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Abstract

:

Novel photoluminescent carbon dots (CDs) were synthesized through a facile hydrothermal method using Hibiscus tea extract as a natural carbon source and boric acid as a boron source. The optical and physicochemical properties of the as-synthesized nitrogen- and boron-doped CDs (NB-CDs) were characterized using UV–Visible (UV–Vis), photoluminescence (PL) spectroscopy, Fourier-transform infrared (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM). The as-synthesized NB-CDs showed spherical morphology of approximately 6.2 ± 0.5 nm with quantum yield (9.2%), high aqueous solubility, strong photo-stability, and excitation-dependent PL behavior. The obtained NB-CDs exhibited high stability over a wide pH range and high ionic strength. Additionally, NB-CDs exhibited PL enhancement response with excellent sensitivity toward multi-metal ions, including Ag+, Cd2+, and Cr3+ ions, with very low detection limits of 44.5, 164.4, and 54.6 nM, respectively, with a wide concentration range of 0–10 μM. Upon testing the cytotoxicity of the NB-CDs at a concentration of 20 μg/mL for 24 h, we found no obvious inhibition of cell viability. Therefore, the proposed sensor method can be successfully applied to detect Ag+, Cd2+, and Cr3+ ions in cell imaging as well as in real water environmental samples.
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1. Introduction


Detection of heavy metal ions in water samples is the most critical task in environmental analysis [1]. Food and water can be contaminated by ions such as Ag+, Cd2+, and Cr3+ in the environment. Drinking water and fish farms are subject to strict limits on metal ions set by the World Health Organization (WHO) and Environmental Protection Agency (EPA) [2,3]. Numerous studies have reported that determining trace metal ions with high selectivity and sensitivity remains challenging [4]. To minimize human endangerment caused by heavy metal ions, a simple means of detection of heavy metal ions is crucial. Heavy metal ions are typically detected using colorimetric methods, atomic absorption spectrometry, ICP-MS, and fluorescence methods [5,6,7,8]. Nevertheless, the routine determination of Ag+, Cd2+, and Cr3+ ions is limited by time-consuming, complicated methods and costly equipment. The fluorescence method is one of the most widely used techniques owing to its sensitivity and simplicity [9,10]. This technique can detect heavy metal ions through biological and environmental analyses.



Nanomaterials are attracting increasing attention, particularly the synthesis of nanomaterials using waste biomass as a raw material. A new class of fluorescent nanomaterials, i.e., carbon dots (CDs), has emerged since 2006, showing interesting applications in sensing, bioimaging, catalysis, and drug delivery [11]. CDs are known for their photoluminescent properties owing to their ultra-small size, surface passivation, and unique optical and physicochemical properties [12]. Furthermore, CDs are water soluble, less toxic, chemically stable, and easily functionalized and exhibit superior biocompatibility [13]. However, it is important to adjust the microstructure of CDs to make them suitable for various applications. Doping affects the intrinsic properties of CDs, including their electronic properties and surface and chemical reactivity [14]. The electronic structure of crystals can be altered by introducing atomic impurities such as nitrogen (N), phosphorus (P), or boron (B). In recent years, researchers have increasingly focused on the controlled synthesis of heteroatom-doped CDs, especially those with nitrogen (N) and boron (B) doping [15,16,17]. Several methods are available for synthesizing photoluminescent N- and B-doped CDs (NB-CDs), including laser ablation, microwave irradiation, electrochemistry, ultrasound, and hydrothermal reactions [18]. Among these, hydrothermal methods are efficient, facile, and environmentally friendly.



Moreover, carbon materials can be produced from waste biomass, including soil waste such as ginkgo leaves, pineapple leaves, tea extract, mango peels, and banana peels [19,20,21,22,23,24], thereby reducing soil pollution and making the best use of resources. Hibiscus sabdariffa is one of the most commonly used ingredients in commercial herbal tea [25]. H. sabdariffa has been traditionally used in the food industry for herbal drinks or as a flavoring agent [26,27,28]. The hibiscus plant produces brightly colored flowers that are used to brew hibiscus tea [29]. Hibiscus blooms have five common colors: red, orange, pink, yellow, and white. Hibiscus plants have “calyxes”, which protect their blooms. Hibiscus tea is prepared using dried calyces to impart a tart and refreshing taste. Hibiscus tea also contains trace minerals, including potassium, calcium, and magnesium [30]. Following various stages of tea processing, vast amounts of tea stalks and dust are removed, generating waste biomass [31]. Thus, owing to its high yield, low cost, biodegradability, and recyclability, hibiscus tea extract is ideal for the production of carbon materials [32].



Here, we described a method for synthesizing CDs from Hibiscus herbal tea extract using boric acid as a doping agent (Figure 1). We also demonstrated the application of the synthesized CDs as fluorescent probes for Ag+, Cd2+, and Cr3+ ions. Various physicochemical techniques were used to characterize the NB-CDs, including UV–Vis, PL, FTIR, XRD, XPS, and TEM analysis. Strong green emission was observed from the synthesized NB-CDs, indicating their photoluminescence stability, high water solubility, and uniform size. Additionally, the NB-CDs were highly selective and sensitive for the detection of Ag+, Cd2+, and Cr3+ ions, with limits of detection (LODs) of 44.5, 164.4, and 54.6 nM. Furthermore, we developed a method for measuring trace Ag+, Cd2+, and Cr3+ ions in environmental water samples, which shows promise for future use. Our results indicate that NB-CDs can be used as fluorescent probes in biosystems because of their low toxicity and biocompatibility, making them ideal for cell imaging and detection of Ag+, Cd2+, and Cr3+ ions.




2. Materials and Methods


2.1. Materials


Hibiscus herbal tea bags were purchased from a Coupang shopping market in South Korea (Coupang Product Number: 53362821–405057993). All chloride and nitrate salts and boric acid (H3BO3) were obtained from Merck. The human colorectal carcinoma (HCT-116) cell line was obtained from the Korean Cell Line Bank (Seoul, Republic of Korea). The pH 1–13 solutions were adjusted using phosphoric acid (12.0 M) and sodium hydroxide (2.0 M) solution. pH measurements were carried out using a 720P pH meter (Istek instruments) with a combined standard round glass electrode. We used all other chemicals in this study to their analytical grade and used them exactly as received. The aqueous solutions were prepared with double-distilled water.




2.2. Synthesis of NB-CDs


First, Hibiscus herbal tea residue obtained after tea preparation was washed several times with water and dried at room temperature. Next, the dried tea residue was further ground into a fine powder and embrittled in liquid nitrogen. 2.0 g of this powder and 2.0 g of H3BO3 were mixed in 40 mL of aqueous solution under magnetic stirring for 0.5 h. The mixture was then heated in an oven at 200 °C for 8 h in a Teflon-lined autoclave of 50 mL capacity. The mixture was then cooled to room temperature and centrifuged at 10,000 rpm to remove larger particles. Subsequently, the liquid was dialyzed for 48 h in a dialysis bag (1000 MWCO). After freeze drying for 24 h, CDs were obtained as a solid powder and stored in a refrigerator at 4 °C.




2.3. Characterizations


UV–Vis absorption spectra were measured using a UV 3220 (Optizen) spectrophotometer. A HITACHI F-2700 spectrofluorometer was used for the photoluminescence (PL) measurements. The fluorescence spectra of NB-CDs were measured using a standard quartz cuvette (3.0 mL). In both cases, the excitation and emission bandwidths were set to 5 nm at room temperature. FTIR analyses were conducted using an FT-IR spectrophotometer (Perkin Elmer) in the frequency range of 400–4000 cm−1. Powder X-ray diffraction (PXRD) patterns were recorded in the range of 10–80° on a PANalytical X’Pert Philips (Cu-Kα radiation) with a 1 min scan rate. X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, San Jose, CA USA) measurements were obtained using a Multilab-2000 spectrometer with Al Kα radiation monochromatized source. TEM with a 200 kV accelerating voltage (JEOL JEM-2100) was used to measure the size and shape of the NB-CDs.




2.4. Metal Ions Sensing


To prepare the photoluminescent probe, 20 µg/mL of NB-CDs were dissolved in a HEPES buffer solution (pH = 7.4) under ambient conditions. Blank samples excited at 396 nm were measured for photoluminescence emission intensity at 498 nm. By adding different metal salts (chloride and nitrate), the selectivity toward metal ions, such as Al3+, Ba2+, Ag+, Cd2+, Ca2+, Co2+, Cu2+, Fe3+, Cr3+, Ce3+, Zn2+, Mg2+, Mn2+, Ni2+, Na+, Pb2+, Sr2+, Sn2+, and Ir3+ (10 μM) was determined. The NB-CDs were tested for their sensitivity to Ag+, Cd2+ and Cr3+ ions at different concentrations. In the presence of Ag+, Cd2+ and Cr3+ ions, NB-CDs (20 µg/mL) were dissolved and mixed with solutions containing ions of concentration 0–10 μM. After stirring for 30 s, the PL emission spectra were recorded at excitation and emission wavelengths of 396 nm and 410–700 nm, respectively.




2.5. Procedure for Cell Incubation and Imaging


MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to measure cell viability. HCT116 cells were seeded into 96-well plates at a density of 4 × 103 cells/well. At 37 °C, an atmosphere of 5% CO2 and 95% air was applied to the cells after 12 h, followed by 0–100 µg/mL (final concentration) of NB-CDs. Each well was incubated for 24 h at 37 °C and then treated with 10 µL of diluted MTT. Incubation was continued for 4 h, followed by the addition of 100 µL of DMSO. Finally, the cell survival rates were calculated. To prepare the cells for imaging, cells were washed three times with phosphate-buffered saline (PBS) and then incubated for 30 min with 20 µg/mL of NB-CDs at 37 °C. HCT116 cells were incubated with 10 µM Ag+, Cd2+, and Cr3+ ions for another 30 min at 37 °C and subsequently rinsed three times with PBS. Intracellular Ag+, Cd2+, and Cr3+ ions were examined under a confocal microscope (Olympus, Tokyo, Japan, IX-81).




2.6. Determination of Ag+, Cd2+, and Cr3+ Ions in Lake Water Samples


The lake water sample was collected from Gyeongsan High School premises near Yeungnam University, Republic of Korea, and used to prepare the required samples. The lake water was filtered through a 0.22 µm membrane to remove the insoluble materials. The lake water sample (2.0 mL) was spiked with different Ag+, Cd2+, and Cr3+ ions concentrations (1.0, 5.0 and 10 µM), respectively. Then, NB-CDs solution (20 μg/mL) was added, and experiments were run after equilibration for 1 min. All the different Ag+, Cd2+, and Cr3+ ions concentrations with water samples were analyzed by using HITACHI F-2700 spectrofluorometer.





3. Results and Discussion


3.1. Optical Properties of NB-CDs


The optical properties of the NB-CDs were studied using UV–vis, and photoluminescence (PL) spectroscopy at room temperature. The UV–Visible and PL spectra depicted in Figure 2a show the absorption and excitation/emission intensities of the NB-CDs solution. The NB-CDs exhibited typical absorption and shoulder peaks at approximately 214 and 290 nm, respectively. In NB-CDs, this transition occurs in the C=C and C=N bonds of the sp2 carbon [33]. In addition, the excitation band at 396 nm is related to the n–π* transition of the C=O defect on the surface of the NB-CDs [34]. The maximum excitation peak was observed at 396 nm, and the maximum emission peak was observed at 498 nm for the NB-CDs. When exposed to a 365 nm ultraviolet lamp, the dilution of the NB-CDs solution turned bright green. A change in the excitation wavelength from 320 to 500 nm affected the NB-CD water dispersion, as shown in Figure 2b (the strongest emission peak was around 498 nm), resulting from the relatively uniform surface state and size distribution. The excitation-dependent PL behavior of the NB-CDs was influenced by the particle size and surface state of the sample.




3.2. Surface Analysis of NB-CDs


FTIR spectroscopy and PXRD analyses confirmed the presence of functional groups and crystallinity on the surface of the NB-CDs (Figure 3a,b). The absorption peaks at 3332 cm−1 were attributed to the characteristic vibration bands of -OH bonds on the surface of the NB-CDs [35], as shown in Figure 3a. The sharp peak at the 2986 cm−1 region in the NB-CD spectrum can be attributed to an asymmetric C-H stretching vibration. Furthermore, peaks were observed at 2053 and 1649 cm−1, indicating C-H, C-N stretching, and C-O bending vibrations, respectively. Furthermore, the NB-CDs exhibited distinct absorption bands at 1316, 1087, and 1033 cm−1, which were associated with B-O stretching vibrations, C-B stretching modes, and B-O-H deformation vibrations. A powerful reducing element, boron reduces a wide range of compounds [36]. Thus, boron doping in the presence of boric acid may have reduced surface functional groups from -CO to -CH, which facilitates radiative recombination [37]. Due to their tunable properties, doping carbon nanomaterials with heteroatoms is highly appealing. Based on these findings, it is clear that the boric acid groups and NB-CD surface groups were successfully doped during particle formation. The high degree of graphitization in the NB-CDs was attributed to the disordered carbon atoms with a lattice spacing of 002 and 100 (Figure 3b). Moreover, the diffraction pattern of the NB-CDs shows peaks centered at approximately 21.2° and 40.7°, which are related to amorphous carbon [38].



XPS analysis was measured to the elemental species and their corresponding atom percentage in the obtained NB-CDs. As shown in Figure 4a, the full survey XPS spectrum of NB-CDs clearly exhibits four typical peaks at 401.2, 191.3, 284.6, and 531.4 eV, which are attributed to the characteristic binding energy signals of N1s, B1s, C1s, and O 1s, and the atomic ratios were calculated to 18.28%, 12.47%, 60.99%, and 8.26%, respectively. The high-resolution N1s spectrum of the NB-CDs shows the presence of N–B, N–C, N–H, and N–O corresponding to the 397.8, 400.9, 402.3, and 403.1 eV [39], respectively, as shown in Figure 4b. The B1s spectrum is shown in Figure 4c and can be de-convoluted into three peaks that appear at 191.0, 191.8, and 192.7 eV and are attributed to the B–N B–C and B–O, respectively, which are well in agreement with the C1s, O1s, and FT-IR data. In Figure 4d, the C1s band was separated into four peaks at 284.1, 284.9, 286.3, and 288.9 eV, which are assigned to C–C/C=C, C–N, C–O, O–C=O [40], respectively. The O1s spectrum also shows three peaks at 532.1, 533.3, and 534.4 eV, assigned to O–B, C=O, and O=C−O, respectively (Figure 4e). These results demonstrate the NB-CDs are successfully functionalized by boric acid groups.




3.3. Morphology of NB-CDs


The NB-CDs appeared to be polydisperse spherical nanoparticles based on the TEM and high-resolution TEM images, as shown in Figure 5a. The size distribution histogram in inset Figure 5a shows that the as-prepared NB-CDs usually had a particle diameter between 2 and 8 nm and an average particle size of 6.2 nm [41]. The NB-CDs were imaged by HRTEM to reveal their crystallinity and lattice spacing of 0.23 nm (Figure 5b), with the same spacing as graphitic (sp2) carbon in the (100) plane [42]. The lattice constant of boron atoms is significantly smaller than that of pristine graphite (0.242 nm), suggesting that the doped boron atoms were introduced into the conjugated carbon backbone.




3.4. Chemosensors


To study the UV–Visible absorption and photoluminescent (PL) response of the NB-CDs (20 µg/mL) to various cations, Al3+, Ba2+, Ag+, Cd2+, Ca2+, Co2+, Cu2+, Fe3+, Cr3+, Ce3+, Zn2+, Mg2+, Mn2+, Ni2+, Na+, Pb2+, Sr2+, Sn2+, and Ir3+ (10 μM) were added to a PBS buffer solution of NB-CDs (pH 7.4) as shown in Figure 6. Figure 6a shows the absorption spectra of the NB-CD sensor after adding Ag+, Cd2+, and Cr3+ ions, which produce a significant blue shift with absorbance changes. The maximum emission intensity of the free NB-CDs was 498 nm when excited at 396 nm, as shown in Figure 6b. Marginal shifts at 481, 488, and 502 nm signaled the turn-on of PL emission from the NB-CDs sensor upon the addition of Ag+, Cd2+, and Cr3+ ions (Figure 6b) [43,44,45]. Doped systems are enhanced by additional electrons being incorporated into the CDs, which result in enhanced electron transfer due to the hole-like structures formed in CDs by the doping of boron. By incorporating boron inside the CDs, the faster electron transfer process towards surface-attached NB-CDs should be perturbed. In contrast, after boron doping for CDs (NB-CDs), the reaction mixture led to further increasing PL intensity along with the Ag+, Cd2+, and Cr3+ ions. Compared to other cations commonly found in physiological and environmental samples, NB-CDs more efficiently detect Ag+, Cd2+, and Cr3+ ions. This observation suggests that the NB-CDs have good selectivity for detecting Ag+, Cd2+, and Cr3+ ions. The addition of Ag+, Cd2+, and Cr3+ ions immediately changed the color of the NB-CDs from yellow to colorless, and upon adding Cr3+ ions, the color changed from yellow to strongly yellow (Figure 6c). NB-CDs were exceptionally selective over other metal ions, as indicated by the color changes for each ion. Another characteristic of this probe is that it does not change color in the presence of other metal ions. Similarly, Ag+, Cd2+, and Cr3+ ions showed excellent PL behavior under a UV lamp, changing from faint green to bluish-green and strong green PL (Figure 6c). The PL behavior of the other metal ions was not observed. The NB-CDs show color changes when cations are added because their surfaces coordinate with Ag+, Cd2+, and Cr3+ ions. In the PL response test, all Ag+, Cd2+, and Cr3+ ions displayed efficient “Off-On” fluorescence behaviors. The functional groups present on the surface of NB-CDs are responsible for binding with Ag+, Cd2+, and Cr3+ ions. The presence of nitrogen (N) and oxygen (O) moieties on NB-CDs surfaces probably forms active binding sites towards Ag+, Cd2+, and Cr3+ ions, thus making it an efficient PL enhancement sensor [46,47].



To evaluate the ion-sensing properties of the NB-CDs toward Ag+, Cd2+, and Cr3+ ions, a PL titration experiment was conducted. Gradually increasing concentrations of Ag+, Cd2+, and Cr3+ ions affected the PL characteristics. Figure 7a–c shows the changes in the PL spectra of NB-CDs upon the addition of Ag+, Cd2+, and Cr3+ ions. While the sensor NB-CDs alone displayed negligible PL emission, Ag+, Cd2+, and Cr3+ ions (10 μM) caused a prominent PL enhancement at wavelengths of 481, 488, and 502 nm, shifted from 498 nm, and the PL intensity of the peak showed a 46-, 18-, and 41-fold enhancement, respectively. Under a 365 nm UV lamp, photographs of the NB-CD solutions with and without Ag+, Cd2+, and Cr3+ ions are shown in Figure 7a–c. The PL enhancement of NB-CDs by Ag+, Cd2+, and Cr3+ ions is due to the obvious effect, which may be related to the strong binding between the N and O atoms on NB-CDs surfaces and the metal ions [46,47]. The NB-CDs emitted faint green PL in the presence of Ag+, Cd2+, and Cr3+ ions PL enhancement with a significant shift to PL turn-on into a blueish green, and strong green was observed [48,49]. The reason for this phenomenon may be related to the strong binding of Ag+, Cd2+, and Cr3+ ions to the N and O moieties functional groups of the NB-CDs. It is obvious that the relative photoluminescence intensity of NB-CDs shows a good linear relationship to the concentration of Ag+, Cd2+, and Cr3+ ions in the range from 0–10 μM with a good correlation coefficient of 0.9922, 0.9974, and 0.9838 (Figure 7d–f). The fitted linear regression equation is I/I0 vs. Ag+, Cd2+, and Cr3+ ions (μM), where I0 and I stand for the photoluminescence intensities of NB-CDs/Ag+, NB-CDs/Cd2+, and NB-CDs/Cr3+ systems in the absence and presence of Ag+, Cd2+, and Cr3+ ions, respectively. Using Job’s method, the metal-ligand stoichiometry was determined by keeping the sum of the metal ions (10 μM) and NB-CDs (20 μg/mL) concentrations constant and varying the mole fraction of the metal ions from 0.1 to 0.9 mL [50]. When the molar ratio was 0.5, the maximum PL intensity was reproducibly observed, indicating that the NB-CDs bound Ag+, Cd2+, and Cr3+ ions in a 1:1 (Figure 8a–c).



The detection limit (LOD) was determined from the following equation: K = 3SD/S, where SD is the standard deviation of the blank solution; S is the slope of the calibration curve [51]. The linear detection range and detection limit of the CDs for Ag+, Cd2+, and Cr3+ ions reached 0–10 μM and 44.5 nM, 164.4 nM, and 54.6 nM (Figure 8d–f). Furthermore, the obtained LOD is quite low in comparison with the WHO recommendations for Ag+, Cd2+, and Cr3+ ions in drinking water. Thus, NB-CDs demonstrate the potential to measure Ag+, Cd2+, and Cr3+ ions. The mechanisms of luminescence are closely related to CDs emission and include surface functional groups, surface oxidation, and molecular fluorescence. The exact mechanism behind CD fluorescence remains unclear because of CDs’ substantial structural complexity. The photoluminescence changes of NB-CDs allow the quantification of Ag+, Cd2+, and Cr3+ ion concentrations. In addition to Ag+, Cd2+, and Cr3+ ions, the synthesized NB-CDs sensor was insignificant for all the other tested metal ions. The selectivity and interference selectivity of the NB-CDs, NB-CDs/Ag+, NB-CDs/Cd2+, and NB-CDs/Cr3+ systems toward various metal ions are plotted as a bar graph in Figure 9. Based on this sensing system, Ag+, Cd2+, and Cr3+ ions have good selectivity compared to the other metal ions.




3.5. Living Cell Imaging


HCT-116 cells were tested for cytotoxicity and cellular imaging using the MTT assay to further demonstrate the applicability of NB-CDs in biological samples. HCT-116 cells were incubated for 24 h with the chemosensor NB-CDs at various concentrations (0, 20, 40, 60, 80, and 100 μg/mL) as shown in Figure 10a. Under our experimental conditions, more than 97% of the HCT-116 cells were viable, indicating that NB-CDs were not cytotoxic [52]. Thus, the NB-CDs can detect and image intracellular activities. Incubating HCT-116 cells at 37 °C for 0.5 h with NB-CDs (20 μg/mL) followed by 0.5 h with chloride salts of Ag+, Cd2+, and Cr3+ ions (10 μM) was conducted. The cells were then washed three times with PBS. Phase contrast, fluorescence, and overlay images were captured before and after the addition of Ag+, Cd2+, and Cr3+, as shown in Figure 10b. Faint green fluorescence was observed when HCT-116 cells were incubated with NB-CDs. After incubation with Ag+, Cd2+, and Cr3+, living cells showed blue and strong green fluorescence [53]. NB-CDs exhibited excellent cell membrane permeability in an overlay of fluorescence and phase-contrast images, indicating effective fluorescence signals [54]. Based on these findings, the NB-CDs can be used to detect Ag+, Cd2+, and Cr3+ in living cells.




3.6. Real Sample Analysis


In lake water samples, NB-CDs sensors were validated for the selective detection of Ag+, Cd2+, and Cr3+ ions. For analysis, the lake water samples were spiked with various concentrations of Ag+, Cd2+, and Cr3+ ions and then analyzed by the proposed method. The results obtained from each sample were repeated thrice and are summarized in Table 1. Based on the analytical results, the recoveries ranged from 97.2% to 104.2%, whereas the relative errors (0.98–2.78%) were less than 3%. Consequently, this method can be used to reliably detect Ag+, Cd2+, and Cr3+ ions in practical samples.





4. Conclusions


In this study, we developed photoluminescent NB-CDs from Hibiscus herbal tea extract co-doped with boric acid via a hydrothermal method for the highly selective and sensitive detection of heavy metal ions. The NB-CDs were comprehensively characterized using UV–vis, PL, FTIR, XRD, XPS, and TEM analysis. The NB-CDs exhibited good water solubility, high photoluminescence, and good photostability. The NB-CDs exhibited a strong emission peak at 498 nm when excited at 396 nm, with a quantum yield (9.2%). The NB-CDs are spherical with average diameters of 6.2 ± 0.5 nm in the range of 2.0–8.0 nm. In addition, the NB-CDs showed excellent selectivity and sensitivity and were used as a photoluminescent probe to detect Ag+, Cd2+, and Cr3+ ions in aqueous solutions with the detection limit of 44.5, 164.4, and 54.6 nM, respectively, with a wide concentration range of 0–10 μM. Moreover, multicolor photoluminescent CDs have been successfully applied in cell imaging at nontoxic concentrations, suggesting that they are a promising resource for biological imaging. The sensor was successfully used to measure trace amounts of Ag+, Cd2+, and Cr3+ ions in real water samples. This study provides new insights for the development of low-cost, selective, and environmentally friendly sensors for the detection of Ag+, Cd2+, and Cr3+ ions.
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Figure 1. Schematic representation of the synthesized NB-CDs from Hibiscus herbal tea extract using boric acid as a doping agent. 
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Figure 2. (a) UV–vis absorption spectra of the NB-CDs (5 μg/mL) and PL excitation and emission spectra of the NB-CDs (20 μg/mL). (Inset photographs of NB-CDs dispersions in water with daylight and UV illumination (365 nm), respectively. (b) PL spectra of the NB-CDs obtained at different excitation wavelengths. 
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Figure 3. (a) FT-IR spectrum and (b) XRD pattern of NB-CDs. 
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Figure 4. High-resolution XPS analysis of NB-CDs. (a) Survey spectrum, (b) N1s, (c) B1s, (d) C1s, and (e) O1s. 
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Figure 5. (a) TEM image (inset; size distribution histogram of NB-CDs) and (b) HRTEM images with lattice fringes of NB-CDs. 
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Figure 6. (a) UV–Visible absorption and (b) PL emission spectra of NB-CDs (20 μg/mL) solution in pH 7.4 PBS buffer solution before and after the addition of various metal ions (10 μM) and (c) the corresponding color changes of NB-CDs with absence and presence of metal ions under daylight and UV illumination (365 nm), respectively. 
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Figure 7. PL emission spectra of NB-CDs solution (20 μg/mL) in the presence of various concentrations (0–10 μM) of (a) Ag+, (b) Cd2+, and (c) Cr3+. Inset photographs (a–c) show the PL color changes of NB-CDs with Ag+, Cd2+, and Cr3+ ions. Inset Figure 7b, the enlarged PL emission intensity variation NB-CDs with various concentrations of Cd2+ ions. Linear relationship between the relative photoluminescence intensity of NB-CDs and concentration of (d) Ag+, (e) Cd2+, and (f) Cr3+ ions from 0–10 μM. 
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Figure 8. Job plot suggesting stoichiometry between chemosensor NB-CDs (20 μg/mL) and (a) Ag+, (b) Cd2+, and (c) Cr3+ ions (10 μM) = 1:1. The limit of detection calculations based on the PL intensity of NB-CDs with (d) Ag+, (e) Cd2+, and (f) Cr3+ ions (0–10 μM). 






Figure 8. Job plot suggesting stoichiometry between chemosensor NB-CDs (20 μg/mL) and (a) Ag+, (b) Cd2+, and (c) Cr3+ ions (10 μM) = 1:1. The limit of detection calculations based on the PL intensity of NB-CDs with (d) Ag+, (e) Cd2+, and (f) Cr3+ ions (0–10 μM).



[image: Chemosensors 11 00474 g008]







[image: Chemosensors 11 00474 g009] 





Figure 9. Histogram of the PL selectivity and interferences of (a) NB-CDs, (b) NB-CDs/Ag+, (c) NB-CDs/Cd2+, and (d) NB-CDs/Cr3+ systems in the presence of other metal ions. 
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Figure 10. (a) Cell viability (HCT-116) measurement using the MTT assay with various concentrations of NB-CDs (b) Phase-contrast, fluorescence, and overlay images of NB-CDs, NB-CDs/Ag+, NB-CDs/Cd2+, and NB-CDs/Cr3+ complexes. 
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Table 1. Analytical results for determining Ag+, Cd2+, and Cr3+ ions in a lake water sample.
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Metal Ions

	
Spiked Amount

(μM)

	
Recovered Amount

(μM)

	
% Recovery ± SD

(n = 3)






	
Ag+

	
1

	
1.03

	
103.4 ± 1.28




	
5

	
4.86

	
97.2 ± 2.14




	
10

	
9.87

	
98.7 ± 1.97




	
Cd2+

	
1

	
1.04

	
104.2 ± 2.78




	
5

	
5.09

	
101.8 ± 1.49




	
10

	
10.12

	
101.2 ± 2.11




	
Cr3+

	
1

	
0.99

	
99.0 ± 0.98




	
5

	
4.99

	
99.8 ± 1.73




	
10

	
10.08

	
100.8 ± 2.64
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