Merck. Potassium nitrate, barium nitrate, 
magnesium nitrate and calcium nitrate were received from Univar. Ferric nitrate nonahydrate, 
lead (II) nitrate, nickel nitrate hexahydrate and zinc nitrate hexahydrate were purchased from 
Fluka. Copper (II) nitrate hexahydrate, silver nitrate, sodium hydroxide, cobalt nitrate, 
chromium chloride, manganese nitrate and sodium nitrate were obtained from Carlo Erba. 
Tris-hydroxymethyl-methylamine was recieved from Ajax. Ultra pure water (18.2 MΩ cm) 
was obtained from a Millipore water purification system. Cys-CdS QDs used in this work 
were prepared and characterized as previously described in our recent report [30]. The 
concentration of the QDs was calculated based on the original cadmium source and found to 
be 0.076 M. 

 
2.2 Instrumentations 

Fluorescence spectra were recorded using a RF-5301PC spectrofluorometer 
(Shimadzu). The slit width used for both excitation and emission were 5 nm. Absorption 
spectra of the quantum dots solution was measured on an Agilent HP 8453 UV-Vis 
spectrophotometer. The transmission electron microscopy (TEM) images of the Cys-CdS 
QDs were carried out on Tecnai G2-20 (FEI, Netherlands) under the accelerating voltage of 
200 kV. Cyclic voltammetry was carried out by using an Autolab PGSTAT 101 
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potentionstat-galvanostat with Nova 1.7 software program (Ecochemie, The Netherlands) 
equipped with three electrodes: a bare glassy carbon electrode (GCE; diameter 3 mm) as the 
working electrode, a Ag/AgCl electrode as the reference electrode, and a platinum sheet as 
the counter electrode. Inductively coupled plasma optical emission spectrometer (ICP-OES, 
Optima 2100 DV, USA) was used for the determination of Cu2+ on the Cys-CdS QDs and in 
real water samples. pH measurements were carried out using a UB-10 UltraBasic pH meter 
(Denver Instrument). 

2.3 General procedure for Cu2+ detection 
In order to determine Cu2+ using Cys-CdS QDs, the following general procedures were 

carried out. A stock solution of 1 mM Cu(NO3)2⋅6(H2O) was prepared. A 100 µL of Cys-
CdS QDs, 8.0 mL of 0.05 M Tris-HCl buffer solution pH 9.0 and a certain amount of Cu2+ 
were sequentially added to a 10.00 mL volumetric flask. The mixture was diluted to the final 
volume of 10.00 mL with 0.05 M Tris-HCl buffer solution pH 9.0 and was then incubated at 
room temperature for 10 min. The fluorescence intensity of the solution was measured at an 
excitation wavelength of 360 nm.     

 
2.4 Interference studies 
To investigate the selectivity of Cys-CdS QDs to Cu2+, the following procedure was 

performed. An individual stock solution of various metal ions (1.0 mM) was prepared by 
dissolution of a metal ion salt in ultra pure water. A 100 µL of Cys-CdS QDs, 500 µL of 1.0 
M Tris-HCl buffer pH 9.0 and stock of various metal ions solution with an appropriate 
volume were sequentially added to a 10-mL volumetric flask. The final concentration of 
interference metal ion was 10 µM for Li+, Na+, K+, Ba2+, Mg2+, Ca2+ and 5 µM for Co2+, Cr3+, 
Cd2+, Mn2+, Ni2+, Pb2+, Zn2+, Hg2+, Ag+, Fe3+, respectively. Then the mixture was diluted to 
the mark with ultrapure water. The fluorescence intensity was recorded after equilibrating for 
10 min.  

 
2.5 Application to real water samples  
Natural pond water sample from Khon Kaen Province was collected and filtered through 

filter paper. Then, the filtered water sample was mixed with Tris-HCl buffer and spiked with 
Cu2+ at two different concentration levels. The sensor probe was added to the water sample 
and incubated prior to the fluorescence measurement. The concentrations of Cu2+ in the water 
sample were calculated according to the calibration curve. The results from the proposed 
sensor was compared to those obtained from the ICP-OES technique. 
 
3. Results and Discussion 

According to our previous reports [30], fluorescence intensity of Cys-CdS QDs can be 
enhanced in the presence of Ag+ without the spectrum shift. Moreover, the fluorescence 
intensity of Cys-CdS QDs can be modulated by Cu2+ and used to fabricate a selective cyanide 
sensor based on the formation of Cu2+-cyanide complex [31]. In the later report, when 
studying of the effect of Cu2+ on the fluorescence intensity of Cys-CdS QDs, the unexpected 
result showed that the fluorescence intensity of Cys-CdS QDs was enhanced at low Cu2+ 
concentration (Cu2+ < 10 µM) with a large red shift. However, the fluorescence intensity was 
inversely quenched at high Cu2+ concentration (Cu2+ > 20 µM). However, this behavior was 
not found in the case of other cations. In the presence of CN-, the fluorescence intensity can 
be recovered again, however it can not restore to the original spectrum (before adding Cu2+). 
From this observation, we hypothesized that there are two different kinds of Cu2+ on the Cys-
CdS QDs surface. At higher concentration of Cu2+, Cu2+ may form a reversible complex on 
the capping ligand which can quench the fluorescence intensity of the Cys-CdS QDs. On the 
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other hand, at lower concentration of Cu2+, Cu2+ may deposit on the CdS crystal. Therefore, it 
can be used this phenomenon to fabricate a highly selective Cu2+ sensor. The selectivity and 
sensitivity of the sensor fabricated from this strategy can be better than other QDs-based 
fluorescence sensors.  

 
3.1 Fluorescence enhancement of Cys-CdS QDs by Cu2+ 
Recently, there are various publications reported the use of quantum dots having 

different capping molecules as selective Cu2+ sensors. However, most of the reports were 
based on the fluorescence quenching mechanism. Generally, the interaction between the 
cation and quantum dots surface may influence the efficiency of the electron-hole 
recombination process. This phenomenon may reduce the probability of the electron-hole 
recombination and cause the fluorescence quenching. Therefore, in this work, the detection of 
Cu2+ ions based turn-on fluorescence intensity of Cys-CdS QDs was proposed.  

When adding Cu2+ into the Cys-CdS QDs solution, the unexpected results showed that 
the fluorescence intensity of Cys-CdS QDs was enhanced with spectrum shift to the longer 
wavelength at low concentration of Cu2+ as shown in Fig. 1(a). Moreover, the fluorescence 
intensity increased with increasing the concentration of Cu2+. The fluorescence enhancement 
after adding small amount of Cu2+ may stem from the decreasing of small crystal defect on 
the surface of quantum dots by Cu2+ ions. Therefore, the electron-hole recombination 
efficiency was enhanced, and consequently the fluorescence intensity increased. Meanwhile, 
a large red shift of fluorescence spectra was observed after adding Cu2+. This result implied, 
according to the quantum confinement effect, the increasing the particle size of the Cys-CdS 
QDs possibly due to the formation of CuS on the defect crystal of Cys-CdS QDs.  

 
Fig. 1  Fluorometric titration of Cys-CdS QDs at the higher Cu2+ concentration (20-200 µM) 

(a). The corresponding linear plot by Stern-Volmer analysis (b). (Medium: [Cys-CdS 
QDs] = 0.76 mM, 0.05 M Tris-HCl buffer pH 9.0). 

 
 The increasing of the particle size can be confirmed by TEM images. The TEM image 
of the Cys-CDS QDs before and after adding 10 µM of Cu2+ was shown in Fig. 2(a) and Fig. 
2(b), respectively. The average size of the particles significantly increased from 2.6±0.9 nm 
to 4.2±0.5 nm. The observed red shift of the fluorescence spectrum agreed well with the 
results obtained from the TEM images. In order to confirm the presence of Cu on the Cys-
CdS QDs, the EDX spectrum of the precipitated Cys-CdS QDs after adding Cu2+ was 
recorded. The result was shown in the Fig. S4 of the ESI. The EDX spectrum clearly 
exhibited the Cu signal on the Cys-CdS QDs, supporting the presence of Cu on the surface of 
Cys-CdS QDs.  
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Fig. 2  TEM images of Cys-CdS QDs before adding Cu2+ (a), the average particle size was 

2.6±0.9 nm (N = 95) and after adding Cu2+ (b), the average particle size was 4.2±0.5 
nm (N = 66). 

 
 On the other hand, the fluorescence intensity of Cys-CdS QDs was further quenched 
upon increasing the concentration of Cu2+ (20-200 µM) in conjunction with a large red shift 
of emission spectra (up to 70 nm) as shown in Fig. 1(a). However, the quenching efficiency 
of Cu2+ on Cys-CdS QDs did not relate to the concentration of Cu2+. The fluorescence 
quenching data were analyzed by Stern–Volmer equation as following equation. 
 

   F
F0    =   1 + KSV[Q]      (1) 

where F0 and F are the fluorescence intensities of Cys-CdS QDs in the absence and in 
the presence of Cu2+, respectively. KSV is the Stern-Volmer quenching constant which is 
related to the quenching efficiency and [Q] is the concentration of Cu2+. As shown in Fig. 
1(b), a linear relationship between the ratio of F0 to F and Cu2+ concentration was observed 
in the range of 20-100 µM with a KSV of 1.0×10-3 M-1. The remarkably low KSV value 
suggested a poor quenching efficiency of Cu2+. The fluorescence quenching observed at high 
concentration of Cu2+ may be due to the complexation between Cu2+ and amine group on the 
surface of quantum dots [32]. The presence of Cu2+ complex linked to the QDs surface can 
cause the quenching of fluorescence intensity of Cys-CdS QDs due to the electron transfer 
mechanism.  

From our previous report, the Cu2+ at higher concentration (more than 10 µM) can be 
removed by the formation of the cyanide complex. However, the fluorescence spectrum did 
not restore to the original spectrum (before adding Cu2+) [31]. This phenomenon implied that 
Cu2+ at low concentration may form an irreversible compound (cause the particle size 
increased) on the QDs which cannot be removed by cyanide ions. From these observations 
support that there are two types of the Cu2+ on the Cys-CdS QDs. However, in order to 
develop fluorescence turn-on Cu2+ sensor, we are interested in the phenomenon at low 
concentration level of Cu2+ (less than 10 µM). 

 
 
 



 6 

 
Fig. S4 EDX spectrum of the precipitated Cys-CdS QDs after adding Cu2+.  

 
3.2 Cyclic voltammetry studies  
In order to study the interaction between Cys-CdS QDs with Cu2+, cyclic voltammetry 

technique was examined. The cyclic votammogram of individual compound including Cu2+ 
solution at 10 µM (represent of Cu2+ at low concentration) and 100 µM (represent of Cu2+ at 
high concentration), Cys-CdS QDs were firstly recorded to investigate the electrochemical 
behavior of each compound. Then the cyclic voltammogram of the mixture solution of Cys-
CdS QDs and 10 µM or 100 µM Cu2+ were recorded and the results showed in the Fig. 3. It 
can be seen that the anodic peaks of Cys-CdS QDs at -0.82 and -0.63 V (vs Ag/AgCl) 
decreased with the same pattern after adding 10 µM of Cu2+ as shown in Fig. 3(a). This result 
signified that the surface of the Cys-CdS QDs was changed after adding Cu2+. In addition, the 
cyclic voltamogram of the Cys-CdS QDs in the presence of 100 µM was recorded and the 
results showed in the Fig 3(b). The resulting voltammogram showed a significant difference 
from the former case. The anodic peak of the Cys-CdS QDs was shifted from -0.63 V to -0.58 
V (vs Ag/AgCl). Furthermore, the new oxidation peaks at -0.35 V and 0.19 V (vs Ag/AgCl) 
can be observed which may be due to the formation of copper complex on the capping 
cysteamine. From the cyclic voltammetry studies, it can be concluded that there are two types 
of Cu2+ exist on the Cys-CdS QDs, which supported the fluorescence results mentioned 
previously.

 
Fig. 3  Cyclic voltammograms of Cys-CdS QDs in the absence and presence of (a) 10 µM (b) 

100 µM of Cu2+ in 0.05 M Tris-HCl buffer pH 9.0.   
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3.3 Effect of pH on the fluorescence enhancement by Cu2+ 
Basically, the pH of the solution plays an important role in the interaction of QDs with 

other molecules [33]. In this work, the capping molecule is a weak base (primary amine). The 
charge on the surface of the QDs would depend on the degree of protonation of the amine 
groups and may affect to the electron-hole recombination process which corresponded to the 
fluorescence intensity of the QDs. Thus, the effect of the solution pH towards the 
fluorescence enhancement of Cys-CdS QDs by Cu2+ was studied in the range of 7.0 – 9.0. 
The pHs of solution were varied by adjusting the pH of 0.05 M Tris–HCl buffer. The 
fluorescence spectrum of Cys-CdS QDs in the absence and the presence of Cu2+ at different 
pH were shown in Fig. 4(a). The fluorescence intensities of Cys-CdS QDs were enhanced in 
the presence of Cu2+ at all solution pHs. Meanwhile, the large red shift spectra were 
observed. The fluorescence intensity of Cys-CdS QDs was enhanced with the increasing of 
solution pH (as shown in Fig. 4(b)). These results showed that the interaction between Cys-
CdS QDs and Cu2+ was strongly influenced by the pH of the solution. The enhancement of 
fluorescence intensity when increasing solution pH may be due to the deprotonation of amine 
group on capping molecule. Therefore, Cu2+ ions can enter through the Cys-CdS QDs surface 
and possibly form the CuS complex at the crystal defect. This resulted in the decreasing of 
crystal defect and reduced trap state. Therefore, the electron-hole recombination process was 
enhanced and the fluorescence intensity of the Cys-CdS QDs increased with a large red shift. 
The maximum fluorescence enhancement was observed at pH 9.0. Therefore, 0.05 M Tris–
HCl buffer solution of pH 9.0 was selected to obtain the best sensitivity.  

 
Fig. 4 Effect of pH on the fluorescence intensity of 0.76 mM Cys-CdS QDs in the absence 

and the presence of 5 µM Cu2+ (a) and the fluorescence intensity enhancement by 5 
µM Cu2+ (b). (By adjusting the pH of 0.05 M Tris-HCl buffer). 

 
3.4 Effect of concentration of Cys-CdS QDs on the determination of Cu2+ 

Basically, the concentration of quantum dots plays an important role in the detection 
sensitivity. To obtain the highest sensitivity and the widest linear range of the calibration 
curve, the effect of the Cys-CdS QDs concentration on the degree of fluorescence 
enhancement (F-F0) was investigated. The concentration of Cys-CdS QDs was varied from 
0.38–3.8 mM in 0.05 M Tris–HCl buffer pH 9.0. As shown in Fig. 5(a), the fluorescence 
intensity of Cys-CdS QDs increased with the increasing of Cys-CdS QDs concentration from 
0.38 to 0.76 mM. However, when further increasing the concentration of Cys-CdS QDs, the 
fluorescence intensities inversely decreased. The decreasing of fluorescence intensity when 
increasing of the concentration may be due to self absorption phenomenon. 
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Furthermore, the effect of Cys-CdS QDs concentration on the fluorescence enhancement 
in the presence of Cu2+ was also studied in the solution of 0.05 M Tris–HCl buffer pH 9.0 to 
obtain the highest detection sensitivity. The degree of fluorescence enhancement (F-F0) at 
each Cys-CdS QDs concentration ranging from 0.38 to 3.8 mM in the presence of 5 µM Cu2+ 
was measured and the results were shown in Fig. 5(b). The highest fluorescence enhancement 
was obtained at 0.76 mM concentration of Cys-CdS QDs. Therefore, 0.76 mM was chosen 
for further experiments.  

 
Fig. 5 (a) Fluorescence spectra of Cys-CdS QDs at difference concentrations in 0.05 M Tris-

HCl buffer pH 9.0 (b) Effect of the Cys-CdS QDs concentration on fluorescence 
enhancement by 5 µM Cu2+ in 0.05 M Tris-HCl buffer pH 9.0. 

 
3.5 Selectivity of the proposed sensor 
Generally, selectivity is a key parameter for the fabrication of new chemical sensors. 

Ideally, the sensor should respond only to the target analyte without interfering from other 
species. Thus, selectivity of the sensors is still a challenging subject. In this work, the 
proposed sensor was based on the direct interaction of Cu2+ on the surface of quantum dots. 
From this reaction, the crystals defect on the surface was repaired and resulting in the 
enhancement of fluorescence intensity of Cys-CdS QDs. Therefore, to evaluate the selectivity 
of Cys-CdS QDs for Cu2+, the response from other metal ions including Li+, Na+, K+, Ba2+, 
Mg2+, Ca2+, Co2+, Cr3+, Cd2+, Mn2+, Ni2+, Pb2+, Zn2+, Hg2+, Ag+ and Fe3+  to the fluorescence 
spectrum of the Cys-CdS QDs were studied. The fluorescence spectra of Cys-CdS QDs 
before and after adding cation and the comparison of the fluorescence intensity of Cys-CdS 
QDs in the absence and the presence of interfering ions were shown in Fig. 6(a) and Fig 6(c), 
respectively. It was clearly seen that the fluorescence spectra of the Cys-CdS QDs can be 
enhanced with large red shift spectrum only in the presence of Cu2+. On the other hand, the 
fluorescence spectra did not show any significant change from the original spectrum when 
adding other cations. As a result, the Cys-CdS QDs can be used as a selective probe for Cu2+ 
by the fluorescence turn-on approach.  

However, according to our previous reported [30], Cys-CdS QDs can also be used as the 
sensor for the detection of Ag+ by fluorescence turn-on approach. As shown in Fig. 6(b), 
when adding Ag+ the fluorescence spectrum of Cys-CdS QDs was increased with slightly red 
shift spectrum. This result signifies that Ag+ is an important interfering ion in the detection of 
Cu2+ by this sensor. However, if there is no Ag+ contaminated in the sample solution, this 
sensor can provide many interesting advantages due to the red shift spectra. For example, the 
qualitative analysis of Cu2+ can be easily obtained by observing the large red shift spectrum. 
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In addition, a high Stokes shift between the excitation and emission wavelengths (around 190 
nm, λex=360 nm, λem=550 nm) providing a simplified fluorescence measurement, lower 
interference species and higher detection sensitivity.  

 

 

Fig. 6  Fluorescence spectra of Cys-CdS QDs in the presence of various cations (a) and in the 
presence of Ag+ (b). Comparison of the degree of fluorescence enhancement (F-F0) in 
the presence of each cation (c). (Medium: [Cys-CdS QDs] = 0.76 mM, 0.05 M Tris-
HCl buffer pH 9.0, [Mn+] = 10 µM (Li+, Na+, K+, Ba2+, Mg2+, Ca2+) and 5 µM for the 
rest). 

 
3.6 Analytical performance of the proposed sensor 

In order to apply the proposed sensor for the quantitative analysis of Cu2+, the analytical 
parameters were then evaluated. The fluorescence spectra of Cys-CdS QDs in the presence of 
different concentrations of Cu2+ were recorded and the results were shown in Fig. 7. From 
Fig. 7(a), it can be seen that the fluorescence intensity increased with a large spectrum red 
shift when increasing the concentration of Cu2+. A good linear relationship between F-F0 and 
the concentration of Cu2+ was obtained as shown in Fig. 7(b). The regression equation was 
found to be F-F0 = 34.46[Cu2+ (µM)] – 41.41 (r2 = 0.9951) with a working concentration 
range of 2 – 10 µM. 

The limit of detection (LOD) and limit of quantitation (LOQ) were also determined to 
demonstrate the limitation of the sensor. The LOD was measured as the concentration of 
analyte giving the fluorescence intensity equal to 3×standard deviation of F0, while the LOQ 
was calculated as the concentration of an analyte giving the fluorescence intensity equal to 
10×standard deviation of F0. The LOD and LOQ of the proposed sensor were found to be 1.5 
and 1.6 µM, respectively. These results suggested that this sensor has a potential to detect 
Cu2+ at very low concentration levels. 
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Fig. 7 (a) Fluorescence emission spectra of Cys-CdS QDs in the presence of different 
concentrations of Cu2+ (0-10 µM). (b) The calibration curve for Cu2+. (Medium: [Cys-
CdS QDs] = 0.76 mM, 0.05 M Tris-HCl buffer pH 9.0). 

 
3.7 Application of the proposed sensor for detection of Cu2+ in real water sample  

To demonstrate the feasibility of the proposed sensor in real applications, the natural 
pond water sample was used as a representative sample and compared with results obtained 
from ICP-OES technique. The real natural pond water sample from Khon Kaen Province was 
collected and filtered through a Whatman No. 42 filter. Then, the filtered wastewater sample 
was mixed with 50 mM Tris-HCl buffer pH 9.0 and spiked with Cu2+ at two different 
concentration levels (3 and 6 µM). The sensor probe was added to the sample and incubated 
for 10 minutes prior to the fluorescence measurement. The resulting concentrations were 
calculated using the calibration curve and the concentration of Cu2+ obtained from ICP-OES 
technique are summarized in Table 1. Furthermore, the fluorescence spectra of the Cys-CdS 
QDs in the presence of real treatment wastewater sample and after spiking with 3 µM or 6 
µM Cu2+ are shown in Fig. 8. It can be seen from Fig. 8 that the fluorescence spectrum of 
Cys-CdS QDs in the presence of natural pond water sample showed a slightly blue shift from 
original Cys-CdS QDs, whereas the fluorescence intensity at 550 nm was lower than that of 
the Cys-CdS QDs. This result suggested that the Cu2+ concentration in the real sample was 
lower than the LOD. However, after spiking Cu2+ at two levels, the % recovery values of 96-
103% were obtained. Moreover, the natural pond water sample and its spiked sample were 
determined using ICP-OES. The results showed that the concentration of Cu2+ found from the 
proposed sensor was in close agreement with those obtained by using the ICP-OES method. 
The recovery results and the results from ICP-OES can be used to confirm the accuracy of 
this sensor. The precision of the proposed sensor was also evaluated and reported as %R.S.D. 
values of the three measurements. The obtained %R.S.D. values were lower than 3%. These 
results confirm that the method is precise and can be applied to the determination of Cu2+ in 
real samples.  
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Fig. 8 Fluorescence spectra of the Cys-CdS QDs in the presence of natural pond water 

sample and after spiking with 3 µM or 6 µM Cu2+. (Medium: [Cys-CdS QDs] = 0.76 
mM, 0.05 M Tris-HCl buffer pH 9.0). 

 
Table 1. Measurements of Cu2+ in natural pond water sample using the proposed sensor and 
ICP-OES  

Added Proposed sensor  ICP-OES 
(µM) Found (µM)a %Recovery RSD (%)  Found(µM)a %Recovery RSD (%) 

0 n.d. - -  n.d. - - 
3.0 3.1 ± 0.1 103.2 ± 1.6 1.6  3.2 ± 0.1 108.2 ± 0.3 0.3 
6.0 5.8 ± 0.2 96.7 ± 2.5 2.6  6.3 ± 0.1 105.8 ± 0.8 0.7 

a Mean ± SD (n = 5) 

n.d. = not detectable  

3.8 Comparison the analytical merits to other Cu2+ sensors based QDs   
 Fluorescence sensors based quantum dots for selective detection of Cu2+ is an 
interesting research topic because they provide ultrahigh sensitive and selective assays. 
Several types of core quantum dots with different capping molecules were synthesized and 
used to fabricate the Cu2+ sensors as summarized in Table 2. Fluorescence quenching was the 
most frequently reported mode of detection, but this work relied on the fluorescence 
enhancement mode. Most of the reported Cu2+ sensors based QDs were potentially interfered 
from Fe3+ and Ag+. Although the detection sensitivity of the proposed sensor was not better 
than other related sensors based fluorescence QDs, it can be used to detect Cu2+ in the same 
order of magnitude (micromolar range). In addition, selectivity and simplicity of the proposed 
method are quite remarkable.  
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Table 2 Comparison the analytical merits of the Cu2+ sensors based fluorescence 
nanomaterials  

 
 
4. Conclusion 

In summary, the fluorescence sensor for detection of Cu2+ using unmodified Cys-CdS 
QDs was successfully developed. After adding Cu2+ into the solution of Cys-CdS QDs, the 
change of the fluorescence spectrum can be observed. At low concentration level (less than 
10 µM), the fluorescence intensity of Cys-CdS QDs was enhanced as a linear function of 
Cu2+ concentration at low micromolar level with a large red shift spectrum. Electrochemical 
studies and ICP-OES suggested that Cu2+ deposited on the Cys-CdS QDs surface. On the 
other hand, fluorescence intensity of Cys-CdS QDs was quenched when further increasing 
the Cu2+ concentration due to the formation of Cu2+ and Cysteamine complex. Thus, the Cys-
CdS QDs can be potentially be used as a sensitive sensor for the detection of trace Cu2+ by 
turn on fluorescence strategy. The calibration plot was linear in the range between 2 and 10 
µM. The detection limit of this sensor is 1.5 µM. Moreover, Cys-CdS QDs were directly 
applied to sensitive and selective detection of Cu2+ in the presence of other physiologically 
relevant cations with satisfactory results. The feasibility of the proposed sensor was 
demonstrated by determining the Cu2+ content in spiked real natural pond water sample with 
satisfactory results.  
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6. Silver ion modulated CdS quantum dots for highly selective detection of trace Hg2+  
 
1. Introduction  
 The acute and/or chronic toxicity to biological organisms of mercury ions is well-
known [1]. Mercury exists in multiple forms such as inorganic salts, and as organic 
complexes with the most common and stable form of mercury in water being the solvated 
divalent mercuric ion (Hg2+) [2]. The toxicity of mercury is primarily associated with this 
divalent species, with absorption, tissue distribution and biotransformation all influenced 
significantly by the valence state of the metal [3]. Hg2+ produces toxic effects by protein 
precipitation, enzyme inhibition, and generalized corrosive action. Thus, the detection of 
Hg2+ in water samples is a serious concern because of its harmful effects on the environment 
and human health. 

Hg2+ is normally quantitatively analyzed by spectroscopic techniques such as cold 
vapor atomic absorption spectrometry (AAS) [4], inductively coupled plasma mass 
spectrometry (ICP-MS) [5], atomic fluorescence spectrometry (AFS) [6], an X-ray 
fluorescence spectrometry (XRF) [7, 8]. Electrochemical techniques such as anodic stripping 
voltammetry (ASV) [9] are also popular for Hg2+ detection. Although these techniques offer 
high selectivity and sensitivity, they posses some drawbacks such as high operating cost, and 
being labor-intensive, and time-consuming. Therefore, low cost, simple, and rapid assays for 
Hg2+ detection are highly desired. 
 Chemical sensors for toxic heavy metal ions based on optical nanomaterials 
continue to move interesting research directions [10-12]. The optical characteristics of 
materials at the nanometer scale differ from those of their bulk counterpart including 
absorption [13], fluorescence emission [14], and circular dichroism [15]. There have been 
several reports utilizing nanomaterials as optical chemical sensors for selective detection of 
Hg2+, for instance using gold nanoparticles (AuNPs) [16], silver nanoparticles (AgNPs) [17], 
gold nanoclusters (AuNCs) [18, 19], and silver nanoclusters (AgNCs) [20]. Colorimetric 
sensors for detection of Hg2+ using AuNPs [21] and AgNPs [22] as sensor probes have been 
reported most frequently. The color change of the sensor probe in the presence of Hg2+ 
was due to the change of the particle size, such as crystal growth [23] or aggregation/anti-
aggregation mechanisms [22, 24]. In addition, fluorescence sensors based metal nanoclusters 
including AuNCs [18] and AgNCs [25] for the detection of Hg2+ have also been reported. 
Moreover, a dual functional fluorescence sensor for the detection of Ag+ and Hg2+ was 
proposed using cytidine stabilized AuNCs [18].  
 Nanocrystalline semiconductors or quantum dots (QDs) are another type of optical 
nanomaterial frequently used to fabricate fluorescence sensors for sensing Hg2+ and other 
heavy metal ions. The selectivity of the sensor towards specific target metal ions can be based 
on several detection mechanisms. The direct interaction/reaction between metal ions and QDs 
surface/capping ligands are the most common detection mechanism. This mechanism can 
provide excellent selectivity towards the specific metal ions [26, 27]. The sensing signal may 
be followed by the degree of fluorescence quenching (turn-off mode) [28] or fluorescence 
enhancement (turn-on mode) [29]. However, this approach requires the design of a specific 
capping ligand for the reaction between metal ions and the QD surface. Therefore, in order to 
design more versatile Hg2+ and heavy metal ion sensors based QDs which are not limited by 
the specific interaction/reaction on the QDs surface, a two-step fluorescence change strategy 
(turn-on-off/turn-off-on) is proposed [30-33]. For this approach, the fluorescence intensity of 
the QDs is firstly modulated by an appropriate conjugated compound (such as organic 
compounds or some metal ions). Then, the fluorescence intensity of the modulated QDs can 
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inversely be changed in the presence of the target metal ions due to a specific interaction 
between the conjugated compound and the target metal ion. The two-step fluorescence 
change approach can improve the selectivity of the sensor due to the specific 
interaction/reaction of the conjugated compound and the target species. Ideally, we can 
design the selective sensor for several metal ions by changing the conjugated compound (by 
using the same QDs as a fluorescence probe). 
    In this paper, we aim to fabricate a fluorescence sensor based cysteamine capped 
cadmium sulfide quantum dots (Cys-CdS QDs) for selective determination of Hg2+ via the 
two-step fluorescence change strategy (turn-on-off) having Ag+ as the conjugated species. 
The fluorescence intensity of the Cys-CdS QDs was firstly modulated by the addition of Ag+ 
(turn-on). Based on a strong metallophilic interaction between Ag+ and Hg2+, the modulated 
fluorescence intensity of Cys-CdS QDs can efficiently be quenched in the presence of Hg2+ 
(turn-off). The degree of fluorescence quenching can be related to the concentration of Hg2+. 
The parameters that may affect the detection sensitivity were studied and optimized. Finally, 
the feasibility of the proposed sensor in real samples application was demonstrated and 
compared to the results of cold vapor atomic absorption spectrometry.   
 
2. Experimental 

2.1 Chemicals 
 All reagents were of analytical grade and used without further purification. 
Cadmium chloride (CdCl2·H2O) was obtained from Riedel-deHaen. Cysteamine 
hydrochloride and mercury (II) chloride monohydrate were purchased from Sigma. Sodium 
sulfide (Na2S·H2O) and silver nitrate were received from BDH. Sodium hydroxide was 
obtained from Carlo Erba Reagents. Glacial acetic acid was purchased from QRec. Ultrapure 
water (18.2 MΩ cm) was obtained from a Millipore water purification system. Cys-CdS QDs 
used in this work were prepared and characterized as described in our recent report [34] (see 
the electronic supporting information (ESI) for more information). 
 

2.2 Instrumentations 
 Fluorescence spectra were recorded using a RF-5301PC spectrofluorometer 
(Shimadzu). The slit width used for both excitation and emission was 5 nm. The transmission 
electron microscopy (TEM) images of the Cys–CdS QDs were carried out on a Tecnai G2-20 
(FEI, Netherlands) under an accelerating voltage of 200 kV. Optical absorption spectra were 
recorded on an Agilent HP 8453 spectrometer. Measurements of solution pH were carried out 
using a UB-10 UltraBasic pH meter (Denver Instrument). 
 

2.3 Fluorescence enhancement of Cys-CdS QDs by Ag+ 
 The Cys-CdS QDs solution (volume 75 µL) was added to a 10.00 mL volumetric 
flask. The appropriate volume of stock AgNO3 solution (1.0 mM) was then added to the 
same flask. The mixture was then diluted to 10.00 mL with 0.1 M acetic-acetate buffer pH 
4.0. The solution was then incubated at room temperature for 10 minutes before measuring 
fluorescence spectra using the excitation wavelength (λex) of 372 nm. 
 

2.5 Fluorescence quenching of Ag+@Cys-CdS QDs by Hg2+ 

 The Cys-CdS QD solution (volume 75 µL) and 100 µL of 1.0 mM AgNO3 were 
added to a 10.00 mL volumetric flask and incubated for 10 min. The appropriate volume of 
stock Hg2+ solution (1.0 mM) was then added together to the same volumetric flask. Then, 
the solution was diluted to 10.00 mL with 0.1 M acetic-acetate buffer pH 4.0. The solution 
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was then incubated at room temperature for 15 minutes before measuring the fluorescence 
spectrum using an excitation wavelength (λex) of 372 nm. 
 

2.6 Selectivity of the sensor   
The Cys-CdS QDs solution (volume of 75 µL) and 100 µL of 1.0 mM AgNO3 were 

added to a 10.00 mL volumetric flask and incubated for 10 min. Then, 30 µL of 1.0 mM 
stock solution of various metal ions was added (giving a final concentration of 3 μM) 
including Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Pb2+, Al3+, Zn2+, Cd2+, Mn2+, Ni2+, Cr3+, Co2+, Cu2+, 
Fe2+, Fe3+ and Hg2+. The solution was then diluted to 10.00 mL with 0.1 M acetic-acetate 
buffer pH 4.0 and incubated at room temperature for 15 minutes before measuring the 
fluorescence spectrum using an excitation wavelength (λex) of 372 nm. 

 
2.7 Application of the sensor for determination of Hg2+ in drinking water 

The sensor probe was prepared by mixing 75 µL of Cys-CdS QDs solution and 100 
µL of 1.0 mM AgNO3 in a 10.00 mL volumetric flask containing 1.0 mL of 1.0 M acetic-
acetate buffer pH 4.0. Water samples spiked with Hg2+ were then added into the sensor probe 
to a final volume of 10.00 mL and incubated for 15 minutes before recording fluorescence 
spectra. The concentration of Hg2+ was then extracted using a standard calibration curve. The 
accuracy and precision of each measurement was evaluated by spiking three different 
concentrations of Hg2+ (0.2, 0.4 and 0.6 µM) into the water samples under the optimized 
condition.  

3. Results and discussion 
 3.1 Detection concept and the sensor response  

 In previous work, we showed that Cys-CdS QDs can be used as selective fluorescence 
sensors for the detection of Ag+ [34]. In that work, the fluorescence intensity of Cys-CdS 
QDs was enhanced (turn-on) in the presence of trace amounts of Ag+. This is due to the 
coordination of Ag+ with the thiol moieties on the surface of QDs which result in the creation 
of more radiative centers at the CdS/Ag–SR complex microheterojunctions and stimulate 
blocking of nonradiative e−/h+ recombination defect sites on the surface of QDs. If the Ag+-
sensitized fluorescence can inversely be quenched by further specific interaction, a selective 
fluorescence sensor via two-step fluorescence change is obtained. Here, metallophilic 
interactions between Hg2+ and Ag+ are expected to quench the fluorescence of the Ag+ 
modulated Cys-CdS QDs (Ag+@Cys-CdS QDs), constituting an efficiently and selective 
Hg2+ sensor.  

The fluorescence spectrum of the Cys-CdS QDs in the absence and presence of Ag+ 
are shown in Fig. 1. In acidic solution (0.1 M acetic-acetate buffer pH 4.0), the fluorescence 
intensity of Cys-CdS QDs was relatively weak due to the protonation of the amine groups on 
capping moieties. Interestingly, in the presence of only 10 µM of Ag+, the fluorescence 
intensity of the Cys-CdS QDs is significantly enhanced with the same spectrum shape and a 
relatively small red shift. The improved fluorescence characteristics are due to the decrease of 
nanocrystal defects by the formation of Ag+/RS- adsorbed on the surface of CyS-CdS QDs 
[35, 36]. 

To demonstrate the Hg2+ sensor concept, Hg2+ was added to the solution of 
Ag+@CyS-CdS QDs and the fluorescence compared to the original CyS-CdS QDs solution 
(without Ag+) and the results are shown in Fig. 1. Fluorescence quenching phenomenon is 
observed for both systems. For the system containing only CyS-CdS QDs, fluorescence 
quenching (25 %) with a small red shift in the spectrum is observed. This may be due to HgS 
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deposition on the surface of the CyS-CdS QDs [37]. On the other hand, the fluorescence 
quenching when using Ag+@CyS-CdS QDs as a sensor probe showed better quenching 
efficiency (around 60%) upon addition of Hg2+. This behavior may be due to the well-known 
metallophilic interaction between Hg2+ and Ag+ (formation of a strong metallophilic bond 
between their d10 centers) on the Cys-CdS QDs surface [18, 38]. The results signify that the 
formation of Hg2+–Ag+ on the Cys-CdS QDs is a more efficient quencher than Hg2+ alone. It 
should be noted that the fluorescence spectrum after adding Hg2+ exhibits a relatively red 
shift of the spectrum (from 545 nm to 550 nm), indicating increasing particle size.  

 

Fig. 1 Fluorescence spectrum of 0.06 mg mL-1 Cys-CdS QDs in the absence and presence of 
 10 µM Ag+ and the effect of 3 µM Hg2+ to the fluorescence spectrum of Cys-CdS 
 QDs and Ag+@Cys-CdS QDs in 0.1 M acetic-acetate buffer pH 4.0. 

 The change of the particle size upon addition of Ag+ and following by Hg2+ was 
investigated by TEM. The TEM image of the Cys-CdS QDs is shown in Fig. 2 (a). The 
morphology of the Cys-CdS QDs is a spherical with an average diameter of 3.3±0.8 nm. No 
aggregation of the particles and a narrow particle size distribution were observed 
corresponding well with the narrow and symmetrical fluorescence spectra. From Fig. 2(b), 
the size of the Cys-CdS QDs after adding Ag+ (3.5±0.6 nm) was relatively close to the size of 
the original Cys-CdS QDs (Fig. 2(a)), corresponding to the relatively small red shift observed 
in the fluorescence studies. The size of the QDs after adding Ag+ did not change significantly 
because a very small amount of Ag+ was used to modulate the sensor. On the other hand, the 
particle size significantly increased (to be around 4.6±1.4 nm) after adding Hg2+ to the 
solution of Ag+@CyS CdS QDs as shown in Fig. 2(c). This result confirms the formation of 
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Hg2+-Ag+ on the Cys-CdS QDs, corresponding to the significant red shift observed in the 
fluorescence studies.      

   

Fig. 2 TEM images of (a) Cys-CdS QDs, (b) Ag+@Cys-CdS QDs and (c) Hg2+–Ag+@Cys-
CdS QDs. 

 

3.3 Effect of Ag+ concentration on the fluorescence enhancement 

The fluorescence spectra of Cys-CdS QDs in the presence of various concentrations 
of Ag+ from 0 to 20 µM were recorded and shown in Fig. 3. The fluorescence intensity of 
Cys-CdS QDs increased gradually with increasing Ag+ can be observed until the 
concentration of Ag+ reached 10 µM, and then was relatively constant beyond that 
concentration level. This may be due to the limited adsorption surface, as can be elucidated 
by a Langmuir-type binding isotherm [35, 36]. In order to obtain the best sensor sensitivity, 
the amount of Ag+ used to modulate the fluorescence emission of Cys-CdS QDs was 
optimized. The stock solution of Hg2+ (3 µM) was added to the Ag+-modulated Cys-CdS 
QDs. The degrees of fluorescence quenching (∆F = F0 - F) observed is shown in Fig. 3(b). 
The results reveal that quenching efficiency can be increased when increasing the 
concentration of Ag+ up to 10 µM and then is relatively constant beyond that. This result 
suggests that excess Ag+ (after the adsorption on the QDs surface) is not necessary and does 
not affect the fluorescence quenching efficiency by Hg2+. In addition, the fluorescence 
quenching was due to the interaction between Ag+ deposited on the surface of Cys-CdS QDs 
and Hg2+. To obtain the maximum quenching efficiency (for Hg2+ detection), 10 µM of Ag+ 
was used to modulate the fluorescence intensity of the Cys-CdS QDs.  

(a) (b) (c) 
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Fig. 3  (a) Fluorescence spectrum of the Cys-CdS QDs in the presence of 0-20 µM Ag+ and 
(b) degree of fluorescence quenching caused by the addition of 3 µM Hg2+ at the 
given Ag+ concentrations in 0.1 M acetic-acetate buffer pH 4.0. 

 

 3.4 Effect of the solution pH on the sensor preparation and detection of Hg2+ 

 It is well-known that the photoluminescence of colloidal QDs is very sensitive to the 
solution pH change. Moreover, the solution pH may affect the interaction/reaction between 
the sensor probe and the target analyte. In this context, the Cys-CdS QDs possess a primary 
amine as a capping molecule, and the pH of the solution can affect the charge on the capping 
molecule. Moreover, the solution pH may also affect the reaction between Hg2+ and Ag+. The 
effect of the solution pH was, therefore, studied by adjusting the pH of 0.1 M acetic-acetate 
buffer in the range of 3.0 to 6.0, and the results are shown in Fig. 4. For preparation of the 
sensor probe, Ag+ (10 µM) was added to 0.08 mg mL-1 Cys-CdS QDs at each solution pH. 
The results showed that the fluorescence intensities of the Cys-CdS QDs increased upon 
increasing the solution pH (Fig. 4(a)) and then decreased beyond pH 4.5. This result revealed 
that the pH of the solution affected the reaction between Ag+ and RS- on the surface of the 
Cys-CdS QDs. Moreover, the effect of the solution pH towards the detection of Hg2+ was 
also studied. The degree of fluorescence quenching as a function of the solution pH is shown 
in Fig. 4(b). In the presence of 3.0 µM Hg2+, the solution pH significantly affected the 
fluorescence quenching efficiency. High fluorescence quenching can be observed at solution 
pH less than 4.0. On the other hand, the quenching efficiency above pH 4.0 was significantly 
decreased. It is signified that the reaction between Hg2+ and Ag+ is pH dependent and more 
efficient in acidic media. Thus, to obtain the best quenching efficiency, the pH value of 4.0 
was chosen as the running assay solution throughout these studies.  
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Fig. 4  (a) Effect of the solution pH on the fluorescence intensities of 0.08 mg mL-1 Cys-CdS 
QDs in the presence of 10 µM Ag+ and the fluorescence intensities after the addition 
of 3 µM Hg2+ in 0.1 M acetic-acetate buffer pH 4.0 (b) degree of the fluorescence 
quenching (F0-F) upon the addition of 3 µM Hg2+ to the sensor probe (Ag+@Cys-CdS 
QDs) as a function of the solution pH.  

 

 3.5 Effect of the Cys-CdS QDs concentration on the detection of Hg2+ 

 The detection sensitivity of optical sensors based on QDs can be affected by the 
number of the sensor probe. When using low QD concentrations, the fluorescence intensity of 
the sensor probe can be expected to be low, affecting assay sensitivity. On the other hand, at 
higher QD concentration, fluorescence self-absorption by particles of different sizes may 
occur. Therefore, the effect of Cys-CdS QDs concentration used to fabricate the Hg2+ sensor 
was optimized. Concentrations of Cys-CdS QDs were varied in the range of 0.02-0.12 mg 
mL-1 by fixing the amount of Ag+ (10 µM) and the results were showed in Fig. 5(a). The 
fluorescence intensities of the Cys-CdS QDs in the presence of 10 µM Ag+ increased with 
increasing Cys-CdS QD concentration and was then relatively constant for QD concentrations 
beyond 0.08 mg mL-1. This behavior stems from the increasing the number of efficiently 
fluorescing particles (Ag+@Cys-CdS QDs) in solution. In addition, it should be noted that no 
spectral shift can be observed, signifying that the particle size remains the same, but the 
number of similar-sized fluorescent species increases. The fluorescence quenching of the 
Ag+@Cys-CdS QDs caused by Hg2+ at the given Cys-CdS QDs concentration was then 
investigated and the results are shown in Fig. 5(b). The degree of fluorescence quenching 
(F0-F) depended on the concentration of Cys-CdS QDs. The quenching efficiency increased 
with increasing Cys-CdS QDs concentration from 0.02 to 0.06 mg mL-1. This may be due to 
the limited number of sensor probes, with the 3 µM Hg2+ saturating available biding sites and 
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thus also the sensor signal. Furthermore, fluorescence quenching efficiency decreased at 
higher QD concentrations due to the limited capacity of Hg2+ to quench excessive 
concentrations of the QD sensor probe. Hence, to obtain the best detection sensitivity, 0.06 
mg mL-1 Cys-CdS QDs solution was chosen for the fabrication of the Hg2+ sensor.  

 

Fig. 5  Effect of Cys-CdS QDs concentration to the detection of Hg2+ (a) fluorescence 
spectrum of Cys-CdS QDs at various concentrations in the presence of 10 µM Ag+ in 
0.1 M acetic-acetate buffer pH 4.0 (b) Degree of the fluorescence quenching (F0-F) 
upon the addition of 3 µM Hg2+ to the sensor probe (Ag+@Cys-CdS QDs) as a 
function of Cys-CdS QDs concentrations.  

 

 3.6 Effect of the incubation time  

 In this work, the incubation time (the time allowed for the reaction to complete) can 
affect sensor performance. Therefore, the effect of the incubation time was studied in detail. 
For the sensor preparation step, the appropriate volume of Ag+ solution (10 µM) was added 
into 0.06 mg mL-1 of Cys-CdS QDs, and the fluorescence intensity was measured every 5 
minutes for 1 hour. The results of the effect of incubation time on the sensor preparation step 
are shown in Fig. 6(a). The fluorescence intensity of Cys-CdS QDs in the presence of Ag+ 
increased with increasing incubation time but only slightly increased after incubating for 10 
min. Thus, an incubation time of only 10 min was sufficient for the sensor preparation step. 
This result reveals that the reaction between Ag+ and RS- on the surface of Cys-CdS QDs 
requires some incubation time to complete the reaction before being used as a sensor for 
Hg2+. Next, the incubation time needed to obtain the best Hg2+ detection sensitivity was 
investigated. The experiment was carried out by the addition of the appropriate volume of 
Hg2+ (3 µM) to the 10 min incubated Ag+@Cys-CdS QDs. The fluorescence intensities of 
Ag+@Cys-CdS QDs after adding Hg2+ as a function of incubation time are shown in Fig. 
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6(b). The results showed that the reaction between Hg2+ and the sensor probe can reach 
equilibrium after 15 min. Therefore, in Hg2+ sensing experiments, the reaction was left for 15 
min before recording the fluorescence spectra.  

 

Fig. 6  (a) Effect of incubation time on the sensor preparation (Ag+@Cys-CdS QDs) using 
0.06 mg mL-1 of Cys-CdS QDs and 10 µM of Ag+ in 0.1 M acetic-acetate buffer pH 
4.0. (b) Effect of incubation time on the detection of 3 µM Hg2+ by the proposed 
sensor (after adding 10 µM of Ag+ into 0.06 mg mL-1 of Cys-CdS and incubated for 
15 min in 0.1 M acetic-acetate buffer pH 4.0).  

 

 3.7 Response of the sensor toward other possible interfering cations  

 The selectivity of the proposed sensor was evaluated by testing the sensor probe 
(Ag+@Cys-CdS QDs) with other cations. In our previous report [34], the Cys-CdS QDs itself 
responded to heavy metal ions. Silver ions had the highest effect on the fluorescence 
spectrum of the Cys-CdS QDs in the fluorescence enhancement mode. In addition, long 
wavelength fluorescence shifts can be observed when adding Cu2+ (less than 10 µM) to the 
Cys-CdS QDs. Cu2+ can react with the CdS core and form CuS on the surface of the Cys-CdS 
QDs, resulting in the increase of particle size [39]. Moreover, the Cys-CdS QDs themselves 
can respond to the Hg2+ in the quenching direction, however, it a relatively high concentration 
is required. In this work, when adding various cations to the sensor probe (Ag+@Cys-CdS 
QDs), the fluorescence spectrum was significantly quenched (as shown in Fig. 7) with a 
relatively red shift of fluorescence spectra only in the case of Hg2+ and Cu2+ while other 
cations exhibited no significant spectral or intensity changes. It may be noted that the 
fluorescence quenching in the case of Cu2+ was due to a chemical reaction such as the 
formation of CuS on the surface of Cys-CdS QDs [40]. Except Cu2+, Hg2+ was the only 
cation that significantly quenched the fluorescence of the sensor probe. The selectivity of this 
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sensor stems from the metallophilic interaction between Hg2+ and Ag+ (on the surface of Cys-
CdS QDs), acting as the efficient quencher while other metal ions cannot undergo such a 
reaction. These results confirm that the proposed sensor possesses good selectivity towards 
Hg2+.         

 

Fig. 7 (a) Fluorescence spectra and (b) the corresponding fluorescence intensities of 
Ag+@Cys-CdS QDs (0.06 mg mL-1 of Cys-CdS QDs in the presence of 10 µM of Ag+ 
in 0.1 M acetic-acetate buffer pH 4.0 in the presence of 3 µM of each tested metal 
ions. 

 

 3.8 Analytical performance of the Hg2+ detection by the proposed sensor 

Since the selectivity of the proposed sensor is based on the metallophilic interaction 
between Hg2+ and Ag+ (on the Cys-CdS QDs surface), that the proposed sensor should be 
tolerant to possible interfering species in real samples. Therefore in principle, a sensitive and 
low detection limit sensor can be expected. Fluorescence titrations of the sensor probe by 
Hg2+

 were carried out at the optimized conditions. The fluorescence spectra at various 
concentrations of Hg2+ ranging from 0 to 3.5 µM are shown in Fig. 8(a). With increasing Hg2+ 
concentration, the fluorescence intensity of the sensor probe at 545 nm is quenched. A 
calibration curve of Hg2+ can be obtained by plotting the degree of fluorescence quenching at 
545 nm (F0-F; when F0 and F were the fluorescence intensity in the absence and in the 
presence of Hg2+, respectively) as a function of the concentration of Hg2+ as shown in Fig. 
8(b). The working linear concentration range of the proposed sensor for detecting Hg2+ was 
found to be in the range of 0-3.5 µM. Hg2+ concentrations beyond this range provided the 
saturated response (data not shown). The regression equation was found to be F0 – F = 
63.25×[Hg2+] (µM ) + 9.14 with the correlation coefficient (r2) of 0.9826. The limit of 
detection (LOD) was calculated as the concentration of Hg2+ producing the degree of 
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fluorescence quenching equal to F0-3×the standard deviation of F0. The sensor exhibited a 
very low detection limit of 0.09 µM for Hg2+ sensing. In addition, the fluorescence spectra 
showed a red shift (from 545 to 550 nm) when the concentration of Hg2+ was increased, 
signifying increased of the particle size. The experimental results show that the degree of 
fluorescence quenching allows for the quantitative analysis of Hg2+. From the obtained 
analytical performance parameters, it can be confirmed that the proposed sensor possesses 
excellent detection sensitivity with relatively low detection limit and may be a powerful 
sensor for the application in a real situation. 

 

Fig. 8 (a) Fluorescence titration spectra of Ag+@Cys-CdS QDs upon the addition of 
different concentrations of Hg2+. (b) The corresponding calibration curve (the solution 
containing 0.06 mg mL-1 Cys-CdS QDs + 10 µM Ag+ in 0.1 M acetic-acetate buffer 
pH 4.0).  

 

 3.9 Application of the sensor for detection of Hg2+ in drinking water samples 

In order to demonstrate the application of the fabricated sensor in real samples, the 
detection of Hg2+ in samples of drinking water was evaluated. The drinking water was used 
without any pretreatment steps. The concentration of Hg2+ in drinking water was estimated by 
comparison with the standard calibration curve constructed by using a standard solution of 
Hg2+ in deionized water, and the results are shown in Table 1. From Table 1, the 
concentration of Hg2+ in the drinking water sample cannot be detected, signifying that the 
concentration of Hg2+ was less than the detection limit of the proposed sensor (less than 0.09 
µM). Therefore, spiked drinking water samples with the standard solution of Hg2+ at three 
different concentration levels were evaluated to determine the sensor accuracy. The 
concentration of Hg2+ in the drinking water sample and spiked samples were also measured 
by cold-vapor atomic absorption spectrometry, and the results are also listed in Table 1. It can 
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be seen that after spiking three different Hg2+ concentration levels into the water samples, 
%recoveries in the range of 100-105% were obtained. Also, the concentrations of the spiked 
samples determined by our sensor agree well with the results obtained from cold-vapor 
atomic absorption spectrometry (CV-AAS). Furthermore, %RSDs from three replicates were 
lower than 10% suggesting that the proposed sensor provides good precision. These results 
show that the proposed sensor can potentially be used in practical applications. 

Table 1 Determination of Hg2+ in real drinking water samples by the proposed sensor and 
cold-vapor atomic absorption spectrometry (CV-AAS) (n = 3) 

Added 
(µM) 

  Proposed sensor   CV-AAS 
 Found  %Recovery RSD  Found  %Recovery RSD 
 (µM)a (%) (%) (µM) a (%) (%) 

0.00  n.d. - -  n.d. - - 
0.20  0.24±0.02 105.3±10.7 10.2  0.206 ± 0.004 103 ± 2 1.8 
0.40  0.44±0.03 101.9±6.9 6.8  0.402 ± 0.002 101 ± 1 0.6 
0.60   0.63±0.03 100.2±5.4 5.4   0.598 ± 0.005 100 ± 1 0.9 

a Mean ± SD (n = 3) 

n.d. = not detectable  

3.10 Comparison of the sensors merits of the Hg2+ sensor fabricated from various 
type of nanomaterials  

The various reported methods of detections of Hg2+ using the optical properties of 
nanomaterials are summarized in Table 2. The Hg2+ sensors can be fabricated by using the 
different type of nanomaterials with several sensing mechanisms. Most methods have 
detection limits of the same order. Although the detection limit of our proposed sensor is not 
better than that found in previous reports, its selectivity due to the metallophilic interaction is 
quite remarkable. 

Table 2 Comparison of the sensors merits of the Hg2+ sensor fabricated from various type of 
nanomaterials  

Probe a Linear range  
(µM) 

LOD  
(µM) 

Ref. 

CA-Au NPs  0.05 – 3 0.03 [1] 
Cytidine stabilized Au NCs 0.03 – 16 0.03 [18] 
BSA-Au NCs 0.20 – 60 0.03 [19] 
Citrate stabilized Au NPs 0.01 – 2 0.005 [21] 
Ag NPR 0.005 – 10 0.0002 [23] 
(E)-N,N’-bis(4-(Z)-2-(4-
butoxyphenyl)-1-
cyanovinylphenyl)-1,4-
benzenebismethaneimine 

0 – 3.0 0.24 [41] 

L-cysteine-CdS QDs - 0.001 [42] 
CS@3D-rGO@DNA 0.001-0.01 0.000016 [43] 
FRET FB vs TGA-CdTe QDs  1.6-160 0.132 [44] 
This work 0.10 – 3.5 0.09 - 
aAbbreviations: CA, cysteamine; BSA, bovine serum albumin; FB, Fluorescent brightener; 
CS@3D-rGO@DNA, DNA-modified nanocomposite of three-dimensional reduced graphene 
oxide and chitosan particle 
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4. Conclusion 

 In conclusion, we have developed a facile fluorescence sensor for Hg2+ with high 
sensitivity and selectivity via the turn-on-off fluorescence emission strategy. The sensor was 
fabricated by using Ag+ modulated Cys-CdS QDs to provide the fluorescence enhancement 
(turn-on). The fabricated sensor can be used to detect Hg2+ based on the high-affinity 
metallophilic reaction with Ag+ (on the surface of the QDs). In the presence of only small 
amount of Hg2+, the fluorescence quenching (turn-off) can be observed. The degree of 
fluorescence quenching was a linear function of the Hg2+ concentration, allowing the 
quantitative analysis of Hg2+ at trace levels. The sensor showed very good detection 
sensitivity and relatively low detection limit which was comparable to the CV-AAS 
technique. More importantly, according to the response mechanism, excellent selectivity 
towards the sensing of Hg2+ can be obtained.     
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7. Fluorescence sensor based on D-penicillamine capped cadmium sulfide quantum dots 
for the detection of cysteamine  
 
1. Introduction 

 Cysteamine is a low-molecular weight aminothiol that distributes in organisms. 
Natural levels of free cysteamine in human plasma and rodent tissues are very low [1]. 
Cysteamine can however be introduced to treat nephropathic cystinosis, generating cysteine-
cysteamine mixed disulfide species that allow cysteine to be released from cells [2]. Recently, 
the accurate measurement of cysteamine levels in the body is becoming more important for 
clinical studies, in the pharmaceutical industry, and in related research [3]. There are several 
methods that are currently used to detect cysteamine, for instance, electrochemical [4-12], 
high performance liquid chromatography (HPLC) [13-16], and gas chromatography (GC) 
[17, 18]. Generally, in chromatographic methods, samples must be passed through 
derivatization and extraction steps before injection into the analytical column. As such, these 
methods  require expensive reagents and equipment, and significant time for the procedure. 
As an alternative, a spectrophotometric method was reported to detect cysteamine by 
following the absorption properties of p-benzoquinone (PBQ) after reaction with cysteamine 
[19].  
 Recently, developments in analytical chemistry have shown that nanomaterials can 
be ideal building blocks for the fabrication of chemical sensors. These nanomaterials display 
useful properties that are unique with respect to their bulk counterparts. Particularly, they 
allow fine control of optical, electrical, magnetic, and catalytic properties by subtle nanoscale 
structural changes due to quantum confinement effects [20]. Broad application of 
nanoparticles to chemical sensing derives not only from the use of different types of core 
nanomaterial [21-22] but also from the type of capping molecule bound at the particle 
surface. Recently, chiral nanomaterials have been shown to be attractive for the generation of 
enantiometric sensors. The chirality of nanoparticles can originate from the chirality of 
organic molecules used as capping agents (though there are a few reports of gold 
nanoparticles [23-24] and silver nanoparticles that are intrinsically chiral due to twisted 
structures). Chiral nanocrystalline semiconductors, or quantum dots (QDs), are also 
generating interest for a broad range of applications [25-27]. For example, the effect of the 
chiral amino acid cysteine on the optical properties of CdTe QDs has been investigated [28-
29]. Furthermore, chiral cysteine-capped CdSe(ZnS) QDs were synthesized and used for 
selective recognition of carnitine enantiomers [30]. Recently, our group reported the 
synthesis of chiral cysteine-capped CdS QDs and their sensing of Ni2+ and Co2+ [31]. 
Gallagher et al. synthesized penicillamine capped CdSe QDs by microwave irradiation but 
did not report on the application of this material for sensing [32]. Finally, chiral CdS QDs 
have been synthesized using microwave heating and racemic (Rac), D- and L-enantiomeric 
forms of penicillamine as the stabilizers [33].  

To the best of our knowledge, there is no report regarding the fabrication of 
fluorescence sensors based on CdS QDs for the detection of cysteamine. In this work, we 
synthesized D-penicillamine bound to cadmium sulfide quantum dots (DPA-CdS QDs) via a 
simple one-pot reaction. We then employed the nanomaterial as a sensor to detect cysteamine 
by measuring the fluorescence intensity of the DPA-CdS QDs. The selectivity and sensitivity 
of the proposed sensor is due to the coordination of cysteamine with available Cd2+ ions on 
the surface of the QDs, resulting in enhanced QD fluorescence emission. Our proposed 
sensor may be an excellent new tool for the efficient and selective fluorescence sensing of 
cysteamine or related species.   
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2. Experimental 
 2.1 Reagents 

All reagents were of analytical grade and used without further purification. 
Cysteamine hydrochloride was purchased from Sigma. D-Penicillamine was purchased from 
Aldrich. Sodium sulfide was purchased from BDH. Cadmium chloride (CdCl2·H2O) was 
purchased from Riedel-de Haën. All aqueous solutions were prepared with deionized water 
with specific resistivity of 18.2 MΩ.cm from RiOs

TM Type I Simplicity 185 (Millipore 
water). 

 
 2.2 Instrumentation 
 Emission spectra were recorded using a RF-5301PC spectrofluorophotometer 
(Shimadzu). Absorption spectra of DPA-CdS QD solutions were recorded using an Agilent 
HP 8453 spectrophotometer. Transmission electron microscopy (TEM) images of DPA-CdS 
QDs were taken using a TecnaiG2-20 (FEI, Netherlands) under an accelerating voltage of 200 
kV. Circular dichroism spectra were recorded on a Jasco-815 CD spectropolarimeter 
(JASCO, Japan) using a 1 cm quartz cell cuvette, with a scanning rate of 200 nm.min−1. 
Solution pH was measured with a UB-10 UltraBasic pH meter (Denver Instrument). 

 2.3 Synthesis of D-penicillamine capped cadmium sulfide quantum dots (DPA-
CdS QDs)  

The D-penicillamine capped cadmium sulfide quantum dots (DPA-CdS QDs) were 
synthesized and characterized using a previously published procedure with some 
modifications [34]. Briefly, CdCl2·H2O (0.0427 g, 0.212 mmol,) was dissolved in 50 mL of 
DI water in a three-necked round bottom flask. D-penicillamine (0.0558 g, 0.3750 mmol) was 
dissolved in 5 mL of DI water and added to the solution of CdCl2·H2O with stirring. After 
stirring the mixture under nitrogen atmosphere for 2 h, the solution pH was carefully adjusted 
to 10.5 using 1 M aqueous NaOH. In a different flask, Na2S·H2O (0.0146 g, 0.1875 mmol) 
was dissolved in 10 mL of deionized water. The Na2S solution was subsequently added into 
the reaction mixture under nitrogen atmosphere. After refluxing at 80 °C under nitrogen 
atmosphere for 2 h, the concentration of colloidal quantum dots was calculated using the 
original cadmium source and found to be 301.3 mg L-1.  

 
 2.4 Fluorescence measurements 

To study the fluorescence enhancement of DPA-CdS QDs due to cysteamine binding, 
the following general procedures were carried out. A stock solution of 1.0 mM cysteamine 
was prepared by dissolving cysteamine hydrochloride in deionized water. To a 10 mL 
volumetric flask, 100 µL of the DPA-CdS QDs solution was added followed by the addition 
of stock solution of cysteamine to a given concentration level. Then, 0.50 mL of 1.0 M Tris–
HCl buffered solution pH 9.0 was added to adjust the solution pH.  The mixture was made to 
a final volume of 10.00 mL with deionized water and then incubated at room temperature for 
15 minutes. The fluorescence intensity was then measured at λem/λex = 475/343 nm. The slit 
widths for the excitation and emission were 5 and 10 nm, respectively. 

 
 2.5 Interference studies 

To evaluate the selectivity of the proposed sensor, individual stock solutions of 
various interference species (1.0 mM) were prepared by dissolution in deionized water. To a 
10 mL volumetric flask containing 100 µL of the DPA-CdS QDs solution was added 100 μL 
of 1.0 mM of the interference species (final concentration of 10 μM). Then, 0.50 mL of 1.0 M 
Tris–HCl buffered solution pH 9.0 was added to adjust pH of the solution. The mixture was 
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made to a final volume of 10.00 mL with deionized water. The solution mixture was then 
incubated at room temperature for 15 minutes before recording the fluorescence spectrum. 
 2.6 Circular dichroism (CD) measurements  

To study the circular dichroism of D-penicillamine, D-penicillamine complexed with 
cadmium ion (Cd2+) and DPA-CdS QDs, the following procedure was carried out. Stock 
solutions of D-penicillamine and Cd2+ ion (10 mM) were prepared by dissolution of D-
penicillamine and cadmium salt in DI water. The D-penicillamine solution was prepared by 
adding 576 µL of stock solution of D-penicillamine into a 10 mL volumetric flask. Then, 0.50 
mL of 1.0 M Tris–HCl buffered solution pH 9.0 was added to adjust pH of the solution. The 
mixture of D-penicillamine and Cd2+ solution was prepared by adding 576 µL of stock 
solution of D-penicillamine following by 267 µL of stock Cd2+ solution (10 mM) into 10 mL 
volumetric flask. Then, 0.50 mL of 1.0 M Tris–HCl buffered solution pH 9.0 was added to 
adjust the pH of the solution. Finally, the DPA-CdS QDs solution was made up from 100 µL 
of the synthesized DPA-CdS QDs solution (267 µM) in a 10 mL volumetric flask with 0.50 
mL of 1.0 M Tris–HCl buffered solution pH 9.0 added to adjust solution pH. All mixtures 
were made to a final volume of 10.00 mL with deionized water and incubated at room 
temperature for 10 min before recording the CD spectra. 

 2.7 Application to urine samples 
In order to evaluate the applicability of the proposed sensor, two urine samples from 

healthy volunteers were used as representative clinical samples. Urine samples were prepared 
following the method reported previously [35]. Fresh urine samples were obtained from 
healthy volunteers and tested within 1 h following filtering (11 µm pore size filter paper) to 
remove particulate matter. The samples were diluted 50 fold with 50 mM Tris-HCl buffer pH 
9.0 and then equilibrated for 30 min at room temperature. In order to demonstrate the 
accuracy and precision of the proposed sensor, a standard solution of cysteamine with 
appropriate volume was spiked into the urine samples to give a final concentration of 2 µM 
under the optimized conditions before recording the fluorescence spectrum. The 
concentration of the sample and spiked sample were calculated by comparison with the 
calibration curve. The accuracy and precision of the proposed sensor were demonstrated by 
the %recovery of the spiked standard and %RSD of three measurements, respectively.    

  
3. Results and discussion 
 3.1. Characteristics and optical properties of DPA-CdS QDs 

The optical properties of the DPA-CdS QDs were characterized by their absorption 

and emission properties as shown in Fig. 1(a). The DPA-CdS QDs show an absorption onset 

at about 275 nm which is related to the band gap energy of 4.51 eV. This result confirms that 
the synthesized particles are different from the corresponding bulk material (CdS). The 
emission spectrum of the DPA-CdS QDs following 343 nm excitation is narrow and 
symmetrical with a maximum at 475 nm. This suggests that the prepared DPA-CdS QDs are 
nearly homogeneous and monodisperse [36]. A large Stokes shift between the maximum 
absorption and emission wavelengths can be observed. This characteristic can be useful for 
ultra-sensitive analytical fluorescence measurements due to the elimination of spectral 
overlap and resulting self-absorption. Furthermore, the chiroptical properties of D-
penicillamine on QDs were evaluated in aqueous solution as compared to a solution of D-
penicillamine in the presence and absence of Cd2+ ions as shown in Fig. 1(b). The spectra 
show that the CD spectrum of D-penicillamine alone exhibits only one band in the negative 
direction at 235 nm which decreases in the presence of Cd2+ ions. On the other hand, the CD 
spectrum of the DPA-CdS QDs shows a strong feature with a positive Cotton effect at 225 
nm and a negative Cotton effect at 245 nm. This result indicates that the D-penicillamine is 
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capped on the surface of CdS QDs [37] (the CdS QDs alone show no CD signal). The UV-
Vis, photoluminescence and CD spectra all suggest that the synthesized QDs possess good 
morphological and optical characteristics and might potentially be used as a sensor for 
specific target analytes. 

The size and morphology of DPA-CdS QDs were determined by transmission 
electron microscopy (TEM). A TEM image of the synthesized DPA-CdS QDs is shown in 
Fig. 2, revealing that the DPA-CdS QD nanocrystals are near-spherical with average 
diameters of ca. 3.2 ± 0.5 nm (n = 189).  

 

Fig. 1 (a) The absorption and fluorescence spectra of  the synthesized DPA-CdS QDs 
(λex/λem = 343/475 nm) (b) The circular dichroism spectra of D-penicillamine, D-
penicillamine in the presence of Cd2+, and DPA-CdS QDs.  
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Fig. 2  (a) The TEM image of the synthesized DPA-CdS QDs (3.2 ± 0.5 nm ; n = 189) (b) 
FT-IR spectra of the precipitate of DPA-CdS QDs, cysteamine+DPA-CdS QDs and 
cysteamine.  

 3.2. Fluorescence enhancement of DPA-CdS QDs by cysteamine 

In this work, we aim to fabricate a ‘turn-on’ fluorescence sensor based on the DPA-
CdS QDs for the detection of cysteamine. It is well known that the fluorescence emission of 

nanocrystalline QDs is controlled by the rate of radiative recombination of electron–hole pairs 
upon band gap excitation and is sensitive to the presence of surface trap states [38]. Reports 
suggest that the removal of surface imperfections and dangling bonds due to binding of 
analytes to the QDs surface reduces surface traps, resulting in fluorescence enhancement [39-
40]. The enhancement of CdS fluorescence intensity following addition of thiol molecules has 
been examined extensively by Pawar et al. [38] and Wang et al. [41]. They suggested that the 
fluorescence enhancement is due to both the lability of capping molecules and the strong 
affinity of thiols for the surface of CdS QDs. As seen in Fig. 3, an increase in fluorescence 
intensity of DPA-CdS QDs occurs after addition of cysteamine. This result implies that 
cysteamine plays a similar role to thiol species in previous studies [38, 41], binding to and 
passivating traps at the surface of DPA-CdS QDs. This further indicates that the DPA does 
not fully cover the CdS QD surface, there still being available Cd2+ sites to form a coordinate 
bond with cysteamine as depicted in Scheme 1. The DPA-CdS QDs are clearly efficient 
fluorescence probes for detecting the presence of cysteamine.  

  

Fig. 3 Fluorescence spectra of 15.0 mg L-1 DPA-CdS QDs in 50 mM Tris–HCl buffer 
solution pH 9.0 in the presence and absence of 10 µM cysteamine.  

 To further confirm the binding of cysteamine onto the surface of the DPA-CdS QDs, 
the FT-IR spectra of the precipitated DPA-CdS QDs, cysteamine+DPA-CdS QDs and 
cysteamine were recorded as shown in Fig. 2(b). The spectra show that the characteristic 
peaks of cysteamine are diminished or eliminated after reaction with DPA-CdS QDs. This is 
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evidence for a strong interaction between the CdS QD surface and cysteamine. Importantly, 
the characteristic S-H stretching mode at around 2500–2600 cm-1 disappeared from the FT-IR 
spectra of DPA-CdS QDs suggesting strong covalent binding of the cysteamine thiol to the 
surface of the CdS QDs [42].  

Scheme 1 Schematic illustration of a plausible mechanism for turn-on fluorescence sensing 
of cysteamine by DPA-CdS QDs. 

 3.4. Effect of pH 

The D-penicillamine that is used as a capping molecule in this work is an α-amino acid 
metabolite of penicillin, therefore, the pH of the solution can affect the charge of D-
penicillamine on the surface of QDs and may effect the interactions between binding species 
such as cysteamine. To optimize the system for cysteamine sensitivity, the solution pH was 
varied and the fluorescence of 15.0 mg L-1 DPA-CdS QDs solutions measured in the presence 
and absence of 10 µM cysteamine. Phosphate buffer was used for the pH range from 6.0-7.0 
and Tris-HCl buffer for pHs above 7.0. The results in Fig. 4(a) show that fluorescence 
intensity of DPA-CdS QDs in the absence of cysteamine decreased when the pH of the 
solution was increased, nevertheless the DPA-CdS QDs fluorescence was always enhanced in 
the presence of cysteamine. The efficiency of fluorescence sensitization (F-F0) after adding 
cysteamine is shown in Fig. 4(b). The results show that the best sensing conditions are 
obtained using 50 mM Tris-HCl buffer at pH 9.0. However, a t-test analysis shows that the 
fluorescence enhancement at pH 9.0 is not higher than at pH 8.5 at significance level of 0.05. 
Thus, in order to obtain the best detection sensitivity, solution pH in the range of 8.5-9.0 can 
be used.  
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Fig. 4  (a) Effect of solution pH on the fluorescence intensity of 15.0 mg L-1 DPA-CdS QDs 
in 50 mM Tris–HCl buffered (pH 6.0-10.0) in the absence and presence of 10 µM of 
cysteamine. (b) The comparison of the fluorescence enhancement (F-F0) of DPA-
CdS QDs under different pH conditions in the presence of 10 µM cysteamine. The 

slit width for the excitation and emission was 10 nm. Error bars indicate the standard 
deviation for three measurements. 

 3.5. Effect of the DPA-CdS QDs concentration 

The concentration of the sensor probe is a crucial parameter in determining assay 
sensitivity. We varied the QDs concentration in the range 3.0 to 15.0 mg L-1 in 50 mM Tris-
HCl buffer at pH 9.0. Fluorescence spectra of DPA-CdS QDs at different concentrations in 
the absence cysteamine are depicted in Fig. 5(a). As expected the fluorescence intensities 
increase with increasing QD concentration, and in the presence of 10 µM cysteamine, the QD 
fluorescence intensity is enhanced at each concentration level. The degree of fluorescence 
enhancement (F-F0) observed upon the addition of cysteamine is compared in Fig. 5(b). 
These results indicated that the highest fluorescence enhancement was obtained for a DPA-
CdS QDs concentration of 15.0 mg L-1. Thus, 15.0 mg L-1 concentration of DPA-CdS QDs 
was then applied for further investigation. 
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Fig. 5 (a) Fluorescence spectra of DPA-CdS QDs at different concentrations in 50 mM 
Tris–HCl buffered solution pH 9.5 (b) The comparison of fluorescence enhancement 
(F-F0) of DPA-CdS QDs after the addition of 10 µM cysteamine at different DPA-
CdS QDs concentration.  

 3.6. Incubation time 

The effect of the incubation time on cysteamine detection efficiency was also 
investigated. Fluorescence spectra were measured from 0 to 60 minutes, every 5 minutes, 
after combining DPA-CdS QDs and 10 µM cysteamine in 50 mM Tris–HCl buffer solution 
pH 9.0 at room temperature (Fig. 6 (a)). The fluorescence intensity of an independent DPA-
CdS QDs solution was also monitored (Fig. 6(b)). The fluorescence intensities of the DPA-
CdS QDs were stable over the whole range studied revealing the photostability of the sensor 
probe, however in the presence of cysteamine, fluorescence intensity continued to increase 
over time. To ensure consistency, a standard incubation time of 15 min was employed before 
recording the fluorescence spectra in all further studies.  
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Fig. 6 (a) Fluorescence spectra of DPA-CdS QDs in the presence of 10 µM cysteamine in 
50 mM Tris–HCl buffer solution pH 9.0 at different incubation times (b) 
Fluorescence intensity of DPA-CdS QDs in the absence and presence of 10 µM 
cysteamine in 50 mM Tris–HCl buffer solution pH 9.0 at different incubation times 

 3.7. Selectivity 

DPA-CdS QDs fluorescence sensing of cysteamine here likely functions by thiol 
functional group binding to Cd2+ on the surface of the DPA-CdS QDs. Other species that can 
bind with Cd2+ on the QD surface would thus interfere with cysteamine detection. The 
selectivity of the sensor was thus evaluated by measuring fluorescence spectra of DPA-CdS 
QDs before and after adding 10 µM of possible interfering species such as amino acids or 
synthetic amines (Fig. 7(a)). The fluorescence intensity enhancement (F-F0) upon addition of 
the interfering species is compared with that for cysteamine in Fig. 7(b). The results show 
that the fluorescence intensity of DPA-CdS QDs is dramatically increased only in the 
presence of cysteamine. Only melamine showed any significant fluorescence enhancement, 
but still far less than observed for cysteamine. Thus, our system proved to be highly selective 
towards cysteamine over other amino compounds.  
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Fig. 7 (a) Fluorescence spectra of DPA-CdS QDs before and after addition of 10 µM of 
several amine-containing compounds in 50 mM Tris–HCl buffered solution pH 
9.0.(b) The comparison of fluorescence enhancement of DPA-CdS QDs by 10 µM 
cysteamine or several other amine containing compounds in 50 mM Tris–HCl 
buffered solution pH 9.0 

 3.8. Analytical performance of the proposed sensor 

Sensitivity for cysteamine was assessed under the optimized conditions discussed 
above. Enhancement of DPA-CdS QDs fluorescence intensity increased linearly with the 
cysteamine concentration in the concentration range 2-10 µM as shown in Fig. 8. The 
regression equation was observed to be F-F0 = 15.32 [cysteamine, µM] + 13.11 (r2 =0.9887). 
The limit of detection (LOD) and limit of quantitation (LOQ) were then determined to assess 
sensor performance. The LOD was calculated as the concentration of analyte giving the 
enhancement of fluorescence intensity (F-F0) equal to 3 standard deviations of F0, while the 
LOQ was measured as the concentration of analyte giving a fluorescence intensity 
enhancement (F-F0) equal to 10 standard deviations of F0. The LOD and LOQ of the 
proposed sensor were found to be were 0.07 and 2.23 μM, respectively.  
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Fig. 8 (a) The fluorescence spectra of 15.0 mg L-1 DPA-CdS QDs in the presence of 
cysteamine 0-14 µM in 50 mM Tris–HCl buffer solution pH 9.0 (b) The 
corresponding calibration curve. 

 3.9. Application to human urine samples   

In order to demonstrate the feasibility of the proposed sensor in real world 
applications, it was used to measure the amount of cysteamine in human urine samples by 
using the standard addition method, and the recoveries were calculated. The results are listed 
in Table 1. After spiking cysteamine into the urine samples, the average recovery of 
cysteamine was 92 – 93% and the RSD less than 6.4%. These results confirm that the 
proposed sensor shows both high accuracy and precision in terms of %RSD and %recovery 
and that it can be successfully applied to the determination of cysteamine concentration in 
real urine samples.  

Table 1. Determination of cysteamine in real urine samples (n=3) 

Samples  
 

Spiked 
(µM) 

Found ± SD 
(µM) a 

Recovery 
(%) 

RSD 
(%) 

Sample No. 1 0.0  0.78 ± 0.09  –  –  
2.0  2.64 ± 0.12  93  6.4  

Sample No. 2   0.0 0.31 ± 0.11  –  –  
   2.0  2.14 ± 0.06  92  3.3  

a Mean ± SD (n = 3) 
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 3.10 Comparison of the merits of the method for cysteamine detection  

 There are several methods that have been proposed for detection of cysteamine, as 
summarized in Table 2. Most methods are based on the electrochemistry approach using 
modified electrodes with appropriate mediators and display detection limits of the same order 
of magnitude. Although the detection limit of our proposed sensor is not better than those 
found in previous reports, its selectivity and simplicity is quite remarkable. 

Table  2 Comparison of the merits of methods for cysteamine detection 

aAbbreviations: Nq, 1,2-naphthoquinone-4-sulfonic acid; MWCNTPE, modified multiwall 
carbon nanotubes paste electrode; 3,4-DHCA, 3,4-dihydroxycinnamic acid; ISPT, 
isoproterenol; CPE, carbon paste electrode; N-4-HP-DNBA, N-(4-hydroxyphenyl)-3,5-
dinitrobenzamide; MgONPs, magnesium oxide nanoparticles; CNTPE, carbon nanotube paste 
electrode; DEDE, (9, 10-dihydro-9, 10-ethanoanthracene-11, 12-dicarboximido)-4-
ethylbenzene-1,2-diol and BSA, bovine serum albumin  

4. Conclusion 

In summary, we have successfully developed a sensitive and selective turn-on 
fluorescence sensor for cysteamine using DPA-CdS QDs. In the presence of cysteamine, the 
fluorescence intensity enhancement of DPA-CdS QDs increases linearly with increasing 
cysteamine concentration up to 10 µM. The fluorescence enhancement is attributed to the 
quenching of surface trap states by the binding of the mercapto group of cysteamine at Cd2+ 
sites on the surface of the DPA-CdS QDs. Our sensor displays excellent selectivity towards 

Detection method Working range Detection 
limit  

Type of real 
samples 

Ref. 

Electrochemistry with Nq/gold 
electrode 

8-550 µM 5.2 µM - [4] 

Electrochemistry with MWCNTPE 
using 3,4-DHCA as a mediator 

0.25-400 µM 0.09 µM Capsule and 
urine  

[5] 

Electrochemistry with MWCNTPE 
using p-aminophenol as a mediator 

 0.5–300 µM  0.14  µM Capsule and 
urine  

[6] 

Electrochemistry with MWCNTPE 
using ISPT as a mediator 

0.3–450 µM 0.09 µM Urine and drug  [7] 

Electrochemistry 
with Ferrocene/CNTPE 

0.7–200 μM 0.30 μM Tablet, serum 
and urine  

[8] 

Electrochemistry with NiONPs/CPE  0.09–300.0  µ  0.06  µM Urine and 
capsule 

[9] 

Electrochemistry 
with                                        N-4-HP-
DNBA/MgONPs/CPE 

0.03-600 μM 0.009 μM Capsule and 
serum  

[11] 

Electrochemistry with DEDE/ 
NiO/CNTs/CPE 

0.01–250 μM 0.007 μM Urine and tablet [12] 

HPLC with fluorescence detection 2–150 µM  0.5 µM Human serum [15] 
GC with flame photometric detection 0.2–5.0 nmol 0.5 pmol mouse tissue [17] 
Fluorescence sensor with BSA-
Au25 nanoclusters 

5–100 μM  0.15 μM Human serum 
sample 

[22] 

Fluorescence sensor with DPA-CdS 
QDs 

1.45-10 μM 0.23 μM Urine sample This 
work 
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cysteamine and has a limit of detection and limit of quantification of 0.07 and 2.23 μM, 
respectively. Finally, the potential for real-world application of our sensor is demonstrated by 
its effective operation in human urine samples. 
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