
Hong Kong Baptist University

Target triggered fluorescence “turn-off” of silicon nanoparticles for cobalt
detection and cell imaging with high sensitivity and selectivity
Nsanzamahoro, Stanislas; Cheng, Wei; Mutuyimana, Félicité Pacifique; Li, Ling; Wang,
Weifeng; Ren, Cuiling; YI, Tao; Chen, Hongli; Chen, Xingguo
Published in:
Talanta

DOI:
10.1016/j.talanta.2019.120636

Published: 01/04/2020

Document Version:
Peer reviewed version

Link to publication

Citation for published version (APA):
Nsanzamahoro, S., Cheng, W., Mutuyimana, F. P., Li, L., Wang, W., Ren, C., YI, T., Chen, H., & Chen, X.
(2020). Target triggered fluorescence “turn-off” of silicon nanoparticles for cobalt detection and cell imaging with
high sensitivity and selectivity. Talanta, 210, [120636]. https://doi.org/10.1016/j.talanta.2019.120636

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent publication URLs

Downloaded on: 24 May, 2023

https://doi.org/10.1016/j.talanta.2019.120636
https://scholars.hkbu.edu.hk/en/publications/7971b496-8e77-4985-9dff-d78611a7c939
https://doi.org/10.1016/j.talanta.2019.120636


1 

 

Target triggered fluorescence “turn-off” of silicon nanoparticles for cobalt detection and 1 

cell imaging with high sensitivity and selectivity 2 

 3 

Stanislas Nsanzamahoroa, Wei Chenga, Félicité Pacifique Mutuyimanaa, Ling Lia, Weifeng 4 

Wangb** , Cuiling Rena, Tao Yic, Hongli Chena*, Xingguo Chena 5 

 6 

a State Key Laboratory of Applied Organic Chemistry, College of Chemistry and Chemical 7 

Engineering, Lanzhou University, Lanzhou 730000, P. R. China  8 

b CAS Key Laboratory of Chemistry of Northwestern Plant Resources, Key Laboratory for 9 

Natural Medicine of Gansu Province, Lanzhou Institute of Chemical Physics, Chinese Academy 10 

of Sciences (CAS), Lanzhou 730000, P. R. China 11 

c School of Chinese Medicine, Hong Kong Baptist University, Hong Kong Special 12 

Administrative Region, P. R. China 13 

 14 

*Corresponding author 15 

*E-mail: hlchen@lzu.edu.cn  16 

Tel.: 86-931-891-2763; Fax: 86-931-891-2582. 17 

 18 

  19 



2 

 

Abstract   20 

Cobalt ions (Co2+) are among heavy metals ions which cause pollution in environment because 21 

of their toxicity and improper degradation. In this work, a new fluorescent approach based on 22 

silicon nanoparticles (Si NPs) was designed for Co2+ detection. The fluorescent Si NPs were 23 

prepared by mixing 3-aminopropyl trimethoxysilane (APTES) and basic fuchsin, and under the 24 

excitation of 400 nm, they emitted green fluorescence at 515 nm. The prepared Si NPs were 25 

highly soluble in water, stable to salt and pH, and their fluorescence emission was extremely 26 

constant, with the quantum yield of 2.28%. The detailed mechanism studies showed that Co2+ 27 

effectively quenched the fluorescence of Si NPs by forming static complex. After optimizing the 28 

reaction parameters, a good linear relationship for Co2+ was observed from 0.2 to 60 µM, and the 29 

limit of detection was 0.14 µM that is lower than the guideline announced by Department of 30 

Environmental Protection for drinking water (1.7 µM). The preparation method of Si NPs was 31 

cheap, rapid and simple, and the fluorescent approach was applied to determine Co2+ in Yellow 32 

river water, drinking water, and industrial wastewater. Moreover, the Si NPs has good response 33 

to exogenous Co2+ in HepG2 cell imaging. 34 

Keywords: Silicon nanoparticles; Fluorescence “turn-off”; Co2+ measurement; Cell imaging. 35 

 36 

  37 
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1. Introduction 38 

Recently, heavy metal ions detection in ecological samples has attracted more and more 39 

attentions, because of their toxicity and non-biodegradability. Some of heavy metal ions are 40 

indispensable to human body, where a few milligrams are only required to be consumed per day. 41 

Thus, it tends to be dangerous to human health once consumed in high level [1]. Cobalt (Co2+) is 42 

one of such kind of metal ions. In industries, Co2+ is used in batteries and pigments production 43 

[2]. Human activities and natural resources are the main ways for Co2+ to enter the environment 44 

[3]. Co2+ is mainly found in soils, minerals and rocks [4]; and it plays an essential part in 45 

ecological system [5,6]. The concentration range of Co2+ in environment is up to 100 µg⋅L-1 in 46 

wastewater and 0.5 to 12 µg⋅L-1 in sea water [7]. For both eukaryotes and prokaryotes, cobalt is 47 

an essential element [8]. It is indispensable in the synthesis of proteins, myelin, co-enzyme, 48 

amino acids and it helps in fats and carbohydrates metabolism [9-11]. In human body, the total 49 

presence of Co2+ is 1.1 to 1.5 mg where, 43% is found in soft tissues, 14% in bone and 43% is 50 

accumulated in muscles [12,13].  51 

Nowadays, various approaches have been developed for Co2+ determination such as 52 

colorimetric approaches [9,14,15], fluorescent approaches [10,11,16], and potentiometric 53 

approach [13]. Some of these methods present disadvantages of high cost, less selectivity, low 54 

sensitivity and complex operational strategies [17-18]. Cobalt analysis via traditional methods 55 

also need trained individuals and experienced sample treatment steps [8]. Fluorescent-based 56 

methods have experienced extreme attention compared to other analytical sensors due to their 57 

sensitivity, selectivity, and simplicity [11].  58 
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Evolution of nanoparticles as chemical sensors raised attractive research interest in the past 59 

decades [19]. Heavy metals in nanoparticles are toxic, and this limited their applications in 60 

biochemical subjects [20]. Silicon is one of the elements that have been mostly used to 61 

synthesize nanoparticles especially silicon-based nanoparticles (Si NPs). Raw materials for Si 62 

NPs synthesis are comparatively abundant and low-priced because silicon is the second most 63 

available element on the earth. Radioactive combination of holes and electrons give rise to the 64 

fluorescence feature of Si NPs [20]. Electrochemical and mechanic features of Si NPs are based 65 

on their large surface-to-volume ratios and this allows them to be used in diseases treatment, 66 

nano agents for biological detection and analysis, and nanosensors [21]. As a zero-sized 67 

nanomaterial, fluorescent Si NPs gained increasing interest due to their features, especially low 68 

toxicity, favorable biocompatibility and photostability [19].  69 

Fluorescent Si NPs have been synthesized by different methods [22,23]. Some of them are 70 

prepared through microwave method where high temperature processing is required [24,25]. 71 

Some are synthesized via two or more steps which require time consuming [26,27], while others 72 

are synthesized and then doped or functionalized with some row materials (peptides or metals) 73 

before their uses [25,28,29]. Therefore, synthesis of Si NPs with facile, cheap and easy 74 

procedures is still in high demand.  75 

Here, we described an approach for preparing water-soluble Si NPs via one simple and easy 76 

step by using basic fuchsin as reductant and 3-aminopropyl trimethoxysilane (APTES) as silicon 77 

source (Fig. 1A). The synthesized Si NPs demonstrated pH stability, salt stability, photo stability, 78 

favorable compatibility and strong green fluorescence. It was cleared that the green fluorescence 79 

emitted by Si NPs was directly quenched after the reaction with Co2+ (Fig. 1B). The proposed 80 
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approach was sucessfully used to analyze Co2+ in water samples and sense exogenous Co2+ in 81 

HepG 2 cell imaging. 82 

2. Experimental section 83 

2.1. Reagents and materials 84 

Except for other notation, all reagents were of analytical grade and were directly used 85 

without any further purification. 3-aminopropyl trimethoxysilane (APTES), basic fuchsin, 86 

alanine, methionine, glucose, glutathione, hydroquinone, and resorcinol were received from 87 

Shanghai Titan Scientific Co. Ltd. (Shanghai, China). NaCl, NaBr, NaI, Na2CO3, Na2SO4, CaCl2, 88 

catechol and vitamin B12 were purchased from Tianjin Guangfu Chemical Reagents Co. Ltd. 89 

(Tianjin, China). NaNO3, KCl, LiCl, FeCl2, BaCl2, Mg(NO3)2, Ca(NO3)2, Ni(NO3)2, CuCl2, 90 

Zn(NO3)2, AlCl3, AgNO3, MnCl2⋅4H2O and Hg(NO3)2 were received from Sinopharm Chemical 91 

Reagents Co. Ltd. (Shanghai, China). In all the experiments, ultrapure water from 18202V AXL 92 

water purification system (Chongqing, China) was used. 93 

2.2. Apparatus and characterization 94 

Fluorescence (FL) emission spectra were measured using RF-5301PC spectrofluorometer, 95 

assembled with 1 cm quartz cell (Shimadzu, Kyoto, Japan). UV-vis absorption spectrum was 96 

performed by TU-1901 double beam UV-vis spectrometer, with 1 cm quartz cell (Purkine 97 

General Instrument Co. Ltd., Beijing, China). Fourier transform infrared spectrometry (FT-IR) 98 

was measured on a Nicolet Nexus 670 spectrometer. Powder X-ray diffraction (XRD) pattern 99 

was recorded using D/max 82400 X-ray powder diffractometer with Cu Kα radiation. Size and 100 

morphology of the prepared Si NPs were demonstrated by transmission electron microscopy 101 

(TEM, Hitachi-600, and Hitachi, Japan). The sample solution of Si NPs (10 µL) were dropped 102 
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onto a copper TEM grid and then dried overnight at room temperature. Time-resolved 103 

fluorescence spectra were measured on time-correlated-single-photon-counting (TCSPC) system 104 

from FL 920P spectrometer (Edinburgh machine, UK) within an excitation wavelength at 365 105 

nm. X-ray photoelectron spectroscopy (XPS) was performed by using a PHI5702 spectrometer 106 

assembled with Al Kα exciting source. pH values of the used buffer solutions were recorded 107 

using Mettler Toledo pH meter (Switzerland). 108 

2.3. Preparation of Si NPs 109 

In our experiment, precursors for the Si NPs synthesis were APTES and basic fuchsin. 110 

Procedure for the synthesis was reported in the following ways: firstly, in the water bath of 70 oC, 111 

1 mL of APTES was added to 5 mL of ultrapure water with stirring. Later on, 10 mg of basic 112 

fuchsin was dissolved into the above solution with continuous stirring. The total reaction time for 113 

the Si NPs synthesis was 70 min. Subsequently, the obtained Si NPs solution passed through a 114 

dialysis membrane of 1000 Da (molecular weight cutoff) against ultrapure water to remove small 115 

molecules and unreacted reagent for 8 h. Finally, the purified Si NPs solution was kept at room 116 

temperature for the further uses. Some purified Si NPs solution was freeze-dried to produce the 117 

dry powder of Si NPs, which was then grinded and crushed into a fine powder of Si NPs for 118 

XRD, FT-IR and XPS characterizations. 119 

In order to illustrate the luminescent materials, only APTES or basic fuchsin as precursor 120 

for nanomaterials synthesis was also investigated, and the other processes were the same as the 121 

above mentioned.  122 

2.4. Fluorescence “turn off” experiment for Co2+ measurement 123 
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The measurement of Co2+ was conducted in PBS buffer solution. Typically, 40 µL of Si 124 

NPs solution was added into PBS buffer solution (10 mM, pH 7.4). This prepared solution was 125 

mixed with different concentrations of Co2+ ranging from 0.2 to 200 µM. The obtained mixture 126 

was incubated for 4 min at room temperature and the fluorescence emission signals were 127 

evaluated by setting the excitation wavelength at 400 nm. To perform the selectivity experiment 128 

toward Co2+, various metal ions (i.e., Li+, K+, Na+, Ag+, Ba2+, Hg2+, Cu2+, Ni2+, Fe2+, Mn2+, Ca2+, 129 

Mg2+, Pb2+, Zn2+ and Al3+), anions (i.e., I-, Br-, Cl-, NO3
-, CO3

2- and SO4
2-) and biomolecules 130 

(alanine, glucose, glutathione, methionine, catechol, hydroquinone, resorcinol and vitamin B12) 131 

were tested under the same operation conditions. 132 

2.5. Water sample preparation for Co2+ measurement  133 

Industrial waste water sample was acquired from the effluent of an electroplating factory 134 

(Gansu, China). Drinking water sample was received from one of the supermarket in Lanzhou 135 

(Gansu, China). Yellow River water sample was collected from Lanzhou (Gansu, China). 136 

Industrial waste water and Yellow River water were centrifuged at 1200 rpm for 10 min and then 137 

filtered at 0.22 µM pore membrane. Before detection, all samples were diluted by 10.0 mM PBS 138 

buffer solution (pH 7.4). After incubation of 4 min at room temperature, the FL emission 139 

spectrum was investigated under the excitation wavelength at 400 nm.  140 

2.6. Cytotoxicity assays and cell imaging 141 

The cytotoxicity of Si NPs was determined by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-142 

diphenyl-2-H-tetrazolium bromide) assay. Cells (5×103) were incubated with varying 143 

concentrations of Si NPs (0, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 and 400 µg⋅mL-1) in triplicate in a 144 

96-well plate at 37 °C in a final volume of 100 µL. At the end of the treatment (20 h), 10 µL of 145 
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MTT (5 mg⋅mL-1) was added to each well and incubated for an additional 4 h at 37 °C. An 146 

extraction buffer (100 µL, 10% SDS, 5% isobutanol, 0.1% HCl) was added, and the cells were 147 

incubated overnight at 37 °C. The absorbance was measured at 570 nm on Multiskan GO 148 

(Thermo Scientific). The cell viability was expressed as the percentage of the control (cells 149 

without drug treatment). 150 

In a humidified atmosphere of 5% CO2 overnight, the HepG2 cells were seeded in a 12-well 151 

plate and cultured in DMEM medium (1 mL/well) at 37 oC. To the cell culture, Si NPs (20 152 

µg⋅mL-1) were added and then, cells were incubated for an additional 2 h at 37 oC. For the 153 

assessment of Co2+ uptake, HepG2 cells were pretreated with Co2+ (100 µM) for 30 min and then 154 

incubated with Si NPs (20 µg⋅mL-1) for 2 h. After removing the unbound compounds to the cells 155 

by rinsing them three times by PBS solution (10 mM, pH=7.4), cells were ready for imaging 156 

experiments. 157 

3. Results and discussions 158 

3.1. Optimization of synthetic conditions 159 

By virtue of the pH-sensitive property of basic fuchsin, Wang’s group developed label-free 160 

carbon dots as ratiometric fluorescence pH nanoprobes through one-pot hydrothermal treatment 161 

of citric acid and basic fuchsin and applied them for intracellular pH sensing [30]. In this work, 162 

APTES and basic fuchsin were respectively used as silicon source and reducing agent. Figure 1 163 

demonstrated the synthetic approach of Si NPs. By mixing APTES and basic fuchsin in one step, 164 

Si NPs were prepared. At first, in order to illustrate the luminescent materials, the FL intensity of 165 

different molar ratio of APTES and basic fuchsin (0:1, and 1:0) as precursor for Si NPs synthesis 166 

was investigated. As shown in Fig. S1, under the excitation wavelength at 400 nm, the FL 167 
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intensity of only basic fuchsin (line a) was negligible; that of only APTES was very weak with 168 

the emission wavelength at 515 nm (line b); and that of the mixed solution (a and b in the ratio of 169 

1:1) was also very weak (line d). However, the emission peak with high FL intensity was 170 

observed from the synthesized Si NPs by APTES and basic fuchsin as precursors (line c). In a 171 

word, Si NPs were responsible for the further fluorescent analysis, and basic fuchsin was an 172 

excellent reductant similar to that used in the prepation process of carbon dots [30]. 173 

Highest FL intensities were received after optimizing three reaction conditions which are: 174 

the ratio of APTES to basic fuchsin, the reaction temperature and time. The impact of the molar 175 

ratio was investigated by fixing the volume of APTES to 1.0 mL and changing the amount of 176 

basic fuchsin. The FL intensity increased by raising the amount of basic fuchsin until to 10 mg, 177 

and then slightly decreased as the amount of basic fuchsin further increased (Fig. S2A). Figures 178 

S2B and S2C demonstrated the effects of reaction temperature and time on the FL intensity. 179 

Firstly, there was an increasing of the FL intensity up to 70 min and 70 oC, and then the 180 

decreasing was observed. To sum up, 10 mg, 70 oC and 70 min were respectively chosen as 181 

APTES dosage, reaction temperature and time for further studies. 182 

3.2. Structural characterization of Si NPs 183 

The size and morphology of Si NPs were described by the transmission electron microscopy 184 

(TEM). According to Fig. 2A and 2B, the prepared Si NPs displayed good size uniformity and 185 

monodispersity with spherical shape. Furthermore, the variation of the size was between 1.1 and 186 

2.7 nm, and the medium size was 1.8 nm. The synthesized Si NPs were in amorphous state, 187 

which was confirmed by XRD analysis (Fig. S3). The prepared Si NPs contained C, N, O and Si 188 

elements as indicated by EDS pattern in Fig. S4. Chemical groups available on the surface of the 189 
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synthesized Si NPs were identified by FT-IR spectrum (Fig. 2C). The absorption peaks at 3410 190 

and 1602 cm-1 were assigned to the bending vibration of N-H [31]; those at 1125-1132 cm-1 was 191 

attributed to the stretching vibration of Si-O-Si [32], and those at 1461 and 2937 cm-1 belonged 192 

to C-H bending and C-H unsaturated stretching vibration, respectively [32]. The stretching 193 

vibration and deformation of O-H [33] belonged to the absorption peaks in the range of 2870-194 

2932 cm-1. The above results demonstrated that the synthesized Si NPs were rich in amino and 195 

hydroxyl groups.  196 

XPS experiment was conducted to further evaluate the elemental composition of the 197 

prepared Si NPs. As shown in Fig. 3A, Si 2p, Si 2s, C 1s, N 1s and O 1s with their corresponding 198 

peaks at 101.6, 153.1, 284.8, 399.4 and 532.0 eV were presented by the full range of XPS 199 

analysis [34]. Figure 3B revealed the C 1s spectrum and showed different kinds of carbon atoms: 200 

C-O, C-N, C=C/C-C and C-Si, with their corresponding peaks at 285.8 eV, 285.1 eV, 284.5 eV 201 

and 283.9 eV, respectively [34]. Peaks at 398.4, 399.0, and 399.7 eV were shown by high 202 

resolution N 1s (Fig. 3C) and they were assigned to Si-N-Si, C-N-C and Si-N-O respectively 203 

[23]. Such results confirmed that there were abundant amino groups on the surface of the 204 

synthesized Si NPs, coinciding to the corresponding FT-IR spectrum. XPS spectrum of O 1s 205 

showed three distinct oxygen atoms, two Si-O (531.2 eV, 531.9 eV) and C-OH/C-O-C (532.6 eV) 206 

(Fig. 3D) [33,35]. The high resolution Si 2p spectrum in Fig. 3E presented Si-C, Si-N and Si-O 207 

bonds at 101.4, 102.1 and 102.7 eV respectively [36]. Furthermore, the FL spectra and UV-vis 208 

absorption spectrum were analyzed to confirm the optical properties of the prepared Si NPs (Fig. 209 

3F). Two absorption bands centered at 239 and 344 nm were received from the UV-vis 210 

absorption spectrum. The peaks at 344 nm could be assigned to the trapping surface state, which 211 

give rise to the strong emission [23]. The peak at 239 nm was attributed to n-σ* transition of C-N 212 
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or C-O bond [23]. The prepared Si NPs exhibited green FL under UV irradiation. Under the 213 

distinct excitation wavelengths (360-440 nm), the FL emission spectra of the Si NPs were 214 

demonstrated in Fig. S5. The maximum emission wavelength was at 515 nm under the excitation 215 

wavelength at 400 nm, and the prepared Si NPs revealed the absolute quantum yield of 2.28%.  216 

3.3. Stability of Si NPs 217 

Stability of the synthesized Si NPs was firstly studied after exposing them to the light 218 

illumination during 60 min. It is illustrated in Fig. 4A that the FL intensity stayed the same, 219 

confirming the storage stability. Then, Si NPs were incubated in ionic medium made of NaCl 220 

within different concentrations from 0 to 100 mM. Strong salt tolerability was illustrated in Fig. 221 

4B, where the FL intensity remained the same for all concentrations. The stability of the 222 

prepared Si NPs was also investigated by studying their FL intensity after their incubation into 223 

different temperatures from 25 oC to 85 oC. As illustrated in Fig. 4C, the FL intensity stayed 224 

constant. Finally, the effect of pH change to the FL intensity was investigated (Fig. 4D). It is 225 

clearly seen that Si NPs had stable and strong FL in the pH range from 4.0 to 10. Only a slight 226 

minor dependence of the FL intensity on pH was observed, which should be attributed to the 227 

variation in surface charge of Si NPs owing to protonation-deprotonation [37, 38]. Above results 228 

suggested the excellent stability of the prepared Si NPs, allowing their suitability in different 229 

practical researches. 230 

3.4. Sensitivity of Si NPs towards Co2+ measurement 231 

Addition of different concentrations of cobalt ion to the synthesized Si NPs solution 232 

revealed the quenching of the FL intensity. The sensitivity of Co2+ measurement was improved 233 

by optimizing the solution pH and the reaction time. It is illustrated in Fig. S6A that the pH 234 
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effect was investigated in the range from 4.0 to 10. As the pH value increased from 4.0 to 7.4, 235 

the value of ∆F (F0-F) increased; and then that slightly decreased as continuing to increase pH 236 

(F0 and F were the FL intensities of the Si NPs at 515 nm before and after addition of Co2+ 237 

respectively). The FL intensities were also recorded in the range of time from 0 to 10 min, and 238 

three different Co2+ concentrations (10, 25 and 40 µM) were studied and all revealed almost the 239 

unchangeable results (Fig. S6B). After optimizing the above conditions, the selected pH and 240 

reaction time were 7.4 and 4 min respectively.  241 

Under these optimized parameters, the analysis of cobalt with different concentrations from 242 

0 to 200 µM was studied using the prepared Si NPs. As illustrated in Fig. 5A, the decreasing of 243 

FL intensity was remarked when the concentration of cobalt was increasing. Between the 244 

quenching efficiencies (F0-F)/F0 and Co2+ concentration, a good linear relationship was noticed 245 

in the range of 0.2 to 60 µM, and the significant linear correlation coefficient (R2= 0.9982) was 246 

revealed (Fig. 5B). The limit of detection was 0.14 µM, where calculations were conducted 247 

based on s/k = 3 (k is the slope of the calibration curve and s represents the standard deviation of 248 

the blank solution). According to Table S1, the calculated limit of detection was lower than some 249 

reported literatures.  250 

3.5. Selectivity of Si NPs towards Co2+ measurement 251 

Selectivity of Si NPs towards Co2+ measurement was conducted by comparing its FL 252 

intensity with those of interfering agents. Different metal ions (Al3+, Zn2+, Pb2+, Hg2+, Cu2+, Ni2+, 253 

Fe2+, Mn2+, Ca2+, Mg2+, Ba2+, Ag+, Na+, K+ and Li+), some anions (i.e., I-, Br-, Cl-, NO3
-, CO3

2- 254 

and SO4
2-) and some biomolecules (alanine, glucose, glutathione, methionine, catechol, 255 

hydroquinone, resorcinol and vitamin B12) were selected as potential interferences. It is clearly 256 
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shown in Fig. 6 that only the addition of Co2+ revealed a distinct FL quenching. Later on, cobalt 257 

ion and interfering agents were mixed into the same sensing system, and the FL effect of Si NPs 258 

towards Co2+ showed the minimized interference. Such results revealed a significant selectivity 259 

of the suggested approach and produced an excellent qualification for Co2+ measurement in real 260 

samples. 261 

3.6. Analysis of cobalt in water samples 262 

The proposed approach was used to measure the amount of Co2+ in industrial waste water, 263 

Yellow River water and drinking water samples. The average recoveries of Co2+ reached 97.4-264 

101.0% for industrial waste water sample, 100.4-104.0% for Yellow River water sample and 265 

98.8-101.4% for drinking water sample (Table 1). It is clearly seen that the method manifested 266 

great and potential applications. 267 

3.7. Cytotoxicity assay and cell imaging of exogenous cobalt 268 

MTT assay was conducted for investigating the cytotoxicity of the Si NPs toward HepG2 269 

cells. It was clearly demonstrated in Fig. S7 that when the incubation concentration of the Si NPs 270 

increased to 200 µg⋅mL-1, the cell viability was around 89% and the slight damage just began at 271 

the concentration of 400 µg⋅mL-1, where the cell viability was estimated to be 72%. This 272 

confirmed the synthesized Si NPs were biocompatible and low toxic, and had the great potential 273 

for cell imaging. The availability of the synthesized Si NPs probe for sensing exogenous cobalt 274 

in living HepG2 cells was demonstrated by conducting the cell imaging experiments. As 275 

illustrated in Fig. 7, after the incubation of HepG2 cells with Si NPs (20 µg⋅mL-1) for 2 h at 37 276 

oC, the significant green emission was revealed. The fluorescence was quickly quenched after 277 
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addition of cobalt ions (100 µM). The mentioned results confirmed that Si NPs could be a 278 

platform for exogenous Co2+ analysis.    279 

3.8. Fluorescence quenching mechanism 280 

In recent years, the FL quenching method was widely employed to measure heavy metal 281 

ions. Generally, static quenching effect (SQE), dynamic quenching effect (DQE), Forster 282 

resonant energy transfer (FRET) and inner filter effect (IFE) are the main known effects that can 283 

cause the FL quenching of fluorescent materials [39,40]. The quenching is said to be IFE or 284 

FRET when there is an overlapping between the UV-vis absorption spectra of the quencher and 285 

the emission or excitation spectra of the fluorophore [23]. DQE is a type of quenching 286 

mechanism rising from the collision between the fluorophore and the quencher; where the FL 287 

pathway is lost and go back to the ground state, as result of such association. A fluorophore is 288 

said to be statically quenched (SQE), when it forms a stable complex with another molecule [41].  289 

The quenching of Si NPs by transition metal ions is a complex procedure, therefore, 290 

different processes were studied to reveal how the FL intensity emitted by our synthesized Si 291 

NPs could be quenched by Co2+ [42]. The study on FL spectra and UV-vis absorption spectrum 292 

in Fig. 8A revealed that there was no overlapping between the emission or excitation spectrum of 293 

Si NPs and the absorption spectrum of Co2+, so the energy transferred from Si NPs to Co2+ was 294 

ruled out. This testifies that FRET and IFE could not be suspected as quenching mechanisms of 295 

fluorescence emitted by our synthesized Si NPs.  296 

Furthermore, the Stern-Volmer plot was used to interpret the quenching results. 297 

Temperature dependence in quenching mechanism is involved, where both static and dynamic 298 

quenching fit to the Stern-Volmer equation (Eq. 1) [43]: 299 
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0 q 0 sv/ 1 [C] 1 [C]F F K Kτ= + = +                                            (1) 300 

Where [C] is the concentration of the quencher (Co2+); KSV is the Stern-Volmer quenching 301 

constant, which is the slope of the line; F and F0 are the steady-state fluorescence intensities in 302 

the presence and absence of the quencher, respectively; Kq stands for the FL quenching rate 303 

constant, reflecting effects of inter-collision and inter-diffusion in this system. Kq is calculated as: 304 

            q sv 0/K K τ=                                                                                                                                             (2) 305 

Where τ0 stands for the average lifetime of the fluorescence molecules (Si NPs in our work) 306 

without the quencher. The average fluorescence lifetime of our synthesized Si NPs is 3.34 ns 307 

(see Table S2) [44]. According to Eq. 2, the calculated Kq values were 6.02×1012, 5.57×1012 and 308 

4.97×1012 L⋅mol-1⋅s-1, corresponding to their temperature at 293, 303 and 313 K respectively (see 309 

Table 2). 310 

Previous reports have indicated that the quenching would belong to a combined (dynamic 311 

and static) mechanism, when the plot of F0/F versus [C] (Stern-Volumer plot) in a given range of 312 

concentration shows an ascending curvature [45,46]. The quenching mechanism will be single 313 

dynamic or static, when the plot of F0/F versus [C] would be linear [45]. In our work, as shown 314 

in Fig. S8, a good linearity is observed between F0/F and Co2+ concentration in the range 0.2-60 315 

µM. From Table 2, increasing the temperature decreased the slope (Ksv) and quenching rate 316 

constant (Kq), and all the calculated Kq values were greater than the maximum collision 317 

quenching constant Kq of various quenchers (2.0×1010 L⋅mol-1⋅s-1) [44], which indicated that the 318 

quenching fitted the behavior of static quenching [43,46,47].  319 
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The time-resolved FL experiment was also investigated to confirm the mechanism. It is 320 

clearly seen from Fig. 8B and Table S2 that the lifetime of the synthesized Si NPs has not varied 321 

upon the increase of Co2+ concentration, which also exclude the dynamic quenching. The 322 

negligible change of fluorescence lifetimes for Si NPs with Co2+ suggests that the quenching 323 

process was attributed to static quenching [48,49].  324 

Furthermore, the mechanism was examined by studying the change of zeta-potential. Upon 325 

the addition of Co2+, the zeta-potential of Si NPs increased from -2.92 mV to 1.04 mV (Fig. S9), 326 

resulting from the interaction between Si NPs and Co2+ [33]. That interaction was also 327 

investigated by the change of full range XPS spectra of Si NPs before and after the addition of 328 

Co2+ [33]. As shown in Fig. S10, after adding Co2+, a new peak was created at 778.2 eV. Such 329 

spectral change could be related to the interaction between Si NPs and Co2+ [33].  330 

4. Conclusion  331 

To conclude, a new fluorescent approach based on environment-friendly Si NPs was 332 

designed for Co2+ determination. The present approach was cheap, rapid and simple compared to 333 

other reported approaches. The synthesized Si NPs revealed pH-stability, salt tolerance and 334 

excellent biocompatibility, and they were used to imaging exogenous cobalt ion in HepG2 cells. 335 

Furthermore, they were also good analytical platform for Co2+ in Yellow River water, drinking 336 

water and industrial wastewater samples. 337 
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Figure and table captions: 502 

Fig. 1. (A) The synthetic strategy of Si NPs; (B) Schematic illustration of Co2+ detection by the 503 

synthesized Si NPs. 504 

Fig. 2. (A) TEM image of the synthesized Si NPs. (B) Size distribution of Si NPs. (C) FT-IR 505 

spectrum of the synthesized Si NPs. 506 

Fig. 3. High resolution XPS spectra of Si NPs. (A) Full range, (B) C 1s, (C) N 1s, (D) O 1s and 507 

(E) Si 2p, respectively. (F) Fluorescence excitation spectrum (a), emission spectrum (b), and 508 

UV-vis absorption spectrum of Si NPs (c). Inset photographs are Si NPs solutions under visible 509 

light and UV light illumination.  510 

Fig. 4. (A) FL intensity of Si NPs as function of time under 400 nm light illumination. (B) 511 

Normalized FL intensity of the Si NPs in 10 mM PBS (pH 7.4) with different concentrations of 512 

NaCl. (C) Normalized FL intensity of Si NPs after incubation at different temperature for 4 min.  513 

(D) Normalized FL intensity of Si NPs at various pH values. Error bars stand for the standard 514 

deviation of three independent experiments.  515 

Fig. 5. (A) Fluorescence emission spectra of Si NPs upon addition of various concentrations of 516 

Co2+ (from top to bottom, 0, 0.2, 1, 3, 5, 15, 25, 35, 45, 60, 90, 120, 160, and 200 µM  517 

respectively) in 10 mM PBS solution (pH 7.4). (B) Linear calibration plot between fluorescence 518 

quenching efficiency (F0-F)/F0 and the concentration of Co2+ (0.2-60 µM). Error bars stand for 519 

the standard deviation of three independent experiments.  520 

Fig. 6. (A) FL intensity (F0-F)/F0 response of the Si NPs to 400 µM metal ions (black bars) and 521 

the subsequent addition of 40 µM Co2+ (red bars). (B) (F0-F)/F0 response of the Si NPs to 400 522 
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µM anions (black bars) and the subsequent addition of 40 µM Co2+ (red bars). (C) (F0-F)/F0 523 

response of the Si NPs to 400 µM molecules (black bars) and the subsequent addition of 40 µM 524 

Co2+ (red bars). Error bars stand for the standard deviation of three independent experiments.  525 

Fig. 7. Fluorescence microscopy of HepG2 cells incubated with (1) blank, (2) 20 µg⋅mL-1 Si NPs 526 

for 2 h, and (3) pretreated with Co2+ (100 µM) for 30 min, and then incubated with Si NPs (20 527 

µg⋅mL-1) for 2 h. 528 

Fig. 8. (A) FL excitation spectrum (red) and emission spectrum (black) of Si NPs, and UV-vis 529 

absorption spectra of Si NPs (blue), Co2+ (pink) and their mixture (green). (B) Lifetimes of 530 

steady-state FL of Si NPs and Si NPs + Co2+. 531 

Table 1. Analytical results for Co2+ detection in Yellow River water, industrial waste water and 532 

drinking water samples. 533 

Table 2. The quenching constants (Kq) between Co2+ and Si NPs calculated by Stern-Volumer 534 

equation. 535 
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Table 1 560 

Sample Added value 

(µM)  

Found value 

(µM)  

Recovery 

(%) 

RSD 

(%, n=3) 

Yellow River 

Water 

5.00 

10.00 

20.00 

5.13 

10.40 

20.08 

102.6 

104.0 

100.4 

2.7 

2.1 

1.9 

 

Industrial waste 

water 

5.00 

10.00 

20.00 

4.87 

9.82 

20.21 

97.4 

98.2 

101.0 

2.0 

1.8 

3.9 

 

Drinking water 5.00 

10.00 

20.00 

4.94 

10.14 

19.87 

98.8 

101.4 

99.3 

3.4 

2.1 

1.4 

 561 
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Table 2 563 

T (K) Stern-Volumer equation Kq (L⋅mol-1⋅s-1) R2 

293 F0/F = 1.0008 + 0.0201 [C] 6.02×1012 0.9970 

303 F0/F = 0.9862 + 0.0186 [C] 5.57×1012 0.9978 

313 F0/F = 0.9596 + 0.0166 [C] 4.97×1012 0.9925 

 564 



Highlights 

1. 3-aminopropyl trimethoxysilane and basic fuchsin were used as silicon source and 

reductant to prepare fluorescent Si NPs by one-pot method. 

2. The synthesized Si NPs revealed pH-stability, salt tolerance and excellent 

biocompatibility. 

3. Co2+ can effectively quench the fluorescence of Si NPs by forming static complex. 
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