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Abstract: Fluorescent carbon dots (CDs) were hydrothermally synthesized from a 

mixture of frozen tofu, ethylenediamine and phosphoric acid in an efficient 64% yield. 

The resulting CDs exhibit good water solubility, low cytotoxicity, high stability, and 

excellent biocompatibility. The CDs selectively and sensitively detect Co2+ through 

fluorescent quenching with a detection limit of 58 nM. Fluorescence can be restored 

through the introduction of EDTA, and this phenomenon can be used to quantify 

EDTA in solution with a detection limit of 98 nM. As both analytes are detected by 

the same CD platform, this is an “off-on” fluorescence sensor for Co2+ and EDTA. 

The technique’s robustness for real-world samples was illustrated by quantifying 

cobalt in tap water and EDTA in contact lens solution. The CDs were also evaluated 

for in vivo imaging as they show low cytotoxicity and excellent cellular uptake. In a 

zebrafish model, the CDs are rapidly adsorbed from the intestine into the liver, and 

are essentially cleared from the body in 24 hours with no appreciable bioaccumulation. 

Their simple and efficient synthesis, combined with excellent physical and chemical 

performance, renders these CDs attractive candidates for theranostic applications in 

targeted “smart” drug delivery and bioimaging. 
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1. Introduction 

Carbon quantum dots (CDs), carbon nanoparticles under 10 nm in diameter, are 

simple to synthesize, and exhibit excellent optical sensitivity and stability along with 

low cytotoxicity and excellent physiological clearance [1-4]. Surface modification can 

tune the solubility and recognition or targeting ability of the CDs [5, 6]. They are 

suitable fluorescent probes for ion sensing, catalysis, optoelectronic devices, 

anti-counterfeiting, bio-imaging, and drug delivery applications [7-12]. For instance, 

CDs have been used as potential drug candidates to design blood-brain barrier 

permeable nanomaterials and apply them to the treatment of Alzheimer's disease. CDs 

can penetrate the zebrafish blood-brain barrier and distribute to the brain where they 

have a high propensity for localizing to the zebrafish forebrain [13]. For many of 

these applications they are superior to complex synthetic organic fluorescent probes. 

They are particularly promising for applications that rely on ion-sensing as they can 

experience electron transfer, by chelation between pacifying CD-surface functional 

groups and the ion analyte; this can increase, decrease, or chromatically shift the 

fluorescence intensity of the CDs [14]. Sensitivity and selectivity are dependent on 

the affinity between the active groups on the surface of the CDs and the target metal 

ion [15, 16]; one useful approach to generate this specificity for certain metal ions is 

to dope with heteroatoms to introduce reactive functionalities [17, 18]. This affinity 

for specific ions means that CDs can be coupled with potent ion chelators to generate 

“off-on” fluorescent sensors. 

Cobalt (Co) is a physiologically essential mineral, albeit needed in very low 

quantities, primarily as a component in vitamin B12 which is essential for DNA 

biosynthesis; deficiency is especially dangerous for inhibiting erythropoiesis and 

myelin synthesis [19]. However, excessive intake of Co can cause asthma, cramps, 

diarrhea, rhinitis, hypotension, bone defects, stomach disorders, vasodilation and 

cancer [20, 21]. The maximum concentration of Co2+ in irrigation watering and 

livestock watering is limited to 0.05 and 1.0 mg·L-1, respectively (Environmental 

Bureau of Investigation, Canadian Water Quality Guidelines) [19].  
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Ethylenediaminetetraacetic acid (EDTA) is an excellent metal chelator commonly 

used in detergents, liquid soaps, cosmetics, and anticoagulants. Emergency use of 

EDTA for lead, or other heavy metal poisoning [22, 23]; however, the rise of so called 

chelation therapy for non-acute cases can lead to misuse [24]. EDTA has been 

reported to induce allergic dermatitis in humans [25, 26], and can also cause 

hypoglycemia and hypocalcemia in the blood [27].  

 Quantifying Co2+ and EDTA levels has been accomplished with CDs previously 

[28-30]. For example, Bano and colleagues prepared nitrogen-rich CDs for Co (II) 

detection [31]. Wu and colleagues published nitrogen-doped CDs for the 

determination of Co2+ in aqueous media [32]. Narola et al. used reverse phase HPLC 

method to detect EDTA in drugs [33]. Krokidis et al. used ion chromatography to 

determine EDTA in pharmaceutical preparations and canned food [34]. But these 

detection techniques often involve cumbersome sample preparation, expensive 

equipment or unsatisfactory detection limits [35-38]. Recently, fluorescent 

nanomaterials, such as organic nanoparticles and semiconducting quantum dots, have 

been widely used in the field of sensing [39, 40]. However, the high cytotoxicity and 

low biocompatibility of these materials have limited their practical application. 

Therefore, there is an urgent need to find a new type of green material to quickly and 

sensitively detect both Co2+ and EDTA. 

At present, a CDs-based fluorescence sensing method has not been established to 

simultaneously detect Co2+ and EDTA. Moreover, there are few reports on the 

bioeffects of CDs in vivo [41]. Additional studies on the in vivo uptake, metabolism, 

and toxicity of CDs are still needed. As zebrafish and human genes are highly similar, 

this very small, easy to handle and maintain fish, is an excellent model organism [42, 

43]. 

Herein, we developed a facile and inexpensive strategy for the fabrication of 

nitrogen and phosphorus co-doped fluorescent CDs in high yield. The hydrothermal 

treatment of a mixture of frozen tofu, ethylenediamine and phosphoric acid provided 

the CDs we use for various applications in fluorescence imaging both in vitro and in 

vivo (Fig. 1). 
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Fig. 1 Graphical representation of the formation, sensing mechanism, cellular imaging application 

and in vivo fluorescence of the CDs 

2. Materials and methods 

2.1. Materials 

Frozen northern tofu was bought from a Meet all supermarket (Taiyuan, China). 

Phosphoric acid and ethylene diamine (Tianjin Dengfeng Chemical Co., Ltd); 

disodium hydrogen phosphate and sodium dihydrogen phosphate (Tianjin Sailboat 

Chemical Reagent Technology Co., Ltd); quinine sulfate and methyl-β-cyclodextrin 

(M-β-CD) (Shanghai Aladdin Biochemical Technology Co., Ltd.); MTT reagent and 

streptomycin (Beijing Soleil Technology Co., Ltd.); DMEM (Shanghai Beinuo 

Biotechnology Co., Ltd.); FBS (Sijiqing brand, Hangzhou, China); trypsin (Shanxi 

Biotech Biotechnology Co., Ltd); sucrose (Shanghai Aibi Chemical Reagent Co., 

Ltd.); and sodium azide (Chengdu Kelon Chemical Reagent Factory) were used as 

received without further purification. The HeLa cells were provided by the Genetic 

Engineering Center of Shanxi University. 0.1 M of various metal anions and cations 

(Cr3+, Pb2+, Ca2+, Fe3+, Bi3+, K+, Na+, Cu2+, Ba2+, Mn2+, Hg2+, Mg2+, Cd2+, Zn2+, Al3+, 

Ni2+, Co2+, S2-, I-, Br-, NO3
-, CO3

2-, SO4
2-, CN-, SCN-, C2O4

2-, CH3COO-, NO2
-, 

SO3
2-, S2O3

2-, PO4
3-, ClO4

-, BrO3
-, CrO4

2-) were prepared using their chloride, or 
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sodium salts. Aqueous solutions of 0.01 M of EDTA, Cysteine (Cys), Glutathione 

(GSH), Homocysteine (Hcy), Tyrosine (Tyr), Lysine (Lys), Arginine (Arg), 

Phenylalanine (Phe), and Ascorbic Acid (AA) were prepared from dry agents  

2.2. Synthesis of CDs 

The frozen tofu was cut into 5 mm square pieces with a scalpel which were then 

washed extensively with distilled water, and then dried in an oven at 50 °C for later 

use. To create the CDs, 0.5 g of the above dried tofu cubes was placed in a beaker; we 

then added 4 mL of phosphoric acid and 5 mL of ethylenediamine sequentially with 

continuous stirring. 0.5 g of the reaction mixture was placed into a hydrothermal 

reactor (50 mL, Shanghai Kexing Instruments), and 20 mL of deionized water was 

added. The mixture was thoroughly mixed, and then placed in a 210 °C oven for 4 

hours. The reactor was then allowed to cool naturally to ambient temperature, 

removed from the reactor, and centrifuged for 8 minutes at 8000 RPM to sediment 

any residual solids, and the supernatant decanted and collected. This was then 

dialysed against distilled water (MWCO = 500-1000 Da) with two changes of liquid 

for a total of 24 hours to obtain isolated CDs. This solution was lyophilized to provide 

320 mg of the CDs as a pale yellow powder. 

2.3. Characterization 

The particle size and zeta potential were determined using a Malvern Zetasizer 

Nano ZS90. Transmission electron microscopy (TEM) images were acquired by a 

JEM-2100 instrument with an acceleration voltage of 200 kV (JEOL, Japan). 

Fluorescence spectra were obtained on a fluorescence spectrometer (model F-280, 

Gangdong Technology, Tianjin). Ultraviolet absorption spectra were acquired using a 

Cary 50 Bio UV-Vis spectrometer (Agilent, USA). The infrared spectrum was 

obtained on an FTIR-8400S (Shimadzu, Japan) spectrometer. Raman spectra were 

collected on a Bruker Senterra dispersive Raman microscope. X-ray photoelectron 

spectroscopy (XPS) was conducted using an AXIS ULTRA DLD electronic 

spectrometer (Japan). The fluorescence lifetime was measured on an Edinburgh 

FLS920 spectrometer (UK). The relative fluorescence quantum yield (QY) of the CDs 



 
 

 7 

was calculated using the formula Φx=Φstd Ix Astd η
2
x / (Istd Ax η

2
std). Where Ix and Istd 

represent the fluorescence intensity of the CDs and reference, respectively; Ax and Astd 

represent the optical densities of the CDs and the reference, respectively; and ηx and 

ηstd represent the refractive indices of the CDs and the reference, respectively. The 

standard used was quinine sulfate, with a QY of 0.54 in a 0.1 M H2SO4 at 360 nm 

excitation. Cellular imaging was conducted using a laser scanning confocal 

microscope (LSCM; Leica TCSSP5, Germany) and a fluorescence microscope 

(ZEISS, Vert. A1, Germany). 

2.4. Detection of Co2+ and EDTA.

To conduct the sensitivity tests, aliquots of 200 μL of an aqueous solution of CDs 

(1 mg/mL) was added to 600 μL of a pH 5.0 Tris-HCl solution to measure the original 

fluorescence intensity. To the different aliquots of this solution, 2 μL of various 

chlorides with a concentration of 0.1 M (Mg2+, Pb2+, Hg2+, K+, Cd2+, Cr3+, Bi3+, Zn2+, 

Na+, Al3+, Ca2+, Fe3+, Mn2+, Ba2+, Cu2+, Co2+, Ni2+), or 0.1 M of various sodium salts 

(NO3
-, CO3

2-, SO4
2-, C2O4

2-, CH3COO-, NO2
-, SO3

2-, S2O3
2-, PO4

3-, ClO4
-, BrO3

-, 

CrO4
2-) were added with mixing. Noting the high selectivity for cobalt (II), the same 

volume of CoCl2 solutions of different concentrations were added to generate a 

concentration scan. All excitation occurred at 360 nm. In all cases, fluorescence 

intensity was recorded 60 seconds after addition with a slit width of 5 nm. Finally, we 

studied the fluorescence recovery effects of different anions and small molecules (S2-, 

I-, Br-, NO3
-, CO3

2-, SO4
2-, CN-, SCN-, AA, GSH, Hcy, Arg, Tyr, Lys, Phe, Cys, 

EDTA) on the CDs-Co2+ system. Solutions (0.05 M) of these anions (as their sodium 

salts) and small molecules (15 μL) were added to a solution of the CDs-Co2+ system 

(800 µL) generated from the above protocol. The solution was thoroughly mixed, and 

the fluorescence intensity was measured. With EDTA showing significant activity, an 

EDTA concentration scan was performed under the same protocol using different 

stock solutions of EDTA to vary the final concentration. The (F0-F)/F0 ratio was used 

to represent the recovery efficiency of EDTA on the CDs-Co2+ system, where F0 and 
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F are the measured fluorescence emission at 460 nm when excited with 360 nm light 

in the absence and presence of EDTA respectively. 

2.5. Analysis in complex matrices 

To demonstrate the feasibility of the sensor in an actual sample, tap water (10 mL, 

Taiyuan municipal water, China) was centrifuged at 8,000 rpm for 10 minutes to 

remove macroscopic particulate matter, followed by filtration through a 0.45 μm pore 

size filter membrane. The analysis solution was prepared by diluting 200 μL of CDs 

(1 mg/mL) with 600 μL of a pH 5.0 Tris-HCl solution. The fluorescence intensity of 

this, F0 was obtained. Then, the tap water sample, spiked with Co2+ standard solutions, 

was added to the analysis solution (final concentrations: 0.3, 0.4, and 0.5 μM of Co2+), 

and the fluorescence intensity (F) was measured. The Co2+ concentration was 

calculated according to the linear equation. Next, we added a contact lens care 

solution containing a standard EDTA concentration (0.05 mg/mL) to the 

above-mentioned Co2+ quenched CDs tap water system (final concentrations: 0.4, 0.7, 

and 0.9 μM of EDTA), measured the fluorescence intensity, and calculated the 

concentration of EDTA according to our linear equation. 

2.6. Fluorescence imaging 

HeLa cells (density of 1.0×105 cells) were incubated in a 35 mm culture dish 

overnight at 37.5 ºC in BMEM media. The spent media was removed, and the 

cells were incubated with 400 μg/mL of CDs in BMEM media for 2 h. To this 

solution we added 1 ml of pH 7.4 PBS to the cell culture dish, and gently shook 

to wash, removing any unabsorbed CDs. The supernatant was aspirated away, 

and replaced with a fresh 1 mL of PBS; the process was repeated for a total of 

three washes, before 1 ml of PBS was added, and the cells imaged under LSCM. 

Next, 3.5 μL of a 0.1 M Co2+ in PBS was added to the living cell system and 

incubated for 5 minutes. Images were obtained. Subsequently, 25 μL of EDTA 

with a concentration of 0.05 M was added to the cell plate. Again, fluorescence 

images of the cells were obtained by LSCM. 
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2.7. In vivo imaging and toxicity 

Zebrafish were induced to lay eggs under light stimulation; the embryos were then 

harvested and washed and incubated with standard E3 medium (5 mM NaCl, 0.17 

mM KCl, 0.33 mM CaCl2·2H2O, 0.33 mM MgSO4·7H2O). The zebrafish larvae, 5 dpf, 

were transferred to a 6-well plate (20 larvae per well), and incubated with E3 medium 

(5 mL) containing 3 mg/mL of CDs. After 24 hours, representative zebrafish were 

fixed and photographed using a laser confocal microscope. The remaining zebrafish 

were transferred to E3 medium without CDs and were maintained until death with 

medium changes every day. The fluorescence of the intestinal tract and liver over the 

time course was monitored by laser confocal microscopy to evaluate the metabolism 

of CDs in the body. In a second study, 5 ml of E3 medium containing different CD 

concentrations (0, 0.5, 1, 3, 5, 7 mg/mL) were evaluated in a six-well plate with 20 

Zebrafish added to each well. The survival of the fish was observed and recorded over 

time to calculate the in vivo toxicity of the carbon dots to the zebrafish. 

2.8. Information encryption/decryption 

We filled a pen (Morning light, Gel refill) with an aqueous solution of CDs and 

drew various patterns on filter paper (beimu). These were naturally air-dried and then 

placed under a 365 nm UV light. We then sprayed an aerosolized 0.1 M Co2+ solution 

onto the filter paper and placed it under the UV light again. Finally, a similarly 

formulated EDTA solution (0.1 M) was sprayed onto the filter paper and 

photographed under the same UV light. 

3. Results and discussion  

3.1. The synthesis and characterization of CDs 

The nitrogen and phosphorus co-doped CDs were successfully prepared in a 

one-step hydrothermal reaction of frozen tofu, ethylenediamine and phosphoric acid 

(Fig. 1). Protein-rich tofu provides a rich source of carbon and nitrogen for the 

synthesis of CDs, while ethylenediamine and phosphoric acid contribute to the 

formation of surface functional groups on the CDs. The resulting CDs have good 
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dispersibility, are highly soluble in water, and are obtained in a high yield of 64% 

based on the mass of the tofu starting material. The fluorescence intensity of CDs 

prepared without the addition of ethylenediamine and phosphoric acid, or with 

only either one of ethylenediamine or phosphoric acid is relatively weak (Fig. 

S1a-c). However, with both additives, the fluorescence intensity of the prepared 

CDs significantly increased. A scan of the relative ratios of the additives was 

conducted and identified that a 4:5 (v/v) ratio of phosphoric acid to 

ethylenediamine provided the greatest degree of fluorescence for the resulting 

nanoparticles (Fig. S1d).  

Transmission electron microscopy (TEM) images (Fig. 2a) shows that the 

CDs are well dispersed and have a diameter in the range of 2-4 nm, with an 

average particle size of 2.9 nm. The corresponding Scanning probe microscope 

(SPM) image (Fig. 2b) revealed a typical topographic height of 2.5-3.5 nm (Fig. 2c), 

which supports the proposed spherical geometry of the CDs. The DLS indicates a 

mean hydrodynamic size of 8.1±0.60 nm (Fig. S2), which, as expected, is 

larger than the result of TEM, with the difference resulting from the solvation 

sphere around the nanoparticle. 

Fluorescence spectroscopy and UV-vis absorption are effective tools for 

characterizing the optical properties of CDs. The two most distinct absorption 

peaks in the CD UV-vis spectrum are at 282 nm and 323 nm (Fig. 2d). That at 

282 nm is due to the π-π* transition of the C=C bonds in the sp2 domain. The 

peak at 323 nm is due to the n-π* transition of conjugated C=O bonds [44]. The 

optimal excitation (λex) and emission (λem) wavelengths for the CDs to 

maximize the amplitude of emission are at 360 and 460 nm, respectively (Fig. 

2d). Aqueous solutions of CD illuminated with 365 nm UV light emit strong 

blue fluorescence (inset), while the CD solid powder is bright yellow. As 

expected, fluorescence is highly dependent on the wavelength of excitation 

(Fig. 2e) [45]. As the excitation wavelength increases, the emission red-shifts 

and fluorescence intensity decreases. This excitation-dependent 

photoluminescence (PL) is important for multicolor bioimaging, especially in 
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vivo. Using quinine sulfate as a reference, the fluorescence quantum yield of 

these CDs was measured to be 9.5% (in Fig. S3 and Table S1), which is higher 

than that of other previously reported N, P co-doped CDs [46-48]. The XRD 

pattern of the CDs (Fig. S4) showed a broad peak centered at 2θ=23.18, 

consistent with an amorphous carbon phase, which arises due to the disruption 

introduced into the lattice by N-, and P-containing groups [49]. 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Characterization of the CDs. (a) A representative TEM image of the CDs. (Inset: size 

distribution histogram) (b) SPM image of the CDs on a Si substrate. (c) Height profile along the 

lines in (b). (d) The absorbance, excitation and emission spectra of the CDs. The insets are 

photographs of both powder and aqueous solutions of CDs under daylight (left) and 365 nm UV 
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light (right), respectively. (e) The fluorescence emission spectra of the CDs under different 

excitation wavelengths. (f) The XPS spectrum of the CDs.

The Raman spectrum shows two peaks at 1379 cm-1 (D band) and 1585 cm-1 

(G band; Fig. S5a), attributable to the disordered surfaces and the sp2 carbon 

networks respectively [50]. The intensity ratio of D and G bands (ID/IG) is 0.87, 

revealing an amorphous carbon phase of CDs [51]. 

The composition and identity of present functional groups was also examined 

by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS). The FTIR spectrum (Fig. S5b) shows that the CD surface 

is dotted with N-H (3473 cm-1), O-H (3228 cm-1), -CH2 (3007 cm-1), C=O 

(1631 cm-1), C=C (1571 cm-1), C-N (1504 cm-1), C-O (1402 cm-1), P=O (1076 

cm-1), and P-O (870 cm-1) functionalities. The XPS spectrum confirms that the 

CDs are mainly composed of C, N, O and P in a ratio of 55.4: 14.1: 25.7: 4.8 

(Fig. 2f, Table S2). The four peaks at 284.8, 399.6, 532.2 and 133.3 eV belong 

to C1s, N1s, O1s and P2p, respectively. The C1s spectrum (Fig. S5c), reveals the 

presence of three different types of carbon, with the signals at 284.9, 286.4 and 

288.2 eV corresponding to graphitic or aliphatic carbon (C−C/C=C), C-N and 

C=O/C=N, respectively. The O1s spectrum (Fig. S5d) contains two distinct 

signals at 530.8 eV for P=O, and 531.9 eV for C-OH/C-O-C. In the N1s 

spectrum (Fig. S5e), the two peaks at 399.7 and 400.5 eV arise from C-N-C and 

N-H groups. Finally, the P2p spectrum displays two peaks at 132.51 eV (P-O) 

and 133.21 eV (P-C) (Fig. S5f). These results combine to strongly suggest that 

the P and N are chemically incorporated into the CD matrix.  

The zeta potential of the CDs was measured to be -19 mV, which may be 

caused primarily by exposure of -COO- groups on the surface. The rich mixture 

of functional groups not only induce a negative charge on the surface of the 

CDs, but also increase the materials’ hydrophilicity and stability, essential for 

any cell imaging application. 

3.2. Fluorescence sensing of Co2+ and EDTA 
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As the surface of the CDs is negatively charged, they could potentially be 

used for metal-ion-specific detection. We screened a library of salts against the 

materials looking for fluorescence quenching as the readout (Fig. 3a, Fig. S6). 

Little effect was observed for any ion except Co2+. When the CDs were 

prepared without the addition of ethylenediamine and/or phosphoric acid, they 

showed no fluorescence-response sensitivity to any cation (Fig. S7). Closer 

examination of the Co2+ effect demonstrated dose dependence (Fig. 3b, 3c) 

confirming the CD’s suitability as a “on-off” fluorescent probe for Co2+. 

Linearity is good between 0 to 0.5 μM with a limit of detection of 58 nM. Next, 

we explored the sensing mechanism that was causing the quenching. The 

absorption spectra of the Co2+ and the emission spectra of the CDs overlap (Fig. 

S8a), resulting in the generation of an inner filter effect (IFE) [52]. However, 

the average fluorescent lifetime of the CDs and CDs-Co2+ systems were 5.63 ns 

and 5.56 ns, respectively (Fig. S8b), indicating that the adsorption of Co2+ did 

not change the fluorescence lifetime of the CDs. The results suggest that the 

static quenching of CDs may be caused by a specific interaction between the 

CDs and Co2+ [53]. In addition, we explored the fluorescence quenching effect 

as a function of temperature (Fig. S8c). When the temperature increases, the 

slope of the Stern-Volmer plot decreases, further supporting that quenching 

occurs through a static mechanism [54]. This is consistent with the fact that 

Co2+ readily forms complexes with carboxylates and amines, like the functional 

groups on the surface of our CDs. Hence cobalt-specific CD quenching is likely 

due to a combination of the IFE and static quenching that occur upon 

adsorption. 

In order to demonstrate the suitability of the CDs for the detection of Co2+ in 

real samples, the content of Co2+ in tap water was evaluated. We spiked 

municipal tap water with known amounts of Co2+ (final concentrations: 0.3, 0.4, 

and 0.5 μM), and measured fluorescence. Using our method, we calculated the 

concentrations 0.29, 0.41, and 0.49 μM respectively; the other components of 
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the tap water did not interfere with the assay (Table 1). The CDs are 

appropriate for quantitative detection of Co2+ in the environment. 

 

Fig. 3 Fluorescent response of CDs to Co2+ and EDTA. (a) Fluorescence intensity ratio (F/F0) of 

CD solutions (0.25 mg/mL) in the presence of Co2+ (250 µM) and various other common metal 

ions. Insets show photographs of the CD solution after the addition of 300 µM of the different 

metal ions under 365 nm UV lamp. (b) Effect of different concentrations of Co2+ (from 0 to 500 

µM) on the fluorescence emission intensity of CDs. (c) Relationship between F0-F and the Co2+ 

concentrations. F0 and F represent the PL intensity of the initial CD solution and the solution after 

Co2+ is added, respectively. Inset: pictures of the CD solutions neat, and in the presence of 300 µM 

Co2+ under UV light (365 nm). (d) Fluorescence intensity ratio (F/F0) of CD-Co2+ system with the 
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addition of EDTA (920 µM) and various other anions and small molecules. (e) Relationship 

between F-F0 and EDTA concentration for CD-Co2+; F0 and F represent the PL intensity of the CD 

solution prequenched with 250 μM Co2+, and after EDTA was added at the provided 

concentrations respectively. Inset: pictures of the CD-Co2+ solutions with the addition of no EDTA, 

and with the addition of 800 µM EDTA under UV light (365 nm). (f) Fluorescence spectra of CDs 

under different environmental conditions (CDs concentrations: 0.25 mg/mL; Co2+ concentrations: 

250 µM; EDTA concentrations: 920 µM).  

Inspired by the strong affinity between Co2+ and EDTA, we speculated that 

EDTA may restore the fluorescence of a quenched CD-Co2+ system. Evaluating 

it and a variety of other small molecules and anions, it was clear that it does 

(Fig. 3d), and it does in a dose-dependent matter (Fig. 3e), restoring 80.6% of 

the initial intensity before plateauing (Fig. 3f). The dose effect is highly linear 

in the 0-1 μM range with a detection limit of 98 nM. Compared to previously 

reported methods for EDTA quantification [55, 56], this fluorescence sensing 

method has the advantages of convenience and simplicity. 

Although fluorescence recovery is only 80%, after three cycles it stabilizes at 

65% of the original fluorescence and can be recycled repeatedly after that point 

with negligeable additional loss of activity (Fig. S9). In order to demonstrate 

the suitability of Co2+-quenched CDs for the detection of EDTA in actual 

samples, the EDTA content in commercial contact lens care solutions was 

quantified (Table 1). Contact lens solution (0.5mg/mL EDTA) was added to the 

CDs-Co2+ tap water system (final EDTA concentrations: 0.4, 0.7, and 0.9 μM), 

and the determined concentrations were 0.42, 0.72, and 0.89 μM. The CDs are 

suitable for the detection of EDTA in actual samples.  

Table 1. Practical Sample Detection of CDs for Co2+ and EDTA 

sample no. 1 2 3 

Co2+ added (μM) to tap water 0.3 0.4 0.5 

Co2+ detected (μM) 0.289 0.413 0.491 
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Our detection limits for Co2+ and EDTA were compared with previously 

published tools (Table 2). Our system is among the more sensitive for Cobalt, 

and is almost as sensitive as an HPLC protocol for EDTA; however a one-off 

fluorescence measurement is far simpler to conduct than an HPLC method 

suggesting that our CDs could be more useful. These CDs are among the most 

sensitive tools to quantitatively detect Co2+ and EDTA. However, their mode of 

action makes them potentially promising for in vivo applications. 

 

Table 2. Comparison with some previously reported of detection for Co2+ and EDTA 

Materials or technique LOD of Co2+ (nM) LOD of EDTA (μg/mL) refs. 

N-carbon quantum dots 120   Bano et al. (2019) [31] 

N-CDs 250   Jing et al. (2019) [32] 

CDs 390   Zhao et al. (2019) [35] 

N-doped CDs 230.5  Du et al. (2020) [57] 

N,S-doped CDs 5  Li et al. (2014) [58] 

Cetrimonium 

bromide-passivated 

CDs 

0.67  Shi et al. (2013) [29] 

HPLC  0.023 Hallaj et al. (2014) [36] 

error analysis ±1.81 ±2.13 ±1.46 

RSD (%) 3.03 2.54 1.78 

recovery (%) 96.3 103.3 98.2 

EDTA in contact lens care 

solution added (μM) 

0.4 0.7 0.9 

EDTA detected (μM) 0.417 0.719 0.887 

error analysis ±1.91 ±2.08 ±1.54 

RSD (%) 2.64 1.87 2.05 

recovery (%) 104.3 102.7 98.6 
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Z-CDs  0.12 Yang et al. (2018) [37] 

flame atomic absorption 

spectroscopy 

 2 Sharratt et al. (2009) 

[27] 

CDs 58  0.033 this work 

3.3. Intracellular accumulation and endocytosis of CDs 

Stability, low toxicity and biocompatibility are essential for biological 

applications. First, we studied the optical stability of the CDs to the 

environment (Fig. S10a). The fluorescence is largely independent of pH over a 

range of 2-12. Similarly, CD fluorescence intensity is independent of ionic 

strength from 0-1.0 M KCl (Fig. S10b). The CDs are resistant to 

photobleaching, with no change to fluorescence, even after constant UV 

irradiation (365 nm, 16 W) for four hours (Fig. S10c); they also show only very 

minor loss in fluorescence upon extended (three month) storage in solution (Fig. 

S10d). In addition, pH and temperature basically do not affect the capability of 

CDs against Co (Fig. S11). The CDs have excellent optical stability.  

An MTT assay was used to assess in vitro cytotoxicity of CDs against HeLa 

cells over a 24 hour time-course (Fig. S12). Even at a very high 600 μg/mL 

(effective concentration is below 250 μg/mL) cell survival rate was still above 

87%. Cell viability was within error of the negative control at 200 μg/mL. The 

CDs are effectively non-toxic well above their effective concentration. 

Due to the low toxicity and excellent fluorescence properties of CDs, we 

explored the potential of cell imaging. Fig. S13 shows fluorescent images of 

HeLa cells incubated with CDs. Multicolor fluorescent images can be acquired 

by selecting different lasers owing to excitation-dependent emission 

characteristics of the CDs and demonstrating that they readily localize to the 

cells. When excited by a light source of 405 and 488 nm, respectively, a 

multicolor cell imaging pattern in both blue and green fluorescence can be 

obtained (due to differences in emission maxima depending on excitation 

wavelength, Fig. 4). After adding Co2+ to the system (as CoCl2, 350 μM final 
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concentration), the intracellular fluorescence was largely quenched. However, 

the fluorescence was restored upon addition of EDTA.  

 

Fig. 4 Cellular imaging of HeLa cells incubated with CDs (400 μg·mL-1), followed by sequential 

treatment with Co2+ and EDTA under both 405 nm and 488 nm excitation.  

In order to study the cellular uptake kinetics of the CDs, the fluorescence intensity 

of CDs in HeLa cells as a function of time was measured by flow cytometry using our 

previously reported method [59]. In this experiment, the fluorescence intensity 

gradually increases as the incubation time proceeds (Fig. S14a), largely plateauing 

after 1 h (Fig. S14b). A single exponential function fit predicts a rate constant of 

uptake (k) of about 0.08 min-1, implying that it takes nearly 9 min for cells to absorb 

50% of their maximum amount of CDs. Fig. S14c displays a quick analysis of the 

effect of additives on cellular uptake to probe mechanism. This pattern (moderate 

impact from sodium azide and β-cyclodextrin, with significant inhibition by sucrose 

or lower temperatures) is consistent with uptake occurring primarily through the 

clathrin-mediated endocytic pathway [60-62].  
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3.4. Uptake and metabolism of CDs in zebrafish 
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Fig. 5 In vivo biological effect of zebrafish. (a) Kaplan-Meier survival plot for zebrafish treated 

with various concentration of CDs (n=20). (b) and (c) Fluorescence microscopy images of 
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zebrafish larvae after incubating with CDs (3 mg/mL) for 24 h (c is an enlarged view of the 

intestine). (d) Fluorescence microscopy images after zebrafish larvae incubated with CDs 24h to 

transferred to E3 embryo media for another 24 h. (e) Average fluorescence intensity of zebrafish 

incubated for 24 hours with different concentrations of CDs (0 hours), and after 24 hours of 

incubation in CD-free media (24 hours). 

To determine whether the CDs are biocompatible in vivo, we analyzed long-term 

survivability of zebrafish at different CDs concentrations (Fig. 5a). Zebrafish survival 

time was still normal with CD concentrations as high as 5 mg/mL, although a dose 

response was observed. When the concentration rose to 7 mg/mL, survival 

significantly decreased. The median survival time is shown in Table S3. The median 

survival time refers to the survival time corresponding to a survival rate of 50%. The 

median survival time, time at which 50% of the fish in a treatment are dead [63], of 

the zebrafish incubated with CDs at concentrations of the control, 0.5, 1, 3, 5, and 7 

mg/mL was 11, 9, 8, 7.5, and 7 days, and 12 hours, respectively (Table S3). The 

results demonstrate that the CDs have very low toxicity even when concentrations 

reach as high as 5mg/mL, which is higher than the reported protective (from reactive 

oxygen species) concentration of nitrogen-doped CDs in zebrafish [41], and far higher 

than the imaging dose used in this study. 

To illustrate the potential applications of CDs in vivo, we used fluorescent imaging 

to monitor the uptake, distribution, and metabolism of CDs in the transparent 

zebrafish (Fig. 5b-e). When the zebrafish were cultured for 24 h in E3 medium 

containing CDs, the bright blue and green fluorescence of the CDs was localized to 

the intestines and liver of the zebrafish (Fig. 5b-c). This adsorption pattern, 

adsorption from the intestines into the bloodstream and concentration in the liver, is 

consistent with reported results [64]. These zebrafish were then transferred to standard, 

CD-free, E3 medium and cultured for an additional 24 hours. The blue/green 

fluorescence was completely lost from the intestines and liver (Fig. 5d), 

demonstrating that they are readily excreted and do not bioaccumulate (Fig. 5e).  

According to the requirements of US Food and Drug Administration (FDA), 

theranostic agents should be completely cleared from the body within a reasonable 
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period; this 24-hour clearance is within the norms of the field. Due to their low 

toxicity, easy, uptake, and easy clearance, CDs are good candidates for in vivo 

applications such as real-time multicolor bioimaging, molecular tracking, and 

potentially for theranostic drug delivery applications. Consequently, although 

cobalt toxicity or deficiency is not a major concern, we investigated whether the 

specific “Off-On” fluorescence sensing system with Co2+ and EDTA is 

compatible and possible in the zebrafish. The same fluorescence behaviour was 

observed in the animal as in the cell culture, indicating the as-prepared CDs 

sensor can be effect in vivo and in vitro (Fig. 6). 

 

Fig. 6 Laser confocal microscopy images of zebrafish larvae incubated with CDs (3 mg/mL) for 

24 h, and then treated with Co2+ (2 mM) and EDTA (8 mM) for 6 h before imaging under 405 nm 

and 488 nm excitation, respectively. 
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In view of the biocompatibility and efflux function of the prepared CDs, the 

as-prepared CDs will be loaded with drugs to explore their diagnostic and therapeutic 

potential. For instance, they can be used as potential drug carriers for the treatment of 

diseases such as Alzheimer's disease (AD) [64-66], and this will be reported on in due 

course as part of our ongoing collaboration.  

3.5. Hiding and revealing information using CDs 

An aqueous solution of CDs can also be used as a hidden fluorescent ink. Patterns 

were drawn onto filter paper, and air-dried (Fig. 7). The pattern could be clearly seen 

under 365 nm UV light as a bright blue symbol. When treated with Co2+, the blue 

fluorescence was largely quenched, although not completely like in our recent report 

[67]. When the filter paper is retreated with an EDTA solution, the blue fluorescent 

outline is restored, allowing the hidden information to be retrieved. These CDs could 

have a role in product authentication. 

Fig. 7 Photographs of the fluorescent patterns on filter paper under bright light and UV light of 

patterns established using a CD ink, and then upon addition of Co2+ and EDTA solutions. 

4. Conclusions 

Using frozen tofu as a carbon source and ethylenediamine and phosphoric acid as 

nitrogen and phosphorus sources, we produced bright blue fluorescent, 2.9 nm 

diameter CDs in a high yielding (64%) hydrothermal synthesis. The fluorescence is 
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insensitive to metal ions with the exception of Co2+, and as this ion can be stripped 

from the surface using a strong chelator like EDTA, these CDs act as very sensitive 

“off-on” fluorescence sensors for Co2+ and EDTA; detection limits were 58 nM and 

98 nM, respectively. In addition, the aqueous solution of CDs can be used as 

fluorescent ink for information hiding and retrieval. The CDs are highly stable under a 

broad range of chemical conditions, and show low toxicity and rapid clearance, 

making them potentially useful for in vivo applications. These novel CDs could prove 

useful for drug delivery and theranostic applications, and studies are currently 

underway in this direction. 
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