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Graphical Abstract 
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Megestrol acetate can specifically quench the fluorescence 

intensity of the β-CD-QDs-NR FRET probe in low 

concentration levels 
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Abstract 10 

A novel water-soluble beta-cyclodextrin (β-CD)-functionalized ZnS quantum dots (QDs)-neutral red (NR) 11 

fluorescence resonance energy transfer (FRET) probe for the selective determination of the concentration of 12 

megestrol acetate in river water has been developed. The water-soluble and low-toxicity 13 

β-CD-functionalized ZnS QDs were first synthesized, and their characterization was confirmed by 14 

transmission electron microscopy and infrared, UV–vis and fluorescence emission spectra. The NR 15 

molecule can enter the cavity of the β-CD anchored on the surfaces of the ZnS QDs in its neutral form, 16 

forming the FRET probe. Compared with other steroid hormones, the probe can selectively recognize 17 

megestrol acetate at a lower concentration level than can other existing probes. The possible underlying 18 

mechanism of the probe with the nine steroid hormones was discussed in detail. The fluorescence quenching 19 

fractions of the probe presented a satisfactory linearity with the concentrations of megestrol acetate, and its 20 

limit of detection was calculated to be 0.0083 μM. Coupled with sample pretreatment procedures, the probe 21 

has been applied to the determination of megestrol acetate in river water. The average recoveries of 22 

megestrol acetate in the spiking levels of 0.001 μM to 10 μM ranged from 97% to 110% with a relative 23 

standard deviation below 15%, which was similar to those for HPLC or MS techniques.  24 

Keywords: β-CD-functionalized ZnS QDs, Fluorescence resonance energy transfer, Neutral red, Megestrol 25 

Acetate, River water samples. 26 

 27 

 28 

 29 
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1. Introduction 30 

Quantum dots (QDs) are a popular nanostructured material that possesses unique optical and 31 

electronic properties, such as size-dependent emission, high quantum yield and simultaneous 32 

resistance to photobleaching.
1-3

 Thus, QDs have generated a great deal of attention over the past 33 

two decades and are recognized as a new type of prospective fluorescent probe that is useful for 34 

molecular recognition,
4
 metal ion detection,

5, 6
 biological macromolecule interaction,

7, 8
 cell 35 

imaging,
9-11

 and other applications. However, the practical applications of the QDs for the specific 36 

determination of target analytes are dependent upon the modification of the QD surfaces.  37 

Early research mainly focused on small organic molecules, primarily thiols, as the 38 

modification agents of the QD surfaces,
12-15

 and in recent years, numerous functional groups or 39 

biological macromolecules have been successfully utilized.
16-20

 For example, DNA or RNA 40 

fragments can act as the recognition reporters and are connected to the QD surface to form 41 

fluorescent probes for genetic target strand detection,
21

 and the high specificity of hybridization 42 

between QD-DNA probes and the target strand with a complementary sequence forms the basis 43 

for detection of DNA. 
22

 44 

Cyclodextrins (CDs) are cyclic oligosaccharides in α, β or γ forms that can act as molecular 45 

hosts for forming inclusion complexes with various guest molecules due to their special molecular 46 

structure consisting of a hydrophobic internal cavity and a hydrophilic external surface. These 47 

CD-functionalized QD particles were successfully utilized to selectively and reversibly control the 48 

analyte-induced fluorescence change of the QDs.
23-27

 Li and Han reported the synthesis of the 49 

water-soluble CdSe/ZnS QDs by a simple sonochemical method using α-, β- and γ-CDs as 50 

surface-modifiers, and the obtained probes have high sensitivity for the determination of 51 

p-nitrophenol and 1-naphthol.
23

 It has also reported that α-CD- or β-CD-functionalized CdSe/ZnS 52 

QDs are useful for the highly enantioselective fluorescent recognition of amino acids.
28

 53 

Furthermore, β-CD-functionalized CdSe/ZnS QDs have been used for optical sensing of 54 

1-adamantanecarboxylic acid and 4-hydroxytoluene and chiroselective sensing of 55 

D,L-phenylalanine and D,L-tyrosine.
29

 An optical biosensor for determination of amantadine 56 

based on FRET between β-CD-functionalized CdTe QDs and Rhodamine B has been 57 

constructed.
30

 It has also been found that the addition of ferrocene derivatives to the 58 
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β-CD-anchored QD system would result in a significant decrease in the band-edge emission via a 59 

photoinduced electron transfer mechanism, while upon addition of adamantine to the system, a 60 

high luminescence response can be observed.
31

 Although the development of fluorescent probes 61 

based on the system has been impressive, the scientific community is still actively attempting to 62 

develop additional selective and sensitive approaches for practical application. 63 

FRET between donor and acceptor chromophores has been extensively utilized to explore the 64 

interaction mechanism between biomacromolecules and their ligands
32

 and to develop novel 65 

approaches for the determination of target analytes.
33-36

 Amine-modified QD605 and Cy5-labeled 66 

oligodeoxynucleotides were chosen as the FRET pair and were encapsulated in lipoplexes; upon 67 

excitation at 405 nm, the QD-FRET mediated Cy5 emission suggested compact and intact 68 

lipoplexes, and the disappearance of QD-FRET-mediated Cy5 emission indicated the dissociation 69 

of the lipoplexes.
37

 Efficient FRET from molecular beacon-modified CdTe QDs to graphene oxide 70 

has also been reported, and the strong interaction between the single-stranded DNA of the 71 

molecular beacon loop structure and graphene oxide were combined to establish a novel selective 72 

and sensitive platform for fluorescence-quenching detection of DNA.
38

 Due to the sensitive and 73 

selective properties of the FRET-based systems for analyte determination purposes, the continued 74 

development of more pragmatic systems is a main branch of analytical chemistry. 75 

Steroid hormones play an important role in maintaining life, immune regulation, skin 76 

diseases and birth control. These hormones may be released into the environment by illegal 77 

sewage effluent and can potentially interfere with the normal function of the endocrine system, 78 

which would affect both reproduction and development in wildlife.
39-41

 Therefore, monitoring the 79 

residues of the steroid hormones in the environment is important. The conventional techniques for 80 

analysis of steroid hormones are HPLC, GC–MS and LC–MS–MS.
40, 42-44

 However, some 81 

disadvantages of these approaches exist, such as the tedious nature of these procedures, the 82 

difficultly in performing the experiments and the high cost of the equipment. Optical analysis is 83 

considered a more convenient and alternative technique due to its inherent simplicity and high 84 

sensitivity. Recently, there have been several reports of rapid detection methods for steroid 85 

hormones. For example, commercially available rapid ELISA kits were validated for the 86 

quantification of oestrogens in sewage effluent samples,
45

 and a unique FRET-based aptasensor 87 
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was constructed for the determination of 17 beta-estradiol using a quantum dot bioconjugate as a 88 

nano-biosensor and a fluorescence-labelled anti-17 beta-estradiol aptamer as a bio-recognition 89 

molecule. 
46

  90 

 91 

Scheme 1. (A) Schematic illustration for preparation of the β-CD modified ZnS QDs. (B) Formation of the 92 

FRET system between β-CD-modified ZnS QDs and neutral red NR (i); possible fluorescence quenching 93 

mechanism of the CD-QDs-NR FRET fluorescence probe which was induced by 9H (ii); competitive assay 94 

of the other eight steroid hormones (1-8H) and NR on the cavities of the fluorescence probe (iii). 95 

 96 

In this report, a β-CD-ZnS QDs-NR FRET probe has been developed (see scheme 1). 97 

Mono-6-thio-β-CD was prepared by a simple two-step synthesis and then conjugated with the ZnS 98 

QD particles (see scheme 1A). The dye NR could bind to the cavity of β-CD, and the FRET 99 

process could occur between β-CD-functionalized ZnS QDs and NR (see scheme 1B(i)). The 100 

developed β-CD-ZnS QDs-NR FRET system was sensitive to steroid hormones (see scheme 1B(ii) 101 

and B(iii)). The conditions of the FRET system have been optimized, and the behaviours of the 102 

fluorescence quenching properties for the FRET system induced by various types of steroid 103 

hormones have been systematically investigated. An interaction mechanism of the FRET system 104 

with different steroid hormones has been proposed. Consequently, a simple, rapid and low-cost 105 

analytical method based on a FRET fluorescence probe for the determination of the concentration 106 

of megestrol acetate in river water samples has been developed. 107 

                          108 

2. Experimental methods  109 

 110 

2.1. Chemicals and apparatus 111 

All chemicals obtained from commercial suppliers were used without further purification. Zinc 112 
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acetate dehydrate (Zn(Ac)2·2H2O, 99.0%) and sodium sulphide nonahydrate (Na2S·9H2O, 98.0%) 113 

were obtained from Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Neutral red (NR) and 114 

testosterone (98.0%) were purchased from Acros Organics (New Jersey, USA). Progesterone 115 

(98.0%) was obtained from Aladdin Chemistry Co., Ltd (Shanghai, China). 4-Androstene-3,17 116 

-dione(98.0%), stanozolol (98.0%) and 17α-hydroxyprogesterone (97.0%) were obtained from Dr. 117 

Ehrenstorfer GmbH (Augsburg, Germany). Medroxyprogesterone acetate (96.0%) and megestrol 118 

acetate (96.0%) were obtained from TCI Chemicals (Shanghai, China). Estrone (96.0%) and 119 

17-beta-estradiol (96.0%) were obtained from J&k Chemical. Ltd. (Beijing, China). C18 (40–60 120 

μm) was obtained from Merck (Darmstadt, Germany). Acetonitrile and hexane were 121 

HPLC-reagent grade and were provided by Sinopharm Chemical Reagent Beijing Co., Ltd. 122 

(Beijing, China), and other chemicals and reagents were analytical grade and were obtained from 123 

Beijing Chemical Factory (Beijing, China); ultrapure water was prepared using Milli-Q water 124 

system (18.3 MΩ cm
−1

) from a Millipore purification system (Barnstead Corp., Boston, USA).  125 

The SPE cartridge (6 mL) and sieve plates were purchased from Jiruisen (Beijing, China). 126 

Separation was carried out using solid-phase extraction equipment with 12-port vacuum manifolds 127 

(Supelco, Bellefonte, PA, USA). Concentration was performed using an EVA 30A 128 

nitrogen-blowing instrument (Polytech. Co. Ltd. Beijing, China). 129 

 130 

2.2. Preparation and characterization of the β-CD-functionalized ZnS QDs 131 

The mono-6-thio-β-CD was prepared according to the procedures described previously.
26, 47

 132 

Briefly, to a three-necked flask, Zn(Ac)2 (0.18 g, 0.5 mmol), mono-6-thio-β-CD (0.85 g, 0.75 133 

mmol) and water (50 mL) were added, and the mixture solution was stirred until the components 134 

dissolved. The pH of the solution was adjusted to 11 with 1 M NaOH, and then the mixture was 135 

refluxed for 20 min after removal of air by N2 bubbling for 15 min at room temperature. 136 

Thereafter, 5 ml of Na2S·9H2O (0.12 g, 0.5 mmol) was added to the solution, and the solution was 137 

stirred for 20 min under N2 protection; the solution was then aged at room temperature for 6 h to 138 

form the β-CD-functionalized ZnS QDs. For purification, the obtained product was precipitated 139 

with ethanol three times and then separated by centrifuge and dried in vacuum. The prepared 140 

β-CD-functionalized ZnS QDs were refrigerated at 4°C and were quite stable and water soluble. 141 
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3–Mercaptopropionic acid (MPA)-modified ZnS QDs were prepared using similar procedures. 142 

For characterization, infrared spectra of β-CD and β-CD-functionalized ZnS QDs were 143 

collected by a Nicolet Nexus 670 FT-IR spectrometer (Thermofisher, Madison, WI, USA) in the 144 

range of 4000−400 cm
−1 

with 64 scans at a resolution of 4 cm
−1

. The morphology of the 145 

β-CD-functionalized ZnS QDs were characterized with Tecnai F20 transmission electron 146 

microscopy (FEI) operated at a voltage of 200 kV (Hillsboro, USA). UV–vis absorption spectra of 147 

β-CD-functionalized ZnS QDs and NR in a phosphate-buffered solution (pH 8.5) were acquired 148 

with a SPECORD 200 spectrophotometer (analytikjena, Gena，Germany) in the range of 220−700 149 

nm with a slit of 2 nm. Fluorescence emission spectra for β-CD-functionalized ZnS QDs and NR 150 

in a phosphate-buffered solution (pH 8.5) were obtained with a HORIBA Jobin Yvon 151 

FluoroMax-4 fluorometer (JY，Paris, France) over ranges of 350−550 nm and 500−700 nm at an 152 

excitation wavelength of 300 nm. The slit widths for excitation and emission were both 5 nm. 153 

Quantum yield of the β-CD-functionalized ZnS QDs particles was direct determined in 154 

ultrapure water by HORIBA Jobin Yvon FluoroMax-4 fluorometer with a F-3029 Integrating 155 

Sphere accessory (JY，Paris, France). 156 

 157 

2.3. Preparation of stock solution 158 

The phosphate buffer solution (10 mmol/L) was adjusted to pH 2.5, 4.5, 6.5, 8.5 and 10.5 with 159 

NaOH or H3PO4. β-CD-functionalized ZnS QDs were dissolved in ultrapure water to prepare 160 

stock solutions with concentrations of 0.01 mol/L (estimated according to ZnS molecules). β-CD 161 

was dissolved in ultrapure water to prepare a stock solution with a concentrations of 0.01 mol/L. 162 

NR was dissolved in ultrapure water to prepare a stock solution with a concentration of 3.5×10
-3 163 

mol/L. Nine types of steroid hormones were dissolved in ethanol to prepare stock solutions with 164 

concentrations of 4.0×10
-3 

mol/L.  165 

 166 

2.4. Fluorescence emission spectra 167 

To study the pH effect on the FRET system, the mixed solution of β-CD-functionalized ZnS 168 

QDs and NR was diluted with buffer solutions at different pHs (pH 2.5, 4.5, 6.5, 8.5 and 10.5). 169 

The final concentrations of β-CD-functionalized ZnS QDs and NR were 300 μM and 1.8 μM, and 170 
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the fluorescence spectra were collected. 171 

   To study the effect of the NR concentrations on the FRET system, a series of concentrations of 172 

NR (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 μM) were mixed with 173 

β-CD-functionalized ZnS QDs (final concentration 300 μM) in a buffer solution (pH 8.5), and 174 

then the fluorescence spectra were collected. 175 

To study the response of the β-CD-QDs-NR FRET fluorescence probe to steroid hormones, 176 

the nine steroid hormones were mixed with the probe in a buffer solution (pH 8.5). The final 177 

concentrations of the β-CD-functionalized ZnS QDs and NR were 300 μM and 1.8 μM, 178 

respectively, and for the steroid hormones, the concentrations were 10 μM, 60 μM and 180 μM. 179 

Subsequently, their fluorescence spectra were collected. 180 

To investigate the effects of coexisting ions on the β-CD-QDs-NR FRET fluorescence probe, 181 

ten kinds of common ions (Ca
2+

, Cd
2+

, Mn
2+

, Co
2+

, Mg
2+

, Na
+
, K

+
, Fe

3+
, Fe

2+
 and Cu

2+
) were 182 

mixed with the probe in buffer solution (pH 8.5), respectively. The final concentrations for 183 

β-CD-functionalized ZnS QDs and NR were 300 μM and 1.8 μM, individually, and the 184 

concentration for each ion was 180 μM, and then, their fluorescence spectra were collected. 185 

The effect of concentration on the steroid hormone fluorescence emission intensities of the 186 

β-CD-QDs-NR FRET fluorescence probe was determined as follows. The mixtures of megestrol 187 

acetate and the probe in buffer solutions (pH 8.5) with final concentrations of 0, 0.25, 0.5, 1.0, 5.0, 188 

10, 20, 40 and 60 μM megestrol acetate were prepared, and their fluorescence spectra were 189 

collected. Similarly, the mixture solution of the probe and various concentrations of the other 190 

steroid hormones (0, 60, 120, 180, 240, 300 and 360 μM) were prepared, and their spectra were 191 

individually collected. 192 

The above-mentioned fluorescence emission spectra were collected with a 370-nm filter and 193 

scanned in the range of 380−700 nm at an excitation wavelength of 300 nm. The slit width for 194 

both excitation and emission was 5 nm. 195 

 Control experiments for the interaction of NR and steroid hormones were conducted via the 196 

following methodology. The NR solution was diluted to 1.8 μM with pH 8.5 buffer solution, and 197 

the mixture of NR and β-CD was diluted to concentrations of both 1.8 μM and 300 μM with 198 

buffer solution (pH 8.5) Then, a series of mixture solutions (pH 8.5) for NR (1.8 μM) and β-CD 199 
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(300 μM) and steroid hormones (megestrol acetate (60 μM) and other steroid hormones (180 μM)) 200 

were prepared. Their fluorescence spectra were measured in the range of 500−700 nm at the 201 

excitation wavelength of 300 nm, and the slit width for excitation and emission was 5 nm. 202 

Control experiments for the interaction of β-CD-functionalized ZnS QDs and steroid 203 

hormones followed the procedure outlined below. The β-CD-functionalized ZnS QDs was diluted 204 

to 300 μM with buffer solution (pH 8.5). The mixture solutions of β-CD-functionalized ZnS QDs 205 

(300 μM) and megestrol acetate (60 μM) and other steroid hormones (180 μM) were prepared. 206 

Their corresponding fluorescence spectra were collected in the range of 350−550 nm at an 207 

excitation wavelength of 300 nm. 208 

 209 

2.5. Fluorescence lifetime measurements 210 

The NR solution was diluted to 1.8 μM with buffer solution (pH 8.5). The mixture solutions of 211 

β-CD-functionalized ZnS QDs (300 μM) and NR (1.8 μM) were prepared with pH 8.5 buffer. A 212 

series of mixed solutions for β-CD-functionalized ZnS QDs (300 μM) and NR (1.8 μM) and the 213 

steroid hormones (60 μM for megestrol acetate and 180 μM for other steroid hormones) were 214 

prepared with buffer solution (pH 8.5). Fluorescence lifetime measurements were carried out by 215 

the time-correlated single-photon counting (TCSPC) method using a Horiba Jobin Yvon 216 

Fluorocube (JY，Paris, France).  217 

 218 

2.6. Spiking Recoveries of megestrol acetate in river water samples 219 

River water samples were collected from local rivers in Beijing and filtered prior to analysis. 220 

Five spiking levels of megestrol acetate (0.001, 0.01, 0.1, 1.0 and 10 μM) were added to 320 ml of 221 

river water samples. Then, the spiked water samples were purified and enriched by solid-phase 222 

extraction (SPE) via the following procedure.
41, 48, 49

  223 

The C18 (1.0 g) sorbents were used to fill a 6-mL SPE cartridge and then conditioned with 10 224 

mL of n-hexane, 10 mL of acetonitrile and 10 mL of ultrapure water. Thereafter, the spiked water 225 

sample (320 mL) was loaded on the SPE cartridge at a flow rate of 4-5 mL/min, and the cartridge 226 

was dried in vacuum. The SPE cartridge was eluted with 5 mL of acetonitrile, and the elution was 227 

evaporated with a gentle stream of nitrogen gas. The residues were dissolved with 0.1 mL of 228 
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ethanol and 1 mL of buffer solution (pH 8.5), and the β-CD-QDs-NR FRET fluorescence probe 229 

was added; then, the solution was diluted to 3.2 mL with buffer solution. Each sample was 230 

assayed five times (n=5), and the corresponding fluorescence spectra were collected. 231 

 232 

3. Results and Discussion 233 

3.1. Characterization of the β-CD-functionalized ZnS QDs 234 

Scheme 1A details the preparation and grafting of mono-6-thio-β-CD on the surface of ZnS 235 

QD particles. The obtained β-CD-functionalized ZnS QDs have been characterized by FTIR 236 

spectra, transmission electron microscopy, UV–vis absorption and fluorescence emission 237 

spectroscopic methods. 238 

 239 

 240 

Figure 1. (A) FTIR spectra of β-CD and β-CD-modified ZnS QDs. (B) The TEM image of β-CD 241 

modified ZnS QDs. (C) Spectral overlapping between β-CD modified ZnS QDs and NR. a and a’ 242 

lines represent the fluorescence emission band and UV-vis absorption band of β-CD-modified 243 

ZnS QDs, respectively; b and b’ lines represent the fluorescence emission band and UV-vis 244 

absorption band of NR, respectively. (D) The cationic form and the neutral form of Neutral red 245 

(NR) in aqueous solution.  246 

 247 

  No typical absorption band was observed in the FTIR spectra of ZnS QDs from 4000 to 500 248 
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cm
-1

,
50-52

 and the IR spectra of water-soluble ZnS QDs usually reflect the absorption bands of their 249 

modifier.
 
Figure 1A shows the transmission FTIR spectra of β-CD and β-CD-functionalized ZnS 250 

QDs. For the spectra of β-CD, the broad band at 3390 cm
-1 

and the band at 1629 cm
-1

 arise from 251 

the O-H stretching and asymmetric vibrations, respectively. The band at 2926 cm
-1 

corresponds to 252 

the asymmetric stretching vibration (υa) of the C-H bond, and the strong band at 1155 cm
-1 

and the 253 

bands at 1084 and 1030 cm
-1 

can be ascribed to the asymmetric glycosidic vibration υa(C-O-C) 254 

and the coupled stretching vibration υ(C-C and C-O), respectively. It can been seen from the FTIR 255 

spectra of the β-CD-functionalized ZnS QDs that the spectral features and peak positions of the 256 

main bands roughly resemble those of β-CD, which indicates that the β-CD has been successfully 257 

grafted on the surfaces of the ZnS QDs. 
 258 

Figure 1B shows the high-resolution transmission electron microscopy image of the 259 

water-soluble β-CD-functionalized ZnS QDs. It can be seen from the image that the diameters of 260 

the particles ranged from 2 to 4 nm, and the sizes of the particles are virtually identical, indicating 261 

that the β-CD-functionalized ZnS QDs are monodisperse and uniform in water.  262 

The UV–vis absorption and fluorescence emission spectra of the β-CD functionalized ZnS 263 

QDs are shown in figure 1C. The maximum absorption and emission bands of the β-CD 264 

functionalized ZnS QDs were at 270 nm and 435 nm, respectively, demonstrating that grafting the 265 

β-CD on the QDs does not significantly influence the optical properties of the QDs.  266 

Neutral red (NR) is a photoactive phenazine dye that generally exists in two molecular forms 267 

in aqueous solution, both an acidic and a neutral form
53

 (see figure 1D). As shown in figure 1C, 268 

the UV-vis spectrum of NR has two absorption bands (the band at 278 nm can be attributed to the 269 

benzene ring, and the band at 454 nm arises from the conjugated three-ring system of the NR 270 

molecule). The fluorescence emission band of NR was at 614 nm when excited at λ=300 nm. 271 

There was a remarkable overlapping between the fluorescence emission band of the QDs (donors) 272 

and the UV absorption band (454 nm) of the NR (acceptor), indicating that they would potentially 273 

provide an efficient fluorescence energy transfer from the QDs to the dye NR if the NR can enter 274 

the cavity of the β-CD on the surfaces of the QDs. 275 

The quantum yield of the β-CD-functionalized ZnS QDs was determined to be 22.5%, which 276 

indicated that it can be used for practical applications of determination
54

.  277 
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 278 

3.2 Establishment of the β-CD-QDs-NR fluorescence FRET probe 279 

3.2.1. The β-CD-QDs-NR FRET system. When the β-CD-functionalized ZnS QDs were mixed 280 

with the dye NR in basic buffer solution, FRET could be observed between them. As shown in 281 

figure 2A, the fluorescence emission intensities (at 435 nm) of the ZnS QDs slightly decreased, 282 

and a strong fluorescence emission band suited at approximately 564 nm appeared, which may be 283 

the blue-shifted band of NR. It is observed that the fluorescence emission band of the free NR was 284 

very weak (at 614 nm). 285 

 286 
Figure 2. (A) The fluorescence spectra of the β-CD-modified ZnS QDs (300 μM) and NR (1.8 μM) in pH 287 

8.5 buffer solution (a, b), respectively; the fluorescence spectra for the mixture of NR and β-CD-modified 288 

ZnS QDs (1.8 μM+300 μM) in pH 8.5 buffer solution (c), excited at λ=300 nm. (B) The fluorescence decay 289 

curves of NR (1.8 μM) in the absence (a) and presence (b) of β-CD-modified ZnS QDs (300μM), monitored 290 

at λ=564 nm. (C) The fluorescence intensities of the β-CD-QDs-NR FRET fluorescence probe at pH 2.5, 4.5, 291 

6.5, 8.5 and 10.5, respectively, excited at λ=300 nm. (D) The fluorescence emission spectra of the 292 

β-CD-QDs-NR FRET system at various concentrations of NR (from a to j, the concentrations of NR were 0, 293 

0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 and 2.4 μM, respectively), excited at λ=300nm. 294 

 295 

For a control, 3-mercaptopropionic acid (MPA)-capped ZnS QDs were prepared, and the 296 

optical properties of the mixture of MPA-capped ZnS QDs and NR were determined. The results 297 
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showed that the FRET phenomenon cannot occur between these complexes (see figure S1). The 298 

FRET between the β-CD-functionalized ZnS QDs and NR illustrated that the NR molecule 299 

entered the cavity of the β-CD on the surface of the ZnS QDs, decreasing the distance between 300 

these molecules. The blue shift of the fluorescence emission band for the NR probably originated 301 

from a conformational change after NR interacted with the β-CD and from alterations in the 302 

environmental conditions after NR entered the hydrophobic cavity.
53

 303 

Figure 2B shows the decay curves of NR before and after NR entered the cavity of the β-CD 304 

on the surface of ZnS QDs (monitored at λ=564 nm), and the decay profiles were well fitted with 305 

a three-component exponential function, I (t) = α1 exp (-t/τ1) + α2 exp (-t/τ2) + α3 exp (-t/τ3).
55

 The 306 

average fluorescence lifetimes of NR were calculated to be 3.62×10
-11

 and 1.15×10
-9

s. It can be 307 

seen that the lifetime of NR has substantially increased after NR enters the cavity, which further 308 

supports the occurrence of FRET between β-CD-functionalized ZnS QDs and NR. As expected, 309 

the surface-anchored β-CD on ZnS QDs still retained their host capability to include molecular 310 

guests in their hydrophobic cavities. 311 

 312 

3.2.2. The effects of pH on the property of the probe. Figure 2C shows the effects of pH (2.5, 4.5, 313 

6.5, 8.5 and 10.5) on the fluorescence emission intensity of NR in the β-CD-QDs-NR FRET probe 314 

system. It can be seen that the fluorescence intensities of NR were relative low in acidic 315 

conditions (pH 2.5 and 4.5), and the intensities increased as the pH of the buffer solution was 316 

increased to 6.5 and 8.5. However, the intensity decreased when the pH reached 10.5. Conversely, 317 

the pH of the phosphate buffer solution has nearly no effect on the fluorescence intensities of 318 

β-CD-functionalized ZnS QDs. The NR existed in its neutral form in basic conditions (as shown 319 

in figure 1D), and the results indicated that the neutral form of NR was favoured to enter the 320 

cavity of the β-CD and form the FRET system. Thus, the optimal pH condition was selected as 321 

8.5.  322 

 323 

3.2.3. Optimization of the concentration for the NR in the probe. The fluorescence emission 324 

spectra of the β-CD-QDs-NR FRET system at different concentrations of NR were measured in 325 

the buffer solution at pH 8.5 (see figure 2D). It can be seen that the fluorescence intensities of the 326 
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ZnS QDs (at 435 nm) slightly decreased with increasing concentrations of NR, while those of NR 327 

(at 564 nm) significantly increased. When the concentration of NR increased to 1.8 μM (the 328 

concentration of the β-CD-functionalized ZnS QDs was 300 μM), the fluorescence intensity of the 329 

NR reached its maximum and did not change further with additional increases in the concentration 330 

of NR. The β-CD-functionalized ZnS QDs FRET system concentrations were thus set at 300 μM 331 

β-CD-functionalized ZnS QDs and 1.8 μM NR.  332 

3.3. Response of the β-CD-QDs-NR FRET fluorescence probe to steroid hormones 333 

3.3.1. Specificity of the probe to megestrol acetate. The influence of nine steroid hormones, 334 

including 4-androstene-3,17-dione (1H), testosterone (2H), progesterone (3H), stanozolol (4H), 335 

17α-hydroxy-progesterone (5H), medroxy-progesterone acetate (6H), estrone (7H), 17-beta- 336 

estradiol (8H) and megestrol acetate (9H) was analysed. Their structures are shown in figure 3. 337 

 338 

 339 

Figure 3. The chemical structures of the nine steroid hormones. 340 

 341 

The fluorescence intensity of the β-CD-QDs-NR FRET probe has been investigated at three 342 

concentration levels (10, 60 and 180 μM), and the results are shown in figure 4. It can be seen that 343 

the fluorescence intensities of the probe (at 564 nm) were significantly quenched upon increasing 344 

the concentration of the megestrol acetate, while they were nearly unchanged when the 345 

concentrations of the other eight steroid hormones were lower than 60 μM. This result provided an 346 

opportunity to selectively determining the megestrol acetate at a lower concentration level. 347 

However, the fluorescence intensities of the probe can be obviously quenched by the other eight 348 

steroid hormones at high concentration levels (see figure 4, and figure S2 shows the representative 349 
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fluorescence quenching spectra of the probe by 5H ), which may potentially be utilized to monitor 350 

the total content of the steroid hormones.  351 

 352 

Figure 4. The fluorescence intensities (at 564 nm) of the β-CD-QDs-NR FRET fluorescence probe before 353 

and after interacting with various concentrations of nine steroid hormones, respectively, in the buffer 354 

solution (pH 8.5). The concentrations of the steroid hormones were 10, 60 and 180 μM, respectively, 355 

β-CD-modified ZnS QDs (300 μM), NR (1.8 μM), excited at λ=300 nm. The results were the average of 356 

three repeats. 357 

 358 

It was interesting to note that the megestrol acetate (9H) can obviously quench the 359 

fluorescence intensities of the QDs at 435 nm for the probe, and the other eight hormones (1H to 360 

8H) have little effect on them at low concentration levels (10 and 60 μM). Conversely, these 361 

steroid hormones can cause enhancement of the fluorescence emission bands for the QDs to 362 

various extents when the concentration of the other hormones reaches 180 μM (see figure S3). 363 

This phenomenon and different fluorescence quenching behaviours of the nine hormones with 364 

respect to the probe have implied that the interaction mechanism between the megestrol acetate 365 

and the β-CD-QDs-NR FRET probe was different from that for the other eight hormones. 366 

 367 

3.3.2. Interaction mechanism of the probe and steroid hormones. To explore the fluorescence 368 

quenching mechanism of the β-CD-QDs-NR FRET probe, the average fluorescence lifetimes of 369 

NR (τ) for the probe after interacting with the steroid hormones have been determined individually. 370 

The results indicated that the lifetime of the NR in the probe for 9H was 1.08×10
-9

s, which was 371 

similar to that of the NR (1.15×10
-9 

s) prior to interacting with 9H (see figure S4 A). This lifetime 372 

was much greater than the fluorescence lifetime of NR (3.62×10
-11 

s) in the free state (in buffer 373 

solution). This result illustrated that the 9H did not displace the NR from the cavity of the β-CD 374 
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on the surface of the ZnS QDs after interacting with the probe and that the fluorescence quenching 375 

of the probe may originate from the combination of 9H and the NR in the cavity of the β-CD, 376 

forming complexes that have no fluorescence. 377 

After interacting with the other eight steroid hormones (1H to 8H, 180 μM), the fluorescence 378 

lifetimes of NR (τ×10
-11 

s) were 7.24, 8.99, 7.81, 8.14, 13.0, 6.84, 9.23 and 8.62 (figure S4 B 379 

shows the representative decay curves of NR for the probe before and after interacting with the 380 

5H), and these lifetimes were significantly lower than that of the NR (1.15×10
-9 

s) prior to 381 

interaction with the steroid hormones and much closer to that of the NR in the free state. It has 382 

been inferred that the NR molecule may be partly removed from the cavity of the β-CD by these 383 

steroid hormones at higher concentration levels, which leads to the interruption of the FRET 384 

process and causes the reduction of the fluorescence emission intensities at 564 nm and the 385 

fluorescence enhancement of the QDs (at 435 nm) (see figure S2 and figure S3).  386 

For confirmation of the above suppositions, control experiments have been performed (see 387 

figure 5A). The fluorescence spectra for the NR solution and its mixture with a β-CD solution 388 

were collected, and the results showed that the fluorescence emission intensity of the mixture for 389 

NR and β-CD was obviously higher than that of the free NR solution. This implied that the NR 390 

molecule entered the cavity of the β-CD. When the steroid hormones (1H to 8H) were added to 391 

the mixture solution individually, the fluorescence intensities of the mixture solution decreased, 392 

but they were still higher than that of the free NR. This result suggests that the NR molecule is 393 

partly displaced by the steroid hormones. However, after interaction with the steroid hormone 9H, 394 

the fluorescence intensity of the mixture was significantly decreased and was lower than those of 395 

the mixture and the free NR solution, which illustrated that 9H combined with the NR molecule 396 

and formed a complex. The results of the control experiments were similar to those of the 397 

interactions between the β-CD-QDs-NR FRET probe and the steroid hormones, and it has been 398 

verified that above suppositions were rational.  399 
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 400 

Figure 5. (A) Control experiments for the interaction of NR and steroid hormones. NR column represents 401 

the fluorescence intensity of individual NR (1.8 μM); NR+CD column represents the fluorescence intensity 402 

of NR (1.8 μM) after addition of the β-CD (300 μM) solution; 1-9H columns represent the fluorescence 403 

intensity of NR after mixing with the β-CD solution and the nine steroid hormones (megestrol acetate (60 404 

μM) and other steroid hormones (180 μM)), respectively. All fluorescence spectra were monitored at λ=564 405 

nm and excited at λ=300 nm. (B) Control experiments for the interaction of β-CD-modified ZnS QDs and 406 

steroid hormones. QDs column represents the fluorescence intensity (at 435 nm) of the β-CD-modified ZnS 407 

QDs (300 μM), 1-9H columns represent the fluorescence intensity (at 435 nm) of β-CD-modified ZnS QDs 408 

after addition of various steroid hormones (1-9H) (megestrol acetate (60 μM) and other steroid hormones 409 

(180 μM)), respectively, excited at λ=300 nm. The results were the average of three repeats. 410 

 411 

Similarly, the influence of the steroid hormones on the fluorescence intensities of the β-CD 412 

functionalized QDs has also been investigated. The results showed that the megestrol acetate (9H) 413 

can significantly quench the fluorescence of the β-CD-functionalized QDs (at 435 nm), while the 414 

other eight steroid hormones have nearly no effect on the fluorescence intensities of the QDs (see 415 

figure 5B). This control experiment illustrated that the fluorescence quenching of the 416 

β-CD-QDs-NR FRET probe (at 435 nm) may originate from the combination of 9H with the QDs. 417 

Therefore, it can be concluded that the megestrol acetate can form a complex with the NR 418 

molecule can and combine with the ZnS QDs in the probe, which interrupts the FRET process and 419 

induces fluorescence quenching of the probe. 420 

   The structure of megestrol acetate was different from that of the other eight steroid hormones 421 
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(see figure 3). For megestrol acetate, the carbonyl group connected to ring A was conjugated with 422 

the two double bonds of rings A and B, forming a larger conjugated system. Therefore, the oxygen 423 

atom of the carbonyl group would carry more negative charge and enhances the hydrogen bonding 424 

capability with the amino group of the NR molecule or combination with the Zn
2+

 on the surface 425 

of the QDs. For the other steroid hormones, the carbonyl group of ring A was only conjugated 426 

with one double bond in ring A (1H, 2H, 3H, 5H and 6H), the hydroxyl group on ring A was 427 

conjugated with the benzene ring (7H and 8H), or an imidazole ring connected to the ring A (4H). 428 

These functional groups of the steroid hormones have no enough electronegativity to combine 429 

with the QDs or NR molecule, while they can enter the cavity of the β-CD and replace the NR 430 

molecule at high concentration levels. 431 

Major ions and trace metals are usually present in aquatic systems.
56

 In order to observe the 432 

influences of these ions on the determination of megestrol acetate, the effects for 10 kinds of 433 

common ions (Ca
2+

, Cd
2+

, Mn
2+

, Co
2+

, Mg
2+

, Na
+
, K

+
, Fe

3+
, Fe

2+
 and Cu

2+
) on the β-CD-QDs-NR 434 

FRET fluorescence probe have been investigated (see Figure S5), individually. As shown in 435 

Figure S5, the fluorescence intensities of the probe (at 564 nm) were nearly unchanged with 436 

adding various ions, which demonstrated that the common coexisting ions in water did not 437 

interfere with the results for determination of the megestrol acetate. 438 

 439 

3.4. Application of the β-CD-QDs-NR FRET fluorescence probe for determination of megestrol 440 

acetate in river water samples 441 

3.4.1. Relationship of the fluorescence intensities for the probe with the concentrations of 442 

megestrol acetate. As discussed above, the β-CD-QDs-NR FRET fluorescence probe was 443 

sensitive and specific to megestrol acetate at a lower concentration level, and therefore, the 444 

determination method for megestrol acetate concentration described herein has been investigated 445 

and developed. 446 

Figure 6A shows the fluorescence quenching spectra of the probe with various concentrations 447 

of megestrol acetate in the ranges of 0 to 60 μM. It can be seen that the fluorescence intensities of 448 

the probe have been gradually decreased upon increasing the concentrations of the megestrol 449 

acetate, and their relationship has been calculated based on the Stern-Volmer equation, 
57

 as 450 
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follows, 451 

   0
Q 0 SV1 Q 1 Q

I
k K

I
           (1) 452 

where I0 and I represent the fluorescence intensities of the probe in the absence and presence 453 

of megestrol acetate, [Q] is the concentration of the megestrol acetate and τ0 is the average 454 

lifetime of the probe in the absence of megestrol acetate. The quantities kQ and Ksv are the 455 

quenching rate constant and Stern-Volmer quenching constants, respectively. 456 

 457 

Figure 6. (A) The fluorescence quenching spectra of the β-CD-QDs-NR FRET fluorescence probe induced 458 

by various concentrations of megestrol acetate ( from a to i: 0, 0.25, 0.5, 1.0, 5.0, 10, 20, 40 and 60 μM) in 459 

buffer solution (pH 8.5), β-CD-modified ZnS QDs (300 μM), NR (1.8 μM), excited at λ=300 nm. (B) The 460 

Stern-Volmer plot for the fluorescence quenching fractions (at λ= 564 nm) of the probe versus the 461 

concentrations of megestrol acetate. The results were the average of three repeats. 462 

 463 

As shown in figure 6B, the curve for the fluorescence quenching fractions of the probe versus 464 

the concentrations of megestrol acetate presents satisfactory linearity in the concentration ranging 465 

from 0.25 μM to 60 μM. The linear regression equation was y=0.0514x-0.00124 with a regression 466 

coefficient (r) of 0.999, which indicated that the β-CD-QDs-NR FRET fluorescence probe can be 467 

utilized with confidence to determine the megestrol acetate concentration. The limit of detection 468 

(LOD) for the probe was evaluated using 3σ/S and was found to be 0.0083μM, where σ is the 469 

standard deviation of the blank signal, and S is the slope of the linear calibration plot.
58

 470 

The quenching rate constant kQ of the probe (NR) was calculated to be 4.47×10
13

 L∙mol
-1

∙s
-1

 471 

(τ0=1.15×10
-9 

s) according to the above Stern-Volmer curve, which was approximately three 472 
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orders of magnitude higher than the limiting diffusion constant Kdif  of the biomolecule (Kdif = 473 

2.0×10
10

 L∙mol
-1

∙s
-1

).
59, 60

 The results illustrated that a specific interaction between the probe and 474 

megestrol acetate has occurred, and their fluorescence quenching mainly arose from static 475 

quenching by forming a complex 
59, 61

 between the probe and megestrol acetate. 476 

The binding number (n) of megestrol acetate on the probe was calculated according to the 477 

following equation (2), where KA is the binding constant. The results showed that n=0.85, which 478 

indicated that the ratio of probe and megestrol acetate in the complex was approximately 1:1. 479 

 0
Alg lg log Q

I I
K n

I

 
  

 
      (2) 480 

In this case, the binding constant (KA) of the complex can be obtained from the slope of the 481 

curve based on the following equation (3), and the calculated apparent KA was 9.52×10
4
 L∙mol

-1
. 482 

The large value of KA illustrated that the megestrol acetate molecule has a high ability to bind with 483 

the probe, inducing its significant fluorescence quenching, which further supported the 484 

mechanism deduced in section 3.3.2.  485 

 
110

A

0

1 Q
I

K
I I

 


     (3) 486 

 487 

3.4.2. Spiking Recoveries of megestrol acetate in river water. The contents of the steroid hormones 488 

in river water were generally very low, so sample pretreatment procedures for purification and 489 

enrichment were needed. Usually, the enrichment factor for HPLC and MS methods was 490 

approximately 1000.
41, 48

 Different spiking levels of megestrol acetate with concentrations ranging 491 

from 0.001 μM to 10 μM in the river water samples were performed, and the samples were then 492 

enriched and purified using SPE procedures.
41, 48

 Thereafter, the concentrations of the residues 493 

were determined with the developed β-CD-QDs-NR FRET fluorescence probe, and the results are 494 

summarized in Table 1. It can be seen from the data in Table 1 that the average recoveries of 495 

megestrol acetate ranged from 97 to 110 %, with relative standard deviations (RSD) below 15%, 496 

which satisfied the demands of residue analysis
62

. Considering the enrichment factor, theoretically, 497 

the limit of detection (LOD) for the established method was 0.083 nM (the enrichment factor was 498 

100). It can be noted from the data shown in Table 1 that the limit of quantification (LOQ) can 499 

Page 21 of 25 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



reach to 1.0 nmol, and the standard deviations would become very large with decreasing the 500 

spiking levels, which can not guarantee the accuracy of the determination results. In this case, the 501 

LOD and LOQ of the developed method were nearly equal to those of previous reports for 502 

HPLC-MS
49

 or GC-MS 
48

 methods, and were significantly lower than those of HPLC 503 

approaches
63

. As the data shown in Table 1, the satisified spiking recoveries and RSD have been 504 

obtained in the concentration range between 1.0 nM and 10 μM, which can be considered as the 505 

detection range of the megestrol acetate for the developed method, and was much better than those of 506 

previous reports
49, 63

. The results illustrated that the method is sensitive and can be utilized for the 507 

rapid determination of megestrol acetate in river water samples. 508 

 509 

Table 1. Analytical Results for the Detection of Megestrol Acetate levels in river sample (n=5). 510 

Content of Megestrol 

Acetate(μM) 

Recovery 

(%) 

RSD 

(%) 

0.001 108.66 9.23 

0.01 109.62 13.34 

0.1 96.64 6.59 

1.0 100.52 4.14 

10 100.14 5.44 

 511 

4. Conclusions 512 

 A novel beta-cyclodextrin functionalized ZnS quantum dots-neutral red (NR) fluorescence 513 

resonance energy transfer probe for determination of megestrol acetate concentrations in river 514 

water samples has been developed. The synthesis of the water-soluble and low toxicity 515 

beta-cyclodextrin -functionalized ZnS quantum dots was first reported in this paper. The dye 516 

neutral red in its neutral form can enter the cavity of beta-cyclodextrin anchored on the surface of 517 

ZnS quantum dots, forming an efficient fluorescence resonance energy transfer fluorescence 518 

system. The interaction mechanisms of the obtained probe with nine types of steroid hormones 519 

have been investigated, and the results showed that megestrol acetate induced the fluorescence 520 

quenching of the fluorescence resonance energy transfer probe by forming complex, which was 521 

different from the mechanisms for other steroid hormones. The fluorescence resonance energy 522 

transfer fluorescence probe was specific for megestrol acetate at low concentration levels, and the 523 

developed method was specific, rapid and sensitive. This methodology can determine the 524 
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megestrol acetate concentrations in river water samples at the nanomolar level when combined 525 

with the reported sample pretreatment procedures and is equivalent to high performance liquid 526 

chromatography or mass spectrometry techniques. 527 
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