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Abstract

:

Amino- and carboxyl-functionalized carbon quantum dots (Amino-CQDs) were synthesized through fast and simple microwave treatment of a citric acid, ethylenediamine and ethylenediaminetetraacetic acid (EDTA) mix. The reproducible and stable optical properties from newly synthesized CQD dispersion with a maximum absorbance spectra at 330 nm and the symmetric emission maximum at 470 nm made the Amino-CQDs a promising fluorescence material for analytical applications. The highly aminated and chelate moieties on the CQDs was appropriate for a copper (Cu2+) cation sensor in the linear range from 1 × 10−4 mg/mL to 10 mg/mL with a limit of detection at 0.00036 mg/mL by static fluorescence quenching effects. Furthermore, Amino-CQDs demonstrated stable fluorescence parameters for assays in diluted alkali metal solution (Na+ and K+) and sea water. Finally, a visual sensor, based on Amino-CQDs, was successfully created for the 0.01–100 mg/mL range to produce a colorimetric effect that can be registered by computer vision software (Open CV Python).
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1. Introduction


Among environmental pollutants, heavy metals are isolated in a separate group of elements due to their toxic effects in ecosystems [1,2,3]. The scientific community have highlighted the most dangerous metals: copper, cadmium, zinc, mercury, lead, chromium, cadmium, arsenic, cobalt and nickel [4,5]. Their dissociated cations affect biological organisms due to their accumulative behavior. Here, we focus on the one of toxic cations—copper. European countries set the safe levels of copper as from 0.00005 to 0.0002 mg/mL for drinking water [6].



Copper cations from water actively transfer to biological organisms and accumulate. The biological accumulation coefficient (BAC) for copper is one of the highest and is equal to six, which means that the concentration of accumulated copper in biological objects is six times greater than in the aquatic medium [7,8,9]. Particular attention should be paid to copper as the main toxic component of antifouling paints for sea and river vessels. Thus, the content of copper cations in open water, marinas and ports is an important indicator, requiring constant measurement [10]. Furthermore, copper pollution exacerbates the effects of acidification and warming for the ocean flora [11]. Consequently, the analytical tools are very promising for copper sensing applications.



Among nanomaterials, the carbon quantum dots are well-studied carbon fluorescence materials, which have been successfully applied to study the contamination of aquatic environments [12]. The sensors are divided into inorganic (heavy metal sensing [13]) and organic (for pesticides [14], herbicides [15], medical drugs [16], proteins [17], vitamins [18]) sensors. Very variable environment with pollutants, e.g., potable water [19], tap water [20], real water sample [21], food products [22] and soil [23], were also tested.



These measuring environments represent the broad applications of carbon quantum dots in analytic chemistry [24]. For example, in one of the papers, Hong-Yi Li et al. presented fluorescent carbon quantum dots for Cr (VI) measurements in wastewater [25]. Another group headed by Debabrata Ghosh Dastidar explored the behavior of CQDs in Tris buffer and chicken plasma with Fe3+, Pb2+, Cu2+, Ca2+ and Hg2+ ions to prove selectivity for Zn2+ in chicken blood plasma [26]. A group of scientists from India used carbon quantum dots for cystine sensing in human blood plasma based on the photoinduced electron transfer fluorescence mechanism [27]. Common to all these papers, the different measuring environments were introduced after testing CQD behavior in model solutions.



Further, studies have shown that the fluorescence properties of CQDs and fluorimetry methodology were effectively applied for a carbon source with ethylenediamine and amino acids, ammonium salts and other amino derivatives [28,29]. Amino functional groups support the complexation chemical reaction between dots and pollutants.



Among the different sensing mechanisms, the fluorescence resonance energy transfer RET (FRET) effect between donor CQD and acceptor (contaminant) has been established for the complexation reaction, especially for heavy metal [30,31]. Hence, the ratio variation in carbon–nitrogen bonds affects the fluorescence emission properties via new chemical bonds [32].



In this work, amino- and carboxy-functionalized carbon quantum dots were obtained and studied as sensors for copper cations in water samples. The mechanism of the interaction of copper cations with Amino-CQDs in aqueous media with a high content of potassium and sodium cations was evaluated in detail. The result showed the stable fluorescent properties of the CQDs, which made it possible to detect copper cations in sea water samples. The classical Stern–Volmer equation for assessment of copper sensing depends on the fluorescence intensity of the Amino-CQDs used. Furthermore, we investigate the ability to create a visual fluorescence sensor by artificial vision for color classification and exhibit the results here.




2. Materials and Methods


2.1. Reagents and Instruments


In the synthesis procedure, the citric acid (99.8%), ethylenediamine (99.0%) and ethylenediaminetetraacetic acid (EDTA) were used. The metal salts NaCl and KCl, and sea water from the Black Sea were used to test the fluorescence sensor. In all the experiments, deionized water was used as the dispersant.



The synthesized Amino-CQDs were characterized through particle size and zeta using a Zetasizer Nano ZS (ZEN3600; Malvern, Worcestershire, UK) and IR—Fourier spectrometer (Thermo NICOLET 380, Waltham, MA, USA) to study the functional groups. The optical properties were investigated using a UV mini-1240 Shimadzu spectrophotometer (Japan), Agilent Technologies Cary Eclipse Fluorescence Spectrophotometer (USA), portable fluorimeter Sentry-200 (Waukesha, WI, USA) and Origin Lab, Python 3.10 software for processing colorimetric effect.




2.2. Synthesis of Amino-CQD


CQD synthesis was performed via microwave irradiation processes as reported previously [33]. Here, we introduced changes in the amino source. The ammonium salts have been replaced with ethylenediamine for prevent the doping effect. First, melted citric acid powder (7 g) was mixed with ethylenediamine in 1:9 molar ratio and heated at 500 W microwave irradiation for 6 min 30 s, then the EDTA in a 1:0.2 molar ratio to citric acid was added and heated again for 3 min to achieve the homogeneous functionalization. The purification procedure was repeated two–three times under 14,500 rpm during 1 h in centrifuge and then filtered through a Millex-LG 0.2 µm IC filter cartridge.




2.3. Metal Sensing


2.3.1. Fluorimetry for Copper Cations (Cu2+)


The fluorescence quenching effect was investigated via adding the contaminated water probe to an Amino-CQD dispersion with 1000 a.e. of fluorescence intensity. The copper (Cu2+) cations were added in the range from 1 × 10−5 to 1 × 103 mg/mL concentration in deionized water, KCl, NaCl and sea water solutions to try to create the lowest and most high point of measurements. Further, for analytical measurements, 50 µL of the test sample was added to a cuvette with 1 mL of Amino-CQD dispersion, and then measured. The linear calibration curves and correlation coefficient was calculated as the Stern–Volmer regression for the fluorescence quenching effect according to the following Formula (1):


     F 0     F i    = 1 +      K    SV       Cu   2 +      



(1)







Additionally, the limit of detection was set as the minimal reproducible distinguishable changes in fluorescence intensity by copper cations (Cu2+).




2.3.2. Visual Detection of Copper (Cu2+) Concentration


Herein, we set up a calibration series to determine the brightest and purest Cyan color of the Amino-CQD dispersion by adding 0.016 mg of Amino-CQD to 1 mL deionized water as shown in Figure S1 and then diluted twice.



The best sample corresponded to the concentration of 0.0005 mg/mL (Figure S1 right column). Then, 50 µL of analytical standard (Cu2+) for the reference measurements or copper-contaminated solutions of NaCl, KCl or sea water. Probes were continuously added to the cuvette with the CQD dispersion, and a photograph under UV light (Figure S2) was taken (the position of camera, color temperature (without red channel) was fixed). On each Eppendorf’s photo, the middle region was chosen and pixelated up to five-by-five pixels. The color of each pixel was represented in RGB format, and then blue and green components were used for analysis [34]. Finally, a calibration curve with the dependence of the “saturation” of the blue or green color in the sample dependent on the concentration of copper cations was constructed.






3. Results


3.1. Primary Characterization of Amino-CQDs


First, we characterized the Amino-CQDs in its storage solution without any changes in concentration and solvent. The dynamic light scattering measurements by Zetasizer Nano ZS (ZEN3600) was used to characterize the average (16 nm) hydrodynamic diameter of the Amino-CQDs and the size distribution from 5 to 25 nm in Figure 1A.



Figure 1B shows the IR spectrum at mid-infrared wavelengths with a peak at 3400 cm−1, which is attributed to the -OH wide peak and narrow N-H bond. Additionally, the peak at 1565 cm−1 correlated with C-H and N-H bands and confirmed the presence of amino and hydroxy groups in the sample. The C=O from carboxyl groups was also checked as the characteristic adsorption at 1710 cm−1 and the carbon core included the atoms in the Sp2 hybridization state as a peak at 1645 cm−1. The optical properties in Figure 1C exhibit a large excitation peak at 348 nm via an amino functionalization strategy [35]. Here, using ethylenediamine and ethylenediaminetetraacetic acid there is an emission peak at 470 nm in Figure 1D. The reproducibility and stability of the fluorescence properties was confirmed in Figure S3. The zeta potential of the CQDs was 21.8 eV in the 0.0005 mg/mL dispersion.



Next, the IR spectra in Figure 2 show the influence of alkali and copper cations on the functional groups. The peak at 3400 cm−1 had a noticeable shift to 3360 cm−1 and broader shape with Cu2+ coordination near the amino fragment. The shift in amino groups is shown in Figure 2D.



Copper coordination reduced the small peak at 1710 cm−1 (C=O) and 1565 cm−1 (N-H bond) due to reduction in the response of chemical chain fluctuations.



Therefore, the copper cation deposes the characteristic transmittance from EDTA at 1410 cm−1, 1335 cm−1 and 1325 cm−1 (Figure 2C) as the sum from the nitro and chelate coordinate complexes as a broad peak at 1355 cm−1 (Figure 2D). The neighborhood of alkali cations (Figure 2B) did not produce bright changes in the original spectrum (Figure 2A). Additionally, the mobility of Amino-CQDs in ionic solution was explained via polarization fluorescence measurements in Table S1. The data confirm the copper coordination on the Amino-CQD’s surface via the extraordinary rise in polarization and, therefore, the reduction in particle mobility in volume.




3.2. Visual Sensor for Copper (II) Cations in Sea Water


The copper sensing was explained as the standard fluorescence quenching effect by copper cations. The calibration curves in Stern–Volmer coordinates are presented in Figure 3A,B.



Table S2 presents the linear correlation with narrow deviations among the cation systems. The intercept and slope are given in the average linear equation in Formula (2):


  y = 0.121 + 0.1285     Cu   2 +      



(2)







Additionally, the limit of detection via minimal distinguishable changes in fluorescence intensity by copper cations was 0.000036 mg/mL (the min standard was 0.00005 mg/mL).




3.3. Automatic Colorimetry Assay via RGB Color Control


Then, for the graphs in Figure 3C,D, we took the middle area of the Eppendorf in the photo of fluorescent dispersion shown in Figure 3S and pixelized the area to 5 × 5 pixels to obtain 25 color data point from the green and blue channels in RGB format (red, green, blue). Amino-CQDs showed a maximum brightness of 255 points for blue (like the cyan color of the reference dispersion), and color reduction when copper cations were added to the sample. In the original procedure, fluorescence quenching was recorded as a change in the green channel. Processing of the data for linear fitting (Table S2) and visual assessment of the sample was able to detect contaminant concentrations from 0.01 mg/mL to 100 mg/mL and from 1 mg/mL to 100 mg/mL, respectively. Testing of the program code are presented in Figure S3.





4. Conclusions


In our work, the results demonstrated that the Amino-CQDs with amino- and carboxyl-functionalization could be obtained via microwave synthesis and successfully applied for copper cation sensing in water samples. Therefore, the classical analytical approaches for these measurements showed the potential for copper sensing in alkali cation solutions and sea water. Laboratory measurements showed deviations in optical properties and sensing ability for various ionic media.



The results explain the sensing mechanism for the copper cations based on the fluorescence quenching effect in the linear range from 1 × 10−4 mg/mL to 10 mg/mL. The colorimetry assay, assessed by the changes in the green color channel from bright cyan fluorescence Amino-CQD under UV illumination, showed a linear range from 0.01 mg/mL to 100 mg/mL in sensing copper cations, correlating with the admissible copper concentration in natural water.




5. Patents


Russian Federation No. 2021137272 “Method for the synthesis of fluorescent carbon nanoparticles for ecological use” (16 December 2021).








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13061004/s1, Figure S1: The calibration range of Amino-CQD dispersion under UV irradiation for the visual sensing; Figure S2: The visualization of Amino-CQD quenching effect by Cu2+ cations under UV light; Figure S3: The reproducibility and stability of fluorescence properties; Table S1: The polarization fluorescence analysis of Amino-CQD samples in different ionic solutions; Table S2: The linear fitting results for the fluorescence quenching by Cu2+ (A) and the calibration curves for visual test (B).





Author Contributions


Conceptualization, A.Y.; methodology, A.Y.; software, A.Y.; validation, A.Y.; formal analysis, D.K.; investigation, A.Y.; resources, D.K. and A.G.; data curation, O.Z.; writing—original draft preparation, A.Y.; writing—review and editing, D.K. and M.A.-E.; visualization, A.Y.; supervision, D.K.; project administration, D.K.; funding acquisition, D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the Ministry of Science and Higher Education of the Russian Government in the framework of the Strategic Academic Leadership Program “Priority 2030”, NUST “MISIS” grant No. K2-2022-009.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



González-González, R.B.; Murillo, M.B.M.; Martínez-Prado, M.A.; Melchor-Martínez, E.M.; Ahmed, I.; Bilal, M.; Parra-Saldívar, R.; Iqbal, H.M. Carbon dots-based nanomaterials for fluorescent sensing of toxic elements in environmental samples: Strategies for enhanced performance. Chemosphere 2022, 300, 134515. [Google Scholar] [CrossRef] [PubMed]

	



Zamora-Ledezma, C.; Negrete-Bolagay, D.; Figueroa, F.; Zamora-Ledezma, E.; Ni, M.; Alexis, F.; Guerrero, V.H. Environmental Technology & Innovation Heavy metal water pollution: A fresh look about hazards, novel and conventional remediation methods. Environ. Technol. Innov. 2021, 22, 101504. [Google Scholar]

	



Harsha, K.; Senthil, P.; Panda, R.C. A review on heavy metal pollution, toxicity and remedial measures: Current trends and future perspectives. J. Mol. Liq. 2019, 290, 111197. [Google Scholar]

	



Nagajyoti, P.C.; Lee, K.D.; Sreekant, T.V.M. Heavy metals, occurrence and toxicity for plants: A review. Environ. Chem. Lett. 2010, 8, 199–216. [Google Scholar] [CrossRef]

	



Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.; Sadeghi, M. Toxic Mechanisms of Five Heavy Metals: Mercury, Lead, Chromium, Cadmium, and Arsenic. Front. Pharmacol. 2021, 12, 643972. [Google Scholar] [CrossRef] [PubMed]

	



Drinking Water—Environment—European Commission. Available online: https://ec.europa.eu/environment/water/water-drink/national_info_en.html (accessed on 15 September 2022).

	



Koleli, N.; Demir, A.; Kantar, C.; Atag, G.A.; Kusvuran, K.; Binzet, R. Heavy Metal Accumulation in Serpentine Flora of Mersin-Findikpinari—Role of Ethylenediamine Tetraacetic Acid in Facilitating Extraction of Nickel. In Soil Remediation and Plants: Prospects and Challenges; Elsevier Inc.: Amsterdam, The Netherlands, 2015. [Google Scholar]

	



Mitra, S. Impact of heavy metals on the environment and human health: Novel therapeutic insights to counter the toxicity. J. King Saud Univ.—Sci. 2022, 34, 101865. [Google Scholar] [CrossRef]

	



Shrivastava, A.K. A review on copper pollution and its removal from water bodies by pollution control technologies. Indian J. Environ. Prot. 2009, 29, 552–560. [Google Scholar]

	



Lagerström, M.; Ytreberg, E.; Wiklund, A.E.; Granhag, L. Antifouling paints leach copper in excess—Study of metal release rates and efficacy along a salinity gradient. Water Res. 2020, 186, 116383. [Google Scholar] [CrossRef]

	



Leal, P.P.; Hurd, C.L.; Sander, S.G.; Armstrong, E.; Fernández, P.A.; Suhrhoff, T.J.; Roleda, M.Y. Copper pollution exacerbates the effects of ocean acidification and warming on kelp microscopic early life stages. Sci. Rep. 2018, 8, 14763. [Google Scholar] [CrossRef]

	



Devi, P.; Rajput, P.; Thakur, A.; Kim, K. Trends in Analytical Chemistry Recent advances in carbon quantum dot-based sensing of heavy metals in water. Trends Anal. Chem. 2019, 114, 171–195. [Google Scholar] [CrossRef]

	



Yoo, D.; Park, Y.; Cheon, B.; Park, M. Carbon Dots as an Effective Fluorescent Sensing Platform for Metal Ion Detection. Nanoscale Res. Lett. 2019, 14, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Song, Y.; Yan, X.; Zhu, C.; Ma, Y.; Du, D.; Lin, Y. Carbon quantum dots as fluorescence resonance energy transfer sensors for organophosphate pesticides determination. Biosens. Bioelectron. 2017, 94, 292–297. [Google Scholar] [CrossRef]

	



Lai, Z.; Guo, X.; Cheng, Z.; Ruan, G.; Du, F. Green Synthesis of Fluorescent Carbon Dots from Cherry Tomatoes for Highly Effective Detection of Trifluralin Herbicide in Soil Samples. ChemistrySelect 2020, 5, 1956–1960. [Google Scholar] [CrossRef]

	



Xing, X.; Huang, L.; Zhao, S.; Xiao, J.; Lan, M. S, N-Doped carbon dots for tetracyclines sensing with a fluorometric spectral response. Microchem. J. 2020, 157, 105065. [Google Scholar] [CrossRef]

	



Freire, R.M.; Le, N.D.B.; Jiang, Z.; Kim, C.S.; Rotello, V.M.; Fechine, P.B.A. NH2-rich Carbon Quantum Dots: A protein-responsive probe for detection and identification. Sens. Actuators B Chem. 2018, 255, 2725–2732. [Google Scholar] [CrossRef]

	



Wang, M.; Liu, Y.; Ren, G.; Wang, W.; Wu, S. Bioinspired carbon quantum dots for sensitive fluorescent detection of vitamin B12 in cell system. Anal. Chim. Acta 2018, 1032, 154–162. [Google Scholar] [CrossRef] [PubMed]

	



Devi, P.; Kaur, G.; Thakur, A.; Kaur, N.; Grewal, A.; Kumar, P. Waste derivitized blue luminescent carbon quantum dots for selenite sensing in water. Talanta 2017, 170, 49–55. [Google Scholar] [CrossRef]

	



Nagaraj, M.; Ramalingam, S.; Murugan, C.; Aldawood, S.; Jin, J.O.; Choi, I.; Kim, M. Detection of Fe3+ ions in aqueous environment using fluorescent carbon quantum dots synthesized from endosperm of Borassus flabellifer. Environ. Res. 2022, 212, 113273. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Cai, S.; Wang, G.; Cui, J.; Gao, C. One-step synthesis of N, P-doped carbon quantum dots for selective and sensitive detection of Fe2+ and Fe3+ and scale inhibition. J. Mol. Struct. 2021, 1246, 131173. [Google Scholar] [CrossRef]

	



Sistani, S.; Shekarchizadeh, H. Fabrication of fluorescence sensor based on molecularly imprinted polymer on amine-modified carbon quantum dots for fast and highly sensitive and selective detection of tannic acid in food samples. Anal. Chim. Acta 2021, 1186, 339122. [Google Scholar] [CrossRef]

	



Sales, T.O.; Fonseca, M.O.; Tapsoba, I.; Santos, C. Green emitting N, P-doped carbon dots as efficient fluorescent nanoprobes for determination of Cr (VI) in water and soil samples. Microchem. J. 2021, 166, 106219. [Google Scholar]

	



Sharma, V.; Tiwari, P.; Kaur, N.; Mobin, S.M. Optical nanosensors based on fluorescent carbon dots for the detection of water contaminants: A review. Environ. Chem. Lett. 2021, 19, 3229–3241. [Google Scholar] [CrossRef]

	



Li, H.-Y.; Li, D.; Guo, Y.; Yang, Y.; Wei, W.; Xie, B. On-site chemosensing and quantification of Cr (VI) in industrial wastewater using one-step synthesized fluorescent carbon quantum dots. Sens. Actuators B Chem. 2018, 277, 30–38. [Google Scholar] [CrossRef]

	



Dastidar, D.G.; Mukherjee, P.; Ghosh, D.; Banerjee, D. Carbon quantum dots prepared from onion extract as fluorescence turn-on probes for selective estimation of Zn2+ in blood plasma. Colloids Surf. A Physicochem. Eng. Asp. 2021, 611, 125781. [Google Scholar] [CrossRef]

	



Kalaiyarasan, G.; Hemlata, C.; Joseph, J. Fluorescence Turn-On, Specific Detection of Cystine in Human Blood Plasma and Urine Samples by Nitrogen-Doped Carbon Quantum Dots. ACS Omega 2019, 4, 1007–1014. [Google Scholar] [CrossRef]

	



Xu, Y.; Wang, R.; Wang, J.; Li, J.; Jiao, T.; Liu, Z. Facile fabrication of molybdenum compounds (Mo2C, MoP and MoS2) nanoclusters supported on N-doped reduced graphene oxide for highly efficient hydrogen evolution reaction over broad pH range. Chem. Eng. J. 2021, 417, 129233. [Google Scholar] [CrossRef]

	



Yakusheva, A.; Sayapina, A.; Luchnikov, L.; Arkhipov, D.; Karunakaran, G.; Kuznetsov, D. Carbon Quantum Dots’ Synthesis with a Strong Chemical Claw for Five Transition Metal Sensing in the Irving–Williams Series. Nanomaterials 2022, 12, 806. [Google Scholar] [CrossRef] [PubMed]

	



Molaei, M.J. Principles, mechanisms, and application of carbon quantum dots in sensors: A review. Anal. Methods 2020, 12, 1266–1287. [Google Scholar] [CrossRef]

	



Miao, S.; Liang, K. Fostster resonance energy transfer (FRET) paired carbon dot-based complex nanoprobes: Versatile platforms for sensing and imaging applications. Mater. Chem. Front. 2020, 4, 128–139. [Google Scholar] [CrossRef]

	



Liang, Y.; Shen, Y.F.; Liu, C.L.; Ren, X.Y. Effects of chemical bonds between nitrogen and its neighbor carbon atoms on fluorescence properties of carbon quantum dots. J. Lumin. 2018, 197, 285–290. [Google Scholar] [CrossRef]

	



Yakusheva, A.; Muratov, D.S.; Arkhipov, D.; Karunakaran, G.; Eremin, S.A.; Kuznetsov, D. Water-Soluble Carbon Quantum Dots Modified by Amino Groups for Polarization Fluorescence. Processes 2020, 8, 1573. [Google Scholar] [CrossRef]

	



Shao, L.; Han, J.; Kohli, P.; Zhang, Z. Computer Vision and Machine Learning with RGB-D Sensors; Advances in Computer Vision and Pattern Recognition; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Xu, Y.; Wang, R.; Liu, Z.; Gao, L.; Jiao, T.; Liu, Z. Ni2P/MoS2 interfacial structures loading on N-doped carbon matrix for highly efficient hydrogen evolution. Green Energy Environ. 2022, 7, 829–839. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01004 g001 550] 





Figure 1. The primary characterization of Amino-CQD dispersion. (A) Size distribution, (B) IR spectra, (C) absorbance spectra and (D) emission spectra under 350 ex. 






Figure 1. The primary characterization of Amino-CQD dispersion. (A) Size distribution, (B) IR spectra, (C) absorbance spectra and (D) emission spectra under 350 ex.



[image: Nanomaterials 13 01004 g001]







[image: Nanomaterials 13 01004 g002 550] 





Figure 2. (A) The IR spectra of the reaction between Amino-CQD and copper cations, (B) Amino-CQD in concentrated alkali ion solution, (C) the characteristic line of EDTA in 1250–1500 cm−1 region and (D) reaction between Amino-CQD and Cu2+ in presence of Na+ and K+ cations. 
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Figure 3. (A) Curves reveals the plot between F0/Fi − 1 and concentration of Cu2+ from 1 × 10−5 mg/mL to 1000 mg/mL and (B) from 1 × 10−4 mg/mL to 10 mg/mL as a linear range. (C) The calibration curves in green show the reduction effect on Amino-CQD by Cu2+ cations from 1 × 10−5 mg/mL to 100 mg/mL and (D) from 0.01 mg/mL to 100 mg/mL. 
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