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Graphical Abstract  

 

Highlights:  

 Fluorescent organic nanoparticles FONs-RSB prepared by reprecipitation 

method 

 FONs-RSB showed Chelation enhanced fluorescence only in the presence of 

Hg2+ 

 Interference-free detection of Hg2+ ions using a proposed sensing method 
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 The extremely low detection limit of 1.729 ng/mL for Hg2+ ions in an aqueous 

medium   

 Feasibilities are analysis of environmental samples and intracellular cell imaging  

 

Abstract 

 

A simple, quick and useful reprecipitation method was used to prepare rhodamine based 

fluorescent nanoparticles. The characterization techniques such as zeta-particle sizer and 

scanning electron microscopy were studied to investigate the formation of desired 

nanoparticles FONs-RSB along with its aqueous stability, surface charge, particle size, and 

morphological features. The comparative optical properties between parent molecule RSB 

and FONs-RSB were examined using absorption and fluorescence studies. The sphere 

morphology of FONs-RSB having 82 nm particle size and negative zeta potential (-33.5 

mV) showed selective and sensitive interaction with only Hg2+ amongst the series of metal 

ion studied which was revealed by florescence titration results. The interaction between 

FONs-RSB and Hg2+ leads to enhance the fluorescence of FONs-RSB is because of 

chelation enhanced fluorescence (CHEF) phenomenon. The interference of foreign metal 

ions was found to be unaffected to the fluorescence enhancement induced by Hg2+. The 

binding stoichiometry and binding constant were evaluated using Job’s and modified 

Benesi-Hildebrand plot. The mechanism of binding interaction and nature of complexation 

were analyzed using Infrared (IR), Nuclear Magnetic Resonance (NMR), absorption and 

fluorescence lifetime titrations in the absence and presence of a variable amount of Hg2+ to 

FONs-RSB. Further, the reaction product of the sensing process in the present 

investigation was examined using mass analysis. The detection limits calculated using the 

present method were found to be 1.729 ng/mL (8.619 nM) and 1.68 ng/mL when linear 

concentration of Hg2+ additions were 0-2 µg/mL and 0-100 ng/mL, respectively. The 

practical application of the present method involves the quantitative determination of Hg2+ 
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in environmental samples collected from the local campus and intracellular cell imaging of 

Hg2+ using A375 living cells with non-toxic behavior.  

 

 

Keywords: Rhodamine based fluorescent organic nanoparticles; Mercury ions; Chelation 

enhanced fluorescence; Environmental samples; Cell imaging.  

 

1. Introduction:  

Pollution occurred by contamination of heavy metal ions in the aquatic and 

biological systems increased day by day. Concerning about the hazardous effects arises 

from heavy metal ions to human being demands acute, rapid, selective and sensitive 

method for their qualitative and quantitative determination. The intake of heavy metals 

ions is essential for the human body at certain levels to maintain the biological and 

therapeutic balance in the function of various processes associated with the human body 

[1-3]. One of the toxic and unsafe heavy metal ions is mercury (Hg2+). Mercury originates 

in the forms of three groups such as Hg, Hg+ and Hg2+. Among these three groups, mercury 

in its divalent oxidation state (Hg2+) is most toxic due to its mobility in the living systems 

and ability to cross cell membranes [4-5]. The mining water, power plants, household 

bleaches, fungicides, petrochemicals and chemicals including acids are the main sources 

through which mercury has potency to release in the environment [6-8]. The severe threats 

to human health arise due to the variable concentration of Hg2+ in the body and which can 

be enriched through the food chain and cause harmful effects on human health [9-10]. It 

affects and damages central nervous system, kidneys, digestive system, lungs and immune 

system and further led to increase risk level of hypertension, oxidative stress and anemia 

[10-12]. Therefore, continuous research on detection and reduction of Hg2+ pollution in 

aquatic and biological systems increases nowadays in science and engineering society.  

Numerous analytical techniques have been devoted to examining the Hg2+ 

concentration in aqueous system. These techniques include atomic emission spectroscopy 

(AES) [13], stripping voltammetry [14], atomic fluorescence spectroscopy (AFS) [15], 
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Inductively coupled plasma mass spectroscopy (ICP-MS) [16], electrochemical sensors 

[17], fluorometric methods [18,19], cold vapor atomic fluorescence (CV-AFS) [20], 

polarography [21], colorimetric analyzes [22] and inductively coupled plasma-atomic 

emission spectroscopy [23]. Amongst these immense varieties of analytical methods for 

the determination of Hg2+ concentration in environmental samples, most are costly, time- 

consuming, requires pre-sample treatments, fail to produce extremely low detection limit 

and needs sample storage during analysis. These drawbacks encourage to expand sensing 

method for qualitative and quantitative determination of Hg2+ in environmental samples 

which needs economical, rapid, selective, sensitive and low detection level approach. In an 

addition, there were number of probes have been used to monitor Hg2+ such as proteins, 

cells, nanomaterials, organic fluorophores, polymers, chromophores and DNA based 

molecules [24]. Interestingly, rhodamine based organic fluorophores have been devotedly 

used for detection of heavy metal ions due to their spirolactum ring opening and 

fluorescence turn-ON characteristics [25-28]. Additionally, considering the design of 

nanomaterial-based on rhodamine core will have extra-ordinary properties as compared to 

their parent compound in the organic solvent and may use for sensing purpose of heavy 

metal ions in aqueous medium at ultra-trace levels, an attempt was made for the preparation 

of their fluorescent organic nanoparticles for their sensing application in the present studies.  

Currently, one of the swiftly expanding research areas is nanomaterials which offer 

remarkable benefits in biological sciences, health sciences and medical engineering [3,4]. 

There are various many research groups on the development of fluorescent chemosensors 

for sensitive detection of metal ions in aqueous medium [1-4]. Traditional fluorescence-

based chemosensors used for the detection of an analyte in aqueous media bears 

disadvantages in comparison with the nanomaterials. Such chemosensors are highly 

hydrophobic and most of the time were used in organic solvents or mixed organic solvent 

systems which may lead to produce interferences from foreign analytes, fail to producing 

low detection limits, lack sensitivity, and selectivity. To overcome these shortcomings, 

fluorescence-based organic nanoparticles (FONs) become the most capable candidature to 

analyze the analyte of interest from the aqueous medium without interferences of other 
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analytes with an extremely low detection limit [29-31]. The ease of synthesis, real-time 

qualitative and quantitative analysis, high surface to volume ratio, extra-ordinary 

photophysical properties, sensitivity and selectivity towards analyte of interest, no 

interference from other existing or competing analytes and capacity to have an extremely 

low detection limit of analyte are the noticeable advantages of fluorescence-based organic 

nanoparticles. The increasing industrial and mining activities throughout the whole 

population raises the risk of health hazards produced by increasing level of Hg2+ 

contamination in ecological system. Therefore, to reduce such health risk of Hg2+ pollution, 

demands development of selective, sensitive and low cost effective analytical method for 

its acute determination in aqueous medium which can be achieved employing design, 

preparation and use of fluorescence-based organic nanoparticles (FONs) for heavy metal 

ion sensing.   

In the present study, we have designed rhodamine Schiff base cored organic 

molecule 3',6'-bis(diethylamino)-2-((E)-4-((E)-(pyridin-2-ylimino)methyl)benzylidene- 

amino)spiro[isoindoline-1,9'-xanthen]-3-one i.e. RSB which was further used to prepare 

fluorescent organic nanoparticles (FONs-RSB) using the reprecipitation method. The 

sensing studies reveals FONs-RSB can effectively and selectively interacts with only Hg2+ 

amongst the series of heavy metal ion. The interaction between FONs-RSB and Hg2+ led 

to produce selective chelation enhanced fluorescence in FONs-RSB while other metal ions 

produces negligible effects. The present fluorescence-based analytical method provides a 

simple, rapid, sensitive and selective quantitative approach for the determination of Hg2+ 

in environmental samples collected from the local area. The extremely low detection of 

Hg2+ concentration at the nano and micro-level can be possible by using the present 

analytical approach. Additionally, the prepared nanoparticles showed non-toxic behavior 

towards human malignant melanoma A375 cell line. Subsequently, the intracellular 

detection of Hg2+ using FONs-RSB is an additional benefit of prepared nanoparticles 

which will explore its potent application in the biomedical field.      
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2. Experimental: Materials and methods:  

2.1 Materials:  

Rhodamine B, Terephthalaldehyde, hydrazine hydrate, concentrated sulfuric acid and 2-

amino pyridine were procured from Alfa Aesar. The solvents of analytical grade such as 

methanol, ethanol and acetone used in the present study were purchased from Samchun 

chemicals, Korea and used without further purification. All the metal ion solutions were 

prepared by using their salts which were obtained from Alfa Aesar. Double distilled water 

used in the series of experiments was collected from Milli-Q system. The 5-

dimethylthiazol-2-yl-2,5-diphenyltetrazoliumbromide (MTT) was obtained from Sigma 

Aldrich. The human malignant melanoma A375 cell line and Fetal bovine serum (FBS) 

with Dulbecco modified eagle medium (DMEM) were received from Korean Cell Line 

Bank (KCLB), Seoul, South Korea and Gibco (Carlsbad, CA, USA), respectively.  

2.2 Methods:  

2.2.1 Synthesis of 3',6'-bis(diethylamino)-2-((E)-4-((E)-(pyridin-2-ylimino)methyl)- 

benzylideneamino)spiro[isoindoline-1,9'-xanthen]-3-one (RSB):  

100 mL round bottom flask equipped with rhodamine B (5 mmol, 2.39 g), 50 mL 

ethanol and 3 mL concentrated sulfuric acid (H2SO4) was vigorously stirred for 6 h at room 

temperature. The formation of rhodamine B ester was monitored on thin layer 

chromatography (TLC) progress after specific reaction time. After completion of reaction, 

the mixture was allowed to evaporate under reduced pressure to remove excess quantity of 

ethanol. To the received crude solid compound (rhodamine B ester), excess quantity of  

hydrazine hydrate (1 mL, 20 mmol) and solvent as 10 mL methanol were added. The whole 

reaction mass was further stirred for the period of 4 h at room temperature. The progress 

of reaction and formation of the compound - rhodamine B hydrazide were monitored on 

TLC. Thereafter, reaction mixture was evaporated on rotary using vacuum pressure 

technique. Thus, slight pink colored solid received was recrystallized using hot ethanol. 

The recrystallized rhodamine B hydrazide was received in appreciable yield of 89% (2.031 

g), which was further used for the preparation of compound RSB.    
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     To prepare compound RSB, rhodamine B hydrazide (2 mmol, 0.913 g) was 

poured into 25 mL round bottom flask containing 5 mL methanol and allowed to stir at 

room temperature. The successive addition of terephthalaldehyde (2 mmol, 0.268 g) was 

done and allow the reaction mixture to stir for next 1 h. Afterwards, 2-amino pyridine (2 

mmol, 0.188 g) was added to the reaction mixture. The complete reaction mixture was 

permitted to stir at room temperature till the completion of reaction and aldehyde became 

completely consumed. The consumption of reactants into formation of desired compound 

RSB was examined on TLC. After 8 h, the reaction mixture shows completion of reaction 

into new product i.e. RSB. The crushed ice was added to the reaction mass and stirred 

vigorously for next 30 min. The slight pink colored solid crude compound thus obtained 

was filtered and washed with distilled water. The purification of compound RSB was done 

using recrystallization process in hot ethanol. The recrystallized product of compound RSB 

thus received was in satisfactory yield of 85% (1.103 g). Scheme 1 illustrates schematic 

representation of approach for the synthesis of RSB. The recrystallized compound RSB 

further used for the spectral characterization such as IR, NMR and Mass analysis followed 

by preparation of fluorescent organic nanoparticles of RSB i.e. FONs-RSB.  

2.2.1.1 Spectral Characterization of compound RSB:  

Melting point (M.P.): Observed: 189-191 0C; IR (Fig. S1): 2923, 2603, 1715 (-C=O), 1637 

(-C=N), 1590 (-C=N), 1539, 1455, 1382, 1312, 1267, 1167, 1133, 1116, 1082, 1055, 999, 

919, 850, 824, 755, 705, 665 cm-1; 1H-NMR(600 MHz, DMSO-d6) (Fig. S2): δ 8.93 (s, 

1H,=CH), 8.79 (s, 1H,=CH), 7.87 – 7.94 (m, 3H, ArH), 7.56 – 7.66 (m, 4H, ArH), 7.36 (s, 

1H, ArH), 7.10 – 7.14 (m, 2H, ArH), 6.43 – 6.47 (m, 3H, ArH), 6.41 – 6.43 (t, 1H, ArH), 

6.38 – 6.39 (d, 1H, ArH), 6.30 – 6.35 (m, 3H, ArH), 3.28 – 3.31 (q, 8H, -CH2), 1.05 – 1.09 

(t, 12H, -CH3,)  ppm; 13C-NMR(150 MHz, DMSO-d6) (Fig. S3) : δ 193.08, 164.55, 153.56, 

151.60, 149.11, 146.17, 130.74, 128.03, 127.80, 108.31, 105.82, 98.22, 43.93, 12.53 ppm; 

LCMS (ESI) (Fig. S4): 649.4 [M+1] m/z. 

2.2.2 Preparation of fluorescent organic nanoparticles of RSB (FONs-RSB):  
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A simply operative reprecipitation method was used for the preparation of aqueous 

suspension of fluorescent organic nanoparticles of RSB [29-31]. For this purpose, 0.5 mL, 

10 × 10−3 M RSB in acetone was swiftly injected using micro syringe into beaker 

containing 100 mL of double distilled water. The solution was stirred vigorously on 

magnetic stirrer for 45 min followed by 15 min sonication at 30 °C. The colorless aqueous 

suspension of nanoparticles FONs-RSB (50 × 10−6 M) thus obtained was further used to 

investigate the physical, morphological, optical and sensing properties.  

 

 

2.2.3 Characterization techniques: 

Frontier IR (Perkin Elmer) spectrometer was procured for the purpose of scanning the FT-

IR spectrum. The Bruker Avance 600 MHz spectrometer (Germany) with TMS as an 

internal standard was used to perform examination of 1H NMR and 13C NMR spectra. The 

LC-MS spectra were analyzed on 2795/ZQ2000 (waters) spectrometer and Bruker 

MicroTof-Q spectrometer (Germany). The particle size and charge over the surface of 

prepared nanoparticles were measured by Dynamic light scattering (DLS) technique using 

Malvern Zeta - Particle size analyzer. The FE-SEM (MIRA3 LMH, TESCAN, USA) was 

utilized for investigation of morphology of prepared nanoparticles. The Shimadzu (Japan) 

spectrophotometer and FS-2 fluorescence spectrophotometer (Scinco, Korea) were used to 

examine the changes observed in UV–visible (absorption) and fluorescence spectra in 

corresponding solvents. The fluorescence lifetime decay performance of FONs-RSB in the 

presence and absence of Hg2+ ion was evaluated on time correlated single photon counting 

(TCSPC) Spectrophotometer (HORIBA-iHR320, Japan) at its excitation wavelength. Thus, 

received outputs were analyzed on Data station software equipped with the instrument for 

the estimation of fluorescence lifetime values of FONs-RSB in the presence and absence 

of Hg2+.   

2.2.4 Cell culture and fluorescence imaging: 
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The A375 cells  were grown in DMEM medium using 10% FBS, penicillin (50 units/mL) 

and streptomycin (50 µg/mL). The A375 cells were seeded at the density 1 × 105 cells in 

35 mm culture plate. The cells were grown until it reaches 60% by following the treatment 

of fresh medium every day. Later, A375 cells in respective medium were preserved without 

(Control) and with RSB in acetone, aqueous suspension of FONs-RSB and FONs-RSB + 

Hg2+ ion at particular concentration of 1 µg/mL and 2 µg/mL for 6 h. The cells were washed 

by cold PBS buffer solution for two times. Further, inverted fluorescence microscope 

(BX51, Olympus, Tokyo, Japan) under green light was used to examine the treated cells 

for fluorescence images. The experiment was carried out three times at optimized 

conditions such as constant exposure time, contrast and brightness settings in humidified 

atmosphere (95% air and 5% CO2) at 37 °C in CO2 incubator.  

2.2.5 Viability assay (MTT): 

The A375 cells were plated at a density of 2.5 × 104 cells/well on 96-well plates followed 

by incubation overnight. The cells were supplied with fresh medium on each day until they 

grown 60%. Thus, such cells were treated without (Control) and with RSB in acetone, 

aqueous suspension of FONs-RSB and FONs-RSB + Hg2+ ion at particular concentration. 

Finally, warm PBS was used to wash cells for two times followed by addition of 90 µL of 

fresh medium and 10 µL of MTT reagent 1 (MTT, 10 mg/mL) to each sample well. Further, 

these cells were incubated for next 24 h with the addition of 100 µL of MTT reagent 2 

(Solubilisation buffer, 10% SDS with 0.01N HCl and DMSO) at 37 °C in 5% CO2 

incubator. Lastly, the cell viability in the form of absorbance was measured, recorded, and 

compared with 100% control for each sample on enzyme-linked immunosorbent assay 

(ELISA) plate at 595 nm. 

 

3. Results and Discussion: 

3.1 Effect of pH on fluorescence of FONs-RSB: 

The fluorescence performance of any probe can be variable in the presence of different pH 

environment. Therefore, it is essential to examine and optimize the pH effect for the 

fluorescence intensity of FONs-RSB. In this study, the fluorescence intensity of FONs-
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RSB was tested in the presence of different pH solution from 1 to 12. The fluorescence 

intensity at respective pH was plotted and given as Fig. S5. It was noticed that fluorescence 

intensity of FONs-RSB found to be maximum at neutral pH = 7. The decrease in the 

fluorescence intensity at acidic and basic conditions was attributed to disruption of 

structural cavity of nanoparticles followed by aggregation [31-33]. The neutral pH plays 

significantly vital role in the biological experiments. Therefore, neutral pH =7 was 

optimized for each solution during further experiments.  

3.2 Particle size distribution, Zeta potential and Morphology of FONs-RSB:  

The particle size distribution curve of FONs-RSB is given as Fig. 1. The analysis of 

particle size illustrates narrow distribution of FONs-RSB within the range of 60-150 nm 

having  average particle size of 82 nm. To investigate the charge over the surface of FONs-

RSB, zeta potential was examined. Fig. 2 represents the zeta potential curve for prepared 

FONs-RSB. The value of zeta (ζ) potential -33.5 mV indicates the superior aqueous 

stability of FONs-RSB. It is well known that aqueous suspension of nanoparticles having 

either high negative or positive zeta potential value is electrically stabilized [34]. In 

addition, the negative zeta potential value of FONs-RSB shows negative charge lies over 

the surface of nanoparticles. Such negative charge over the prepared nanoparticles FONs-

RSB can be further utilized to examine the sensing ability with oppositely charged metal 

ions or analytes in aqueous medium. To investigate the morphological aspects, the 

scanning electron microscopy (SEM) was used. Fig. 3 indicates scanning electron 

microphotograph of FONs-RSB, which clearly shows the distinct sphere shape 

morphology for the prepared nanoparticles. The average particle size estimated through 

SEM analysis was found to be 100-120 nm which is in close agreement with the particle 

size analyzed using DLS technique (Fig.1). The rationale behind the observation of large 

particle size during SEM analysis is aggregation of FONs-RSB while making air -dried 

film due to repeatedly injecting aqueous suspension of nanoparticles on glass substrate in 

order to have thin film.  

3.3 Absorption and fluorescence studies:  
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It is well known that optical properties such as absorption, fluorescence and fluorescence 

lifetime of nanoparticles are much more significantly distinct than those of parent 

molecules. Therefore, to recognize the separate identity of nanoparticles than that of 

monomer (parent molecule), absorption and fluorescence spectra followed by estimation 

of fluorescence lifetime values in respective solvents were performed. Fig. 4 shows 

absorption spectrum of RSB in acetone (A) and aqueous suspension of FONs-RSB (B). 

The absorption spectrum clearly indicates nanoparticles shown their variable character as 

compared with the parent molecule via bathochromically shifting of absorption band. The 

distinct absorption band at 420 nm and less pronounced band at 376 nm for RSB in acetone 

are assigned to n-π* and π-π* electronic transitions, respectively. In case of nanoparticles 

(FONs-RSB), these absorption bands are found to be bathochromically shifted to the 

maximum wavelength of 418 nm (π-π*) and 509 nm (n-π*). The structural rearrangement 

via head to tail patterns generally known as J- aggregation [35-38] is the reason for shifting 

of absorption maxima of parent molecule (RSB) to longer wavelength in FONs-RSB. The 

fluorescence spectra of RSB in acetone (A) and aqueous suspension of FONs-RSB (B) is 

given as Fig. 5. The excitation wavelength of 420 and 480 nm was used to scan the 

fluorescence emission spectrum of RSB in acetone and aqueous suspension of FONs-RSB, 

respectively. The broad fluorescence emission peak at 524 nm for RSB in acetone found 

to be shifted to the longer wavelength at 558 nm which is assigned to aqueous suspension 

of FONs-RSB. Also, 3-fold increase in the fluorescence intensity of FONs-RSB than the 

RSB in acetone indicates aggregation induced enhanced emission (AIEE) phenomenon 

[36,39]. Such AIEE observed in case of FONs-RSB is because of shifting of zeroth 

vibrational level of ground electronic state to higher excited state in RSB molecule during 

the formation of J- aggregated nanoparticles i.e. FONs-RSB. The superior photophysical 

properties of FONs-RSB was also supported by evaluating the fluorescence quantum yield, 

Stokes shift and fluorescence lifetime values. The estimated fluorescence quantum yield 

values for FONs-RSB and RSB in acetone were found to be 4.23 and 1.89, respectively. 

The calculated fluorescence quantum yields suggest FONs-RSB are more bright and 

photophysically active component as compared with RSB in acetone. The estimated Stokes 
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shift values shows higher value for FONs-RSB (1725.55 cm-1) than that of RSB in acetone 

(1189.69 cm-1) which is in support of formation of FONs-RSB. The larger Stokes shift 

value of FONs-RSB also supports the origin of bathochromically shifted AIEE of FONs-

RSB due to fluorescence emission from lower lying excited state of J- aggregation of RSB 

molecules. The average time spend by any fluorescent molecule in its excited state is 

known as fluorescence lifetime of that material. In present case, FONs-RSB (5.63 ns) 

illustrates longer fluorescence lifetime value than parent molecule RSB in acetone (2.11 

ns). The observation of longer lifetime value for FONs-RSB is attributed to J- aggregates 

of nanoparticles, which is responsible to restrict the molecular and vibrational rotations in 

RSB molecules [35-38].   

 

3.4 Chelation enhanced fluorescence enhancement of FONs-RSB: 

The functionality present in the RSB molecule and negative charge over the surface of 

nanoparticles encourage us to examine sensing property of prepared FONs-RSB with 

positively charged metal ion solutions. The metal ion solutions (2 μg/mL) of Hg2+, Ag+, 

Na+, Fe2+, Ni2+, Pb2+, Al3+, Zn2+, Ba2+, Mn2+, Cu2+, NH4
+, K+, Ca2+, Mg2+, Cd2+, Cr3+ and 

Co2+ was added to the aqueous suspension of FONs-RSB and further examined for their 

fluorescence emission response at excitation of 480 nm. Fig. 6 indicates fluorescence 

emission spectra of FONs-RSB in the presence and absence of variety of positively 

charged metal ions solution having concentration of 2 μg/mL each. The fluorescence 

emission of FONs-RSB is remained constant or slight variable when metal ions except 

Hg2+ are added to aqueous suspension of FONs-RSB. While, addition of Hg2+ solution 

distinctly increases the fluorescence emission of FONs-RSB by nearly 7 times more than 

its initial value. Such increase in the fluorescence emission intensity of FONs-RSB by the 

addition of Hg2+ is due to the chelation enhanced fluorescence (CHEF) phenomenon 

[30,31,41,42]. The opening of spirolactum ring of rhodamine core led to generate more 

reactive imine (-C=N) group locate near the spirolactum ring of rhodamine and oxygen (-

O-) of carbonyl group. These functionalities are strongly interacting with the Hg2+ ion and 
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simultaneously increases the rigidity of molecular assembly through restriction of free 

rotations of carbonyl and imine groups which is resulting in CHEF. In comparison, the 

sensing ability of parent molecule RSB was also investigated in the presence of a series of 

metal ions having a concentration of 2 μg/mL each (Fig. S6). The parent molecule is highly 

hydrophobic and hence the sensing experiment was carried out with 10 × 10−3 M RSB in 

an acetone solution. Interestingly, the sensing property of RSB also tends towards 

interaction with the Hg2+ only but at less extends. After the addition of Hg2+ to the solution 

of RSB in acetone failed to produce enhanced fluorescence for a longer time. Such output 

received through sensing ability of parent molecule RSB may not able to produce 

satisfactory detection limits at extremely low levels. Hence, it was concluded that being of 

hydrophilic characteristics, aqueous stability, ability to produce extremely low detection 

limits, practical applicability in aqueous systems, selective and sensitive sensing properties 

for FONs-RSB would be the preferred choice for the further investigation through present 

studies. In addition, the response time is an essential parameter for fluorescent sensors and 

which was systematically checked by observing fluorescence intensity as a function of 

response time in minutes and given as Fig. S7. The figure illustrates that after the addition 

of 2 μg/mL of Hg2+ to the aqueous suspension of FONs-RSB, fluorescence intensity 

gradually increases till 5 min and further remains constant for the period of 20 min. This 

clearly indicates FONs-RSB is able to sensitize Hg2+ within a short period of time and 

remain invariable during the sensing process. Additionally, the change in the fluorescence 

intensity was checked after the variation of pH for FONs-RSB when in contact with a 

higher concentration of Hg2+ (2 μg/mL). The results are given as supporting information in 

Fig. S8. The maximum fluorescence intensity was observed at neutral pH 7 indicates good 

stability of formed complexation between FONs-RSB and Hg2+ through sensing process. 

This experimental observation clarifies the applicability of FONs-RSB would be possible 

to detect Hg2+ in biological samples at an ideal neutral pH range.        

3.5 Effect of foreign metal ions:  

The selective and sensitive nature for fluorescence enhancement of FONs-RSB by the 

addition of Hg2+ was further examined and supported by performing the effect of foreign 
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metal ion on the performance of fluorescence intensity induced by Hg2+ to FONs-RSB. 

The respective solutions of FONs-RSB with Hg2+ (2 μg/mL) and each foreign metal ion (2 

μg/mL) were prepared and scanned for the fluorescence measurement. Fig. 7 illustrates the 

change in the fluorescence intensity of FONs-RSB in the presence of each metal ion (green 

color bars) and in the presence of Hg2+ along with foreign metal ions (brown color bars). 

It is observed that only Hg2+ can selectively and sensitively enhances the fluorescence 

intensity of FONs-RSB through CHEF process. While, other metal ions failed to produce 

significant change in the fluorescence intensity of FONs-RSB. Interestingly, the study on 

the effect of foreign metal indicates selective interaction of only Hg2+ ion with FONs-RSB 

and could not interfere and affect the detection of Hg2+ by the addition of other analytes.      

 

3.6 Estimation of statistical parameters:  

3.6.1 Fluorescence titration and Limit of detection:  

Fig. 8 shows fluorescence intensity of FONs-RSB in the absence and presence of variable 

concentration of Hg2+ ion from 0 to 2 μg/mL. The results show that progressively change 

in intensity of fluorescence emission of FONs-RSB with increase in the concentration of 

Hg2+ solution. This increasing pattern of fluorescence intensity was found to be linear in 

the concentration range of 0-2 μg/mL of Hg2+ solution. The results were plotted as a change 

in the fluorescence intensity from its initial value to the addition of Hg2+ versus the 

particular concentration of added Hg2+ in FONs-RSB and used as calibration plot given as 

Fig. 9. The results of the fluorescence enhancement of FONs-RSB due to the chelation 

process were found to be well fitted into a straight line equation in the linear range. The 

limit of detection (LOD) [42] was evaluated using equation 1 given below,  

𝐿𝑂𝐷 =
3.3𝜎

𝐾
            (1) 

In the above equation, σ and K represents the standard deviation of blank measurement and 

the slope value of the regression line, respectively. The detection limit calculated for Hg2+ 

using the present analytical approach is found to be 1.729 ng/mL (8.619 nM). To verify the 

detection limit of the present investigation at the nano level, the sensing experiment of 
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FONs-RSB was carried out at the linear concentration range of 0-100 ng/mL Hg2+ solution. 

Fig. S9 shows the linear response for change in the fluorescence intensity of FONs-RSB 

at the respective Hg2+ concentration. The limit of detection was calculated (1.689 ng/mL) 

which was found to be in agreement with experimental set up when the concentration of 

Hg2+ with a linear range 0-2 μg/mL. This proves the sensitivity of the proposed analytical 

approach for micro as well as the nano level concentration of the analyte of interest. The 

present analytical approach based on rhodamine cored fluorescent nanoparticles for the 

detection of Hg2+ provides appreciably much lower detection limit in addition to practical 

applicability than the already reported sensors and other analytical techniques. Table 1 

summarizes comparison syntax of proposed fluorescent nanoprobe with already reported 

analytical methods and probes followed by their applicability in the determination of Hg2+.                    

3.6.2 Evaluation of binding stoichiometry and binding constant for complexation 

between FONs-RSB and Hg2+:   

The renowned Job’s method [30,43,44] was applied to evaluate the binding stoichiometry 

between complex formation of FONs-RSB and Hg2+. The solutions containing varying 

mole fractions of Hg2+ from 0.1 to 0.9 were subjected to examine their absorption and 

fluorescence spectrum. The total sum of concentration of FONs-RSB and Hg2+ was kept 

constant with only changing the mole fraction of Hg2+ from 0.1 to 0.9. Fig. 10 represents 

as Job’s plot shows the respective value of absorption and fluorescence intensity for each 

of solution holding mole fraction of 0.1 to 0.9 Hg2+ ion. The maximum absorption value 

and fluorescence emission intensity noticed only after the mole fraction of Hg2+ achieves 

a value of 0.5, which signifies the binding stoichiometry between FONs-RSB and Hg2+ 

ion could be 1:1. The value of binding constant for complexation between FONs-RSB and 

Hg2+ was evaluated using modified Benesi-Hilderbrand (B-H) equation [30,31,45] and 

given as equation 2,  

1

𝐼−𝐼0
=

1

(𝐼𝑀𝐴𝑋 − 𝐼0)
+

1

𝐾𝐵(𝐼𝑀𝐴𝑋 − 𝐼0)

1

[𝐻𝑔2+]𝑛
    (2) 

In equation 2, the maximum fluorescence intensity of FONs-RSB in the presence of Hg2+, 

initial fluorescence intensity of FONs-RSB and fluorescence intensity of FONs-RSB at 
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respective concentration of Hg2+ is represented as Imax, I0 and I, respectively. While, KB and 

n stands for the binding constant and number of Hg2+ bound per FONs-RSB i.e. 1, 

respectively. The value of binding constant between complexation of FONs-RSB with 

Hg2+ was calculated using slope value of modified B-H plot given as Fig. 11. The estimated 

binding constant value (KB) for 1:1 complexation between FONs-RSB and Hg2+ in 

aqueous medium is found to be 4.149 × 103. The considerably higher binding constant 

value supports sensible binding interactions between FONs-RSB and Hg2+.  

 3.7 Mechanism of chelation enhanced fluorescence of FONs-RSB by Hg2+: 

The recent reports were witnessed to recommend the chelation enhanced fluorescence 

phenomenon through spirolactum ring opening mechanism in case of rhodamine 

derivatives. To investigate the mechanism of chelation enhanced fluorescence of FONs-

RSB by the addition of Hg2+, systematic experiments such as analysis of mass spectrum of 

product formation in sensing process, absorption titration, fluorescence lifetime, zeta-

particle size analysis, IR titration and NMR titration were performed in the absence and 

presence of variable concentration of Hg2+. The sample used for the IR, NMR and Mass 

analysis was the one which showed maximum absorbance and fluorescence response in 

experiment of Job’s plot and illustrates 1:1 complexation between FONs-RSB and Hg2+. 

The spirolactam ring opening of rhodamine derivative RSB after the addition of Hg2+ leads 

to interact metal ion with functionalities namely carbonyl oxygen (O-) and nitrogen of 

imine (-C=N) as shown in Scheme 2. The enhanced fluorescence of FONs-RSB by Hg2+ 

may be assigned to the conformational rigidification imposed on the nano probe upon metal 

ion complexation. Such interactions simultaneously restrict the free rotations of carbonyl 

and imine groups leading to sensitization and chelation induced fluorescence enhancement 

in presence of Hg2+. The titration results of IR and NMR of FONs-RSB in presence of 

Hg2+ are given as supporting information (Fig. S10 and Fig. S11). From the IR spectrum, 

it seems that shifting of IR stretching frequency of imines from 1590 to 1605 cm-1 and 1637 

to 1690 cm-1 along with disappearance of stretching frequency of the carbonyl group (1705 

cm-1) clearly indicates the participation of one of imine group which locates near to 

spirolactum ring and carbonyl group in the chelation and interaction with Hg2+. These 
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observations further supported by NMR titration results. The appearance of two singlet 

peaks at δ 8.93 and δ 8.79 for the proton belongs to imines (HC=N) in NMR spectrum (Fig. 

S2) shows only one singlet peak at δ 9.61 after the addition of Hg2+ (Fig. S11). The singlet 

peak observed is assigned to imine group which locates near to pyridine moiety. While, 

relevant peak positions (δ values) of other protons in molecules are slightly shifted to either 

downfield or upfield. Hence, IR and NMR titration of FONs-RSB with Hg2+ suggests 

interaction patterns and supports chelation enhanced fluorescence mechanism. Further, the 

product formation of the sensing process was investigated through the Mass analysis. Fig. 

S12 given as supporting information shows the mass spectrum of the product of the present 

sensing process. The found molecular weight (849.1) of the product of the sensing process 

through the complexation between FONs-RSB and Hg2+ was in harmony with the expected 

molecular weight (849.28). This observation suggests the complexation between FONs-

RSB and Hg2+ at 1:1 equivalent ratio. Additionally, the complexation between 

nanoparticles and Hg2+ was confirmed by examining the zeta-particle size results (Fig. 

S13). The zeta potential and particle size were analyzed in the presence of variable 

concentration of Hg2+ (0.5, 1 and 2 μg/mL) to the aqueous suspension of FONs-RSB. There 

is no change observed in case of zeta potential value but increase in only particle size from 

82 nm to 468 nm. This observation suggests the complexation between FONs-RSB with 

good aqueous stability. The absorption spectra of FONs-RSB in the absence and presence 

of Hg2+ (0 to 2 μg/mL) were examined and results interpret as Fig. S14. The bathochromic 

shift of 23 nm in the absorption maximum wavelength and change in the absorption value 

after the successful addition of Hg2+ from concentration of 0 to 2 μg/mL ignores the 

possibility of ground state complexation and endorses excited state complexation between 

FONs-RSB and Hg2+. The excited state complexation of FONs-RSB-Hg2+ was further 

supported by analyzing the fluorescence lifetime values in the absence and presence of 

different concentration of Hg2+ to the aqueous suspension of FONs-RSB. The rise in the 

fluorescence lifetime value from 5.63 ns to 6.12 ns after the addition of Hg2+ solution 

having 0 to 2 μg/mL concentration indicates strongly excited state complexation between 

FONs-RSB and Hg2+ in an aqueous medium. Table 2 indicates the fluorescence lifetime 
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values of FONs-RSB in the absence and presence of particular concentration of Hg2+ 

solution. Thus, chelation induced excited state complex of FONs-RSB-Hg2+ remains 

longer in the singlet excited state and fluoresces through an increase in the pathways which 

results in an enhancement in fluorescence of FONs-RSB when in contact with the 

respective concentration of Hg2+ solution. Scheme 2 shows a pictorial representation of a 

plausible mechanism for the formation of FONs-RSB and its interaction with Hg2+.       

3.8 Application of proposed fluorescence method:  

3.8.1 Quantitative determination of Hg2+ in environmental samples using FONs-RSB:  

The quantitative determination of Hg2+ from collected environmental samples using 

prepared FONs-RSB is the main advantage of proposed analytical method. The samples 

under studies were processed for filtration and boiling to remove the solid impurities and 

dissolved gases, if any. The solutions were prepared by spiking known quantity of desired 

concentration of standard Hg2+ solution followed by dilution with respective environmental 

samples. The calibration plot as given in Fig. 9 was used to find out the recovery of spiked 

concentration of Hg2+ ion. Pleasingly, observed concentrations of Hg2+ are in harmony with 

the spiked concentrations of Hg2+ to the said samples. The obtained data is interpreted in 

Table 3. Hence, proposed fluorescence based analytical approach can be successfully 

utilized to estimate the Hg2+ quantity in an aqueous medium without interference of foreign 

analytes.       

3.8.2 Intracellular cell imaging of Hg2+ using FONs-RSB and cell toxicity studies:  

The intake of Hg2+ in human body severely affects body organs such as kidney, liver, brain, 

etc. Therefore, it is an essential to develop suitable probe which can selectively and 

sensitively detects intracellular Hg2+ in cell line. Inspired from the enhanced fluorescence 

properties of FONs-RSB when in contact with Hg2+, we performed fluorescence based cell 

imaging experiment of proposed sensing method using the human malignant melanoma 

A375 cell line. The cultured cells were subjected to treat with the RSB in acetone, aqueous 

suspension of FONs-RSB and FONs-RSB + Hg2+ ion at particular concentration. The 

fluorescence images for cell imaging studies were scanned at excitation wavelength of 532 
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nm and given as Fig. 12. It was found that, RSB in acetone (Fig. 12, S2) showed very 

fragile fluorescence when in contact with the human malignant melanoma A375 cell line. 

While, FONs-RSB (Fig. 12, S3) displayed enhanced fluorescence in cell imaging. 

Interestingly, intracellular fluorescence of FONs-RSB was further increased (Fig. 12, S4 

and S5) when foreign metal ion Hg2+ of concentration 1 μg/mL (Fig. 12, S4) and 2 μg/mL 

(Fig. 12, S5) was externally added to the human malignant melanoma A375 cell line. Fig. 

13 illustrates cell viability of A375 cells cultured in complete media with RSB in acetone, 

aqueous suspension of FONs-RSB and FONs-RSB + Hg2+ ion at particular concentration. 

The MTT assay [46] was performed to check the cytotoxicity effects on A375 cells after 

24 h of prepared samples treatments. Satisfyingly, the desired nanoprobe FONs-RSB and 

its complex form with Hg2+ were found to be non-toxic with A375 cells. Hence, it was 

concluded that prepared rhodamine cored fluorescent organic nanoparticles FONs-RSB 

could be the best choice for intracellular detection of Hg2+.   

4. Conclusion:  

Rhodamine based compound (RSB) was synthesized and characterized at the molecular 

scale. The fluorescent organic nanoparticles of RSB (FONs-RSB) were prepared by using 

the reprecipitation method. The nano-level particle size of 82 nm and sphere shape 

morphology were examined on the particle size analyzer and scanning electron microscope, 

respectively. The functionalities present in the molecule and negative charge over the 

surface of FONs-RSB suggested examining the fluorescence response in the presence of a 

variety of metal ions to evaluate the sensing ability of prepared nanoparticles. Pleasingly, 

only Hg2+ ion induced chelation enhanced fluorescence in FONs-RSB, while other metal 

ions respond negligibly. Additionally, none of foreign metal ion interferences in the 

selective and sensitive detection of Hg2+ in an aqueous medium using FONs-RSB. The 

fluorescence enhancement of FONs-RSB was found to be linear in the concentration range 

of 0-2 μg/mL of Hg2+. The excited state 1:1 complexation through chelation of Hg2+ with 

FONs-RSB was supported by studies on IR, NMR, absorption and fluorescence lifetime 

titrations. The formation of complexation i.e. sensing product was confirmed by analysis 
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of mass spectrum of 1:1 equivalent of FONs-RSB and Hg2+. The limit of detection (LOD) 

for Hg2+ is found to be 1.729 ng/mL (8.619 nM) using proposed method and which is 

superior than probes and methods reported earlier. The present fluorescence based 

analytical method provides simple, rapid, sensitive and selective quantitative approach for 

the determination of Hg2+ in environmental samples. The intracellular detection of Hg2+ 

using FONs-RSB is an additional benefit of prepared nanoparticles which will explore its 

potent application in biomedical field.      
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Scheme captions:  

Scheme 1: Synthetic route of RSB 

Scheme 2: Pictorial presentation of plausible mechanism for the formation of FONs-

RSB and its interaction with Hg2+ 
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Scheme 1: Synthetic route of RSB 

 

 

 

Scheme 2: Pictorial presentation of plausible mechanism for the formation of FONs-

RSB and its interaction with Hg2+ 
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Figure captions:  

Fig. 1: Particle size distribution curve of FONs-RSB 

Fig. 2: zeta potential curve of FON-RSB 

Fig. 3: Scanning electron microphotograph of FONs-RSB 

Fig. 4: Absorption spectrum of RSB in acetone [10 mM] (A) and aqueous suspension of 

FONs-RSB [50 µM] (B)  

Fig. 5: Fluorescence spectra of RSB in acetone [10 mM] (A) and aqueous suspension of 

FONs-RSB [50 µM] (B)  

Fig. 6: Fluorescence emission spectra of FONs-RSB [50 µM] in the presence and absence 

of variety of positively charged metal ion solution [2 μg/mL]  

Fig. 7: Impact on change in the fluorescence intensity of FONs-RSB [50 µM] in the 

presence of each metal ion (green color bars, 2 μg/mL) and in the presence of Hg2+ along 

with foreign metal ions (brown color bars, 2 μg/mL) 

Fig. 8: Fluorescence intensity of FONs-RSB [50 µM] in the absence and presence of 

variable concentration of Hg2+ ion from 0 to 2 μg/mL 

Fig. 9: Calibration plot for fluorescence enhancement of FONs-RSB [50 µM] by Hg2+ 

addition [0-2 μg/mL] 

Fig. 10: Job’s plot to investigate binding stoichiometry between FONs-RSB and Hg2+ 

Fig. 11: Modified Benesi-Hildebrand Job’s plot  

Fig. 12: Bright filed transmission images, fluorescence images exposed in green light 532 

nm and merge images of living A375 cells with control (S1), RSB in acetone (S2) [10 mM], 

FONs-RSB (S3) [50 µM], FONs + 1 µg/mL Hg2+ (S4) and FONs-RSB + 2 µg/mL Hg2+ 

(S5)  

Fig. 13: Cell viability measurement using the MTT assay. A375 cells were untreated 

(Control-S1) and cells treated with RSB in acetone (S2) [10 mM], FONs-RSB (S3) [50 

µM], FONs + 1 µg/mL Hg2+ (S4) and FONs-RSB + 2 µg/mL Hg2+ (S5) for 24 h. 
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Fig. 1: Particle size distribution curve of FONs-RSB 

 

 

Fig. 2: zeta potential curve of FON-RSB 
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Fig. 3: Scanning electron microphotograph of FONs-RSB 

 

 

Fig. 4: Absorption spectrum of RSB in acetone [10 mM] (A) and aqueous suspension of 

FONs-RSB [50 µM] (B) 
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Fig. 5: Fluorescence spectra of RSB in acetone [10 mM] (A) and aqueous suspension of 

FONs-RSB [50 µM] (B) 

 

Fig. 6: Fluorescence emission spectra of FONs-RSB [50 µM] in the presence and 

absence of variety of positively charged metal ion solution [2 μg/mL] 
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Fig. 7: Impact on change in the fluorescence intensity of FONs-RSB [50 µM] in the 

presence of each metal ion (green color bars, 2 μg/mL) and in the presence of Hg2+ along 

with foreign metal ions (brown color bars, 2 μg/mL) 

 

 

Fig. 8: Fluorescence intensity of FONs-RSB [50 µM] in the absence and presence of 

variable concentration of Hg2+ ion from 0 to 2 μg/mL 
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Fig. 9: Calibration plot for fluorescence enhancement of FONs-RSB [50 µM] by Hg2+ 

addition [0-2 μg/mL] 

 

Fig. 10: Job’s plot to investigate binding stoichiometry between FONs-RSB and Hg2+ 
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Fig. 11: Modified Benesi-Hildebrand Job’s plot 

 

 

Fig. 12: Bright filed transmission images, fluorescence images exposed in green light 532 

nm and merge images of living A375 cells with control (S1), RSB in acetone (S2) [10 mM], 

FONs-RSB (S3) [50 µM], FONs + 1 µg/mL Hg2+ (S4) and FONs-RSB + 2 µg/mL Hg2+ 

(S5) 
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Fig. 13: Cell viability measurement using the MTT assay. A375 cells were untreated 

(Control-S1) and cells treated with RSB in acetone (S2) [10 mM], FONs-RSB (S3) [50 

µM], FONs + 1 µg/mL Hg2+ (S4) and FONs-RSB + 2 µg/mL Hg2+ (S5) for 24 h. 

 

 

 

 

 

 

Table 1: Comparison syntax of proposed fluorescent nanoprobe with already reported 

analytical methods and probes followed by their applicability in the determination of Hg2+  

Sr. 

No. 

Method of 

analysis 

Probe used for the 

detection 

LOD  Real sample 

analysis 

Ref. No. 

1. Colorimetric Silver nanoparticles  0.85 µM Tap/ Lake water [4] 

2. Absorption 

spectroscopy 

Anisotropic nanogolds 30 nM Tap water [24] 

3. Fluorescence  Rhodamine B 

derivative 

30 nM Bioimaging [27] 

4. Spectrophotometry Rhodamine derivative 77 nM Digital information [47] 

5. Colorimetric  Gold nanoparticles 50 nM Pond/ River water [48] 

6. Potentiometric  Gold nanoparticles 0.05 µM Sewage water [49] 
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7. Electrochemical  Thiol functionalized 

reduced GO 

0.2 µM Tap water [50] 

8. Amperometry Modified carbon paste 2.5 µM Natural water [51] 

9. Conductometry  Cross linked BSA 0.025 µM N.M. [52] 

10. Colorimetric Biosynthesized AuNPs 1.44 µM N.M. [53] 

11. Potentiometric Chitosan -poly(vinyl 

alcohol) hydrogel film 

1 nM Industrial water [54] 

12. Spectrophotometry  Ruthenium complex 0.1 µM N.M. [55] 

13. Potentiometric  Poly(vinyl chloride) 0.02 µM Tap water [56] 

14. Amperometry Polyaniline-nafion 

nanostructure  

0.05 µM N.M. [57] 

15. Fluorescence Azo crown ether 13.9 µM N.M. [58] 

16. Fluorescence GT capped AgNPs 0.037 nM Tap/River water, 

Catalytic activity 

[59] 

17. Fluorescence BSA capped AuNPs 79 nM Water samples [60] 

18. Fluorescence  Azo dye 12.5 nM Coal fired power 

plant water samples 

[61] 

19. Fluorescence Thiosemicarbazone 0.77 µM N.M. [62] 

20. Fluorescence Thiol capped AuNPs 5 nM N.M. [63] 

21. Fluorescence Rhodamine based 

FONs 

1.729 

ng/mL 

(8.619 nM) 

Tap/ River water 

and Intracellular 

cell imaging 

Present 

work 

 *N.M. = Not mentioned 

 

 

 

 

 

Table 2: Fluorescence lifetime values of FONs-RSB in the absence and presence of 

particular concentration of Hg2+ solution 

Concentration of Metal 

ion Hg2+ added (μg/mL) 

Fluorescence lifetime value (τ) of FONs-

RSB after addition of Hg2+ ion (ns) 

0 5.63 

0.3 5.67 

0.5 5.72 

0.7 5.77 

1.0 5.85 

1.3 5.96 

1.5 6.02 

1.7 6.07 
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2 6.12 
 

 

Table 3: Quantitative determination of the spiked quantity of Hg2+ in an environmental 

sample using the proposed method 

water 

Samples 

Studied# 

Concentration 

of standard 

Hg2+ added 

(µg/mL) 

Concentration 

of Hg2+ found 

(µg/mL)  

(n=3) 

Recovery 

of Hg2+  

(%) 

Relative 

error (%) 

 

Tap Water 

1 0.99 99.00 -0.0100 

1.5 1.49 99.33 -0.0067 

2 1.99 99.50 -0.0050 

River 

Water 

1 0.99 99.00 -0.0100 

1.5 1.48 98.66 -0.0134 

2 1.98 99.00 -0.0100 

*n = Average of three determinations, # = Water samples collected from local campus 

near the university  
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