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ABSTRACT 

In this study, an on-off-on fluorescent nanosensor based on carbon quantum dots (or 

carbon dots, CDs) was successfully fabricated for Fe3+ detection and selective 

imaging of cancerous cells in vitro and in vivo. The multifunctional CDs were 

prepared by a one-pot solvothermal treatment of glycerol and a silane molecule 

(N-[3-(trimethoxysilyl)propyl]ethylenediamine, DAMO). The as-prepared CDs 

exhibited excellent fluorescence (FL) properties and favorable biocompatibility, and 

could realize wash-free cell imaging both in vitro (e.g., for bacterial and fungal cells) 

and in vivo (e.g., for zebrafish embryos). On the other hand, the CDs showed a rapid 

fluorescence response and good selectivity towards Fe3+, with a linear detection in the 

concentration range of 0.1–100 µM and a low detection limit of 16 nM. Besides, 

detection of Fe3+ in living cells and zebrafish was also successfully realized by the 

CDs. Moreover, the mixed solution of CDs and Fe3+ (CDs/Fe3+) could efficiently 

distinguish cancerous cells from normal ones based on the reductive environment of 

cancerous cell, mainly the difference in the content of glutathione (GSH). More 

importantly, GSH also realized the enhanced fluorescence signals of CDs/Fe3+ in 

tumor site in vivo after intravenous injection, indicating the potential of CDs/Fe3+ for 

imaging-guided precision cancer therapy.  
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1. Introduction 

Fe3+, an essential trace element in plants and animals, plays crucial roles in many 

biochemical processes, such as regulation of cellular metabolism, oxygen transport in 

hemoglobin, electron transfer, and enzyme catalysis [1−3]. Besides, the metabolic 

reprogramming under Fe3+ deficiency is related to the functional alteration of 

essential cell compartments, including mitochondria and chloroplasts. More 

importantly, abnormal Fe3+ levels are relevant to cancer and other diseases such as 

anemia, arthritis, intelligence decline, diabetes, kidney damage, and heart failure 

[4−8]. Thus simple, sensitive, and accurate detection of Fe3+ in living cells is vital for 

the early identification and diagnosis of these diseases. Conventional strategies for 

Fe3+ detection, such as atomic absorption spectrometry (AAS) [9], inductively 

coupled plasma mass spectrometry (ICP-MS) [10], and voltammetry [11], involve 

complex instrumentation and preparation procedures, which limit their applications. 

Recently, several fluorescent probes have been developed to detect Fe3+, such as 

organic dyes [12,13], semiconductor quantum dots [14], metal 

nanoclusters/nanoparticles [15,16], and fluorescent metal organic frame-based probes 

[17]. However, the preparations of these probes often require specialized synthetic 

skills and/or complicated purification procedures. Besides, most of them cannot 

realize Fe3+ detection in living cells and in vivo. Therefore, it is necessary to design 

novel probes possessing excellent photostability, biocompatibility, and high 

sensitivity for Fe3+ detection in living cells and in vivo. 

  Meanwhile, photoluminescent nanomaterials, such as fluorescent nanoclusters 

[18−20] and semiconductor quantum dots (QDs) [21−23], have become research 

hotspots due to their unique optical characteristics. However, they are limited by the 

photobleaching and/or toxicity issues for further application [24−26]. As a type of 

recently developed nanomaterials, carbon quantum dots (or carbon dots, CDs) have 

gained ever-increasing attention in bioimaging [27,28], antibacterial [29,30], drug 

delivery [31−35], microbial live/dead differentiation [36,37], photo- and 

electrocatalytic water splitting [38,39], and metal ion/glucose detection [40−44] as a 

result of their unique and tunable photoluminescence (PL), excellent photostability, 
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appreciable biocompatibility, facile synthesis, and easy surface functionalization 

[45,46]. In recent years, fluorescent sensors based on CDs for Fe3+ detection are 

attracting more interest because of their rapid response, high sensitivity, and 

convenient monitoring [47−50]. However, there have been few reports of using CDs 

for Fe3+ detection in living cells and in vivo. Thus, the development of CDs used for 

Fe3+ detection in living cells and in vivo would draw much attention and is a highly 

challenging goal.  

  On the other hand, early detection of cancer can extend patient survival through the 

therapeutic treatment in the early stages of the disease [51−53]. In addition, 

intraoperative imaging of tumors, in which surgeons employ fluorophores to identify 

tumor-positive margins and lymph nodes containing metastases, plays an important 

role in precision cancer therapy. For better specificity to cancerous cells, QDs, 

upconversion nanoparticles (UCNPs), or gold nanoparticles (AuNPs) are usually 

conjugated with the targeting moieties such as peptides, aptamers, and/or small 

molecules, which enable the nanoparticulate probes to bind specifically to the targets 

of interest [54−56]. However, these cancerous/normal cell differentiation approaches 

are usually only suitable for some specific cell types, which limits their further 

applications. Besides, it has been reported that various tumors express enhanced 

levels of the radical scavenger glutathione (GSH) as compared with normal tissues 

[57]. Thus developing detection methods based on the difference in the GSH 

concentration between cancerous and normal cells is applicable to various types of 

cells and urgently needed. 

  Herein, we report a facile solvothermal process to prepare silicon and nitrogen 

co-doped multifunctional carbon dots (CDs) that use glycerol as the carbon source 

and solvent medium, and an organosilane molecule 

N-[3-(trimethoxysilyl)propyl]ethylenediamine (DAMO) as the passivation agent. The 

obtained CDs with amine groups on the surface possess excellent aqueous 

dispersibility and stability, good photostability, favorable biocompatibility, and easily 

modifiable surface. Besides, the one-step solvothermal synthesis is simple, convenient, 

cost-effective, and eco-friendly. Furthermore, the CDs can be used for labeling 
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different types of microorganism (bacteria and fungi) and zebrafish embryos, 

indicating their universal cell imaging capability. Moreover, the obtained CDs show a 

selective and sensitive fluorescence response to Fe3+ and have been used for sensitive 

detection of Fe3+ in living cells and zebrafish. More importantly, the mixed solution 

of CDs and Fe3+ (CDs/Fe3+) could efficiently distinguish cancerous cells from normal 

ones based on the reductive environment of cancerous cell, mainly the difference in 

their cellular glutathione (GSH) in vitro and in vivo (Fig. 1), providing a method for 

efficient cancer diagnosis. 

 

Fig. 1. Schematic illustration of the synthesis of CDs and their applications for Fe3+ detection 

and cancer/normal cell differentiation based on the “on-off-on” fluorescence response 

property of the CDs. 

 

2. Experimental section 

2.1. Materials 

Glycerol, dimethyl sulfoxide (DMSO), AgNO3, Cr(NO3)3, CuCl2, Pb(NO3)2, CaCl2, 

MgCl2, MnSO4, FeCl2, ZnSO4, FeCl3, CdCl2, Hg(NO3)2, glycine, and human serum 

albumin (HSA) were purchased from Aladdin Chemistry Co. Ltd. (China). Quinine 

sulfate, buthionine sulfoximine (BSO, a GSH synthesis inhibitor), 

N-methylmaleimide (NMM, a GSH scavenger), and α-lipoic acid (LPA, a GSH 

synthesis enhancer) were obtained from Sigma Aldrich (St. Louis, MO, USA). 

N-[3-(Trimethoxysilyl)propyl]ethylenediamine (DAMO), 
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(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) (MTT), and 

fluorescein isothiocyanate (FITC) were obtained from J&K Chemical Ltd. (China). 

All aqueous solutions were prepared using Millipore deionized (DI) water. Human 

liver cancer cells (Hep G2) and human lung cancer cells (A549) were obtained from 

Cell Resource Center of Shanghai Institute for Biological Sciences (Chinese Academy 

of Sciences, Shanghai, China). Human normal liver cells (L02) and mouse cervical 

cancer cells (U14) were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA). Human normal lung cells (AT II) was obtained from 

Medical School of Southeast University. Staphylococcus aureus (S. aureus), 

Escherichia coli (E. coli), Trichoderma reesei (T. reesei), and Saccharomyces 

cerevisiae (S. cerevisiae) cells were from China Center of Industrial Culture 

Collection (CICC, Beijing, China). Zebrafish embryos were obtained from Eze-Rinka 

Co. Ltd. (Nanjing, China). 

  

2.2. Synthesis of CDs 

  The CDs were synthesized according to our reported method [58]. Briefly, 1.5 mL 

of DAMO was added to 10 mL of glycerol, followed by a degassing process with 

nitrogen for 2 min. After a 260 oC, 12 h thermal process, the cooled solid residue was 

added with 20 mL DI water. The CD solution was collected by centrifugation at 8000 

rpm for 10 min and then purified with a dialysis membrane (molecular weight cut-off: 

~1 kDa) for 2 days. Finally, CDs were freeze-dried and stored at room temperature for 

use. 

 

2.3. Characterization of CDs 

  Transmission electron microscopy (TEM) images were obtained via a Tecnai G2 

20 transmission electron microscope. A zetasizer instrument (Nano ZS, Malvern 

Instruments, United Kingdom) was used for recording the hydrodynamic diameters 

and zeta potentials. Fourier transform infrared (FTIR) spectroscopic analysis was 

performed on an FTIR spectrometer (Nicolet iS50, Thermo Scientific, USA). X-ray 

photoelectron spectroscopy (XPS) analysis was operated at a PHI Quantera II X-ray 
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photoelectron spectrometer (Ulvac-Phi). The ultraviolet−visible (UV−vis) absorption 

spectra were collected using a UV-2600 spectrophotometer (Shimadzu). Fluorescence 

spectra were obtained using a Shimadzu RF-5301PC spectrofluorophotometer. 

 

2.4. Measurement of quantum yield (QY) 

  The QY of the CDs was measured using quinine sulfate (QY: 54%) as a reference, 

which was dissolved in a 0.1 M H2SO4 aqueous solution. The relative QY of CDs was 

calculated using the follow equation (Eq. 1): 

2
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where φ represents QY, A is the optical density, I is the integrated emission intensity 

and η is the solvent refractive index. The subscripts “c” refers to the CDs and “s” 

refers to quinine sulfate solutions.  

 

2.5. Cytotoxicity assay 

  AT II cells were cultured in complete Dulbecco’s modified Eagle’s medium 

(cDMEM, containing 10% fetal bovine serum) at 37 oC under 5% CO2. To evaluate 

the cytotoxicity of CDs, Hep G2 cells were seeded in 96-well plate with a cell density 

of 5 × 103 cells per well. After overnight incubation, the culture media were removed, 

and CDs in fresh culture media were added at different concentrations (0, 5, 10, 20, 

50, 100, and 200 µg/mL). After incubation for another 24 h, a standard MTT assay 

was used to examine the cell viability. The cytotoxicity tests of CDs toward L02, 

A549, and Hep G2 cells were similar as described above.   

  To study the toxicity of CDs towards microorganisms, log phase cells of S. aureus 

(optical density at 600 nm, OD600 = 0.5) were inoculated with 1 : 10 into 100 µL of 

fresh lysogeny broth (LB) medium containing different concentrations of CDs (10, 20, 

50, 100, 200, 300, and 500 µg/mL) and seeded into a 96-well plate. Then the bacteria 

were incubated for 24 h at 37 oC in a shaking incubator. The metabolic activity of 

bacteria was evaluated by OD600, which was recorded through a microplate reader 

(Thermo-Scientific, Multiskan FC, USA) every 2 h. To test the cytotoxicity of CDs 
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toward E. coli and S. cerevisiae, similar experiments were carried out as mentioned 

above.  

 

2.6. Cell growth measurement using a real-time cellular analysis (RTCA) system 

The iCELLigence system (ACEA Biosciences Inc.) was used to monitor the 

influences of CDs on the growth of AT II cells in real time. Cell index was used to 

quantify cell status based on detected cell-electrode impedance. For real-time cell 

proliferation monitoring, 200 µL of cDMEM was added to each well of a E-plate L8 

(8 wells) to obtain background reading, and then AT II cells were seeded in E-plate 

L8 with a density of 1.5 × 104 cells per well. When the cell index value reached ~1, 

10 µL CD solution was introduced to each well to reach different final concentrations 

(0, 20, 50, 100, or 200 µg/mL).  

  

2.7. Hemolysis assay 

  The mouse red blood cells (RBCs) were obtained by removing serum from the 

blood by centrifugation and washing as reported previously [59]. Then RBCs 

suspended with phosphate-buffered saline (PBS) were mixed with equivalent CD 

solution at a final CDs concentration of 5, 10, 20, 50, 100, or 200 µg/mL. RBCs in 

PBS solution and in 1% Triton X-100 solution were set as the negative control and the 

positive control, respectively. After the mixtures were incubated at 37 °C for 2 h and 

centrifugated for 5 min, the absorbance at 450 nm of these supernatants was measured 

using a microplate reader. The hemolysis percentage was calculated using the 

following formula: 

Hemolysis% = (Isample – Inegative control)/(Ipositive control – Inegative control) × 100% 

where I represents the absorbance at 450 nm. 

 

2.8. Microorganism imaging 

  S. aureus and E. coli were used as the representative Gram-positive and 

Gram-negative bacteria, respectively. The two types of bacteria were cultured in fresh 

LB medium (5 mg/mL yeast extract, 10 mg/mL tryptone, and 10 mg/mL NaCl). T. 
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reesei and S. cerevisiae as two representative fungi were cultured in potato dextrose 

broth (PDB) medium (200 mg/mL potatoes, 20 mg/mL dextrose, and 20 mg/mL agar 

powder) and Yeast Extract Peptone Dextrose (YPD) medium (20 mg/mL peptone, 10 

mg/mL yeast extract, and 20 mg/mL glucose), respectively. The bacterial and fungal 

cells were collected and mixed with CDs in culture medium (final concentration: 50 

µg/mL). Then, the bacterial cells were incubated at 37 oC in a shaking incubator, 

while the fungal cells were cultured at 28 oC. After incubation for 30 min, the 

bacterial and fungal cells were collected by centrifugation at 6000 rpm for 5 min, and 

washed with PBS for 3 times before being imaged using confocal laser scanning 

microscopy (CLSM) via a confocal microscope (TCS SP8, Leica, Germany). 

 

2.9. Detection of Fe3+ using CDs 

  The detection of Fe3+ was conducted in aqueous solutions at room temperature. 

Weighted FeCl3 solid was dissolved in DI water (adding 1–2 drops 1 M HCl) to 

prepare the Fe3+ stock solution with a final concentration of 10 mM. Different 

concentrations of FeCl3 solution (0, 0.2, 2, 4, 10, 40, 100, 200, 400, 1000, and 2000 

µM) were obtained by diluting the stock solution with DI water. The CDs were 

diluted with DI water to reach a concentration of 100 µg/mL for the fluorescence 

measurements. The CD solution was mixed with one of the above FeCl3 solutions in 

equal volume (the final concentration of CDs: 50 µg/mL). The fluorescence emission 

spectra of the above mixed solutions were collected under 350 nm excitation. To 

confirm the selectivity of CDs toward Fe3+, other metal ion solutions were examined 

in a similar way. The Fe3+ detection selectivity and sensitivity of CDs in the 

coexistence of other metal ions were also tested. The selective analysis was performed 

for CDs in the presence of Fe3+ ions (1 mM) and one of the following ions (1 mM): 

Pb2+, Mn2+, Ag+, Fe2+, Mg2+, Cd2+, Cr3+, Hg2+, Ca2+, Cu2+, and Zn2+, and in the 

presence of the mixture of Fe3+ ions and all the above-mentioned ions. The sensitivity 

analysis was tested in the mixed solution containing all the above-mentioned ions. 

Besides, to mimic the physiological environment in the cell, the mixed solution 

containing abundant cellular cations (1 mM Na+, 1 mM K+, 1 mM Mg2+, and 1 mM 
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Ca2+) and trace metal cations (50 µM Mn2+, 50 µM Fe2+, and 50 µM Zn2+) [40] was 

also used to test the Fe3+ detection sensitivity and selectivity of CDs. 

 

2.10. Fe3+ detection in living cells 

  MCF-7 cells in cDMEM were seeded in a 96-well plate at a density of 5 × 103 cells 

per well. The cells were cultured for 24 h in an incubator with 5% CO2 at 37 oC. Then 

the CD solution in cDMEM (50 µg/mL) was used to replace the culture medium in 

each well. After incubation for 10 min, the cells were rinsed with PBS for 3 times and 

incubated with a 0.9% NaCl solution containing 5, 20, or 100 µM Fe3+ for another 30 

min. The cells were then imaged by a confocal microscope using a 63× objective. 

 

2.11. Fe3+ detection in zebrafish 

  Zebrafish at 5 dpf (days post fertilization) were cultured at 28.5 oC using standard 

zebrafish E3 culture medium (5 mM NaCl, 0.33 mM CaCl2, 0.33 mM MgSO4·7H2O, 

and 0.17 mM KCl) in a 96-well plate. Then the culture medium in each well was 

replaced with the standard zebrafish E3 culture medium containing the CD solution in 

the culture medium (200 µg/mL). After incubation for 4 h, the larvae were rinsed with 

PBS for 3 times and incubated with 5, 20, or 100 µM Fe3+ in the culture medium for 

another 2 h. Then the fluorescence of each larva was observed under a confocal 

microscope using a 10× objective. 

 

2.12. Cell imaging using CDs/Fe3+ solution    

  Before cell imaging, the fluorescence response of CDs/Fe3+ to GSH was first 

studied. Different concentrations of GSH (0, 20, 40, 100, 200, and 400 µM) were first 

prepared and then the CDs/Fe3+ solution was mixed with one of the above GSH 

solutions in equal volume (the final concentration: CDs: 50 µg/mL, Fe3+: 20 µM). The 

fluorescence emission spectra of the above mixed solutions were collected under 350 

nm excitation. The fluorescence response of CDs/Fe3+ to glycine or human serum 

albumin (HSA) was evaluated in a similar way. 

The cancerous cells (A549 and Hep G2) and normal cells (AT II and L02) were 
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cultured separately in cDMEM. The cells were seeded in a 96-well plate at a density 

of 5 × 103 cells per well. After incubation for 24 h, the culture medium in each well 

was replaced with CDs/Fe3+ (CDs: 50 µg/mL, Fe3+: 20 µM) in culture medium for 10 

min. Then CLSM and flow cytometry were used to analyze the cellular fluorescence 

in different cells. For comparison purposes, these cells without treatment were also 

analyzed by flow cytometry. To further explore the influence of GSH on cellular 

fluorescence, the A549 cancerous cells were pretreated with BSO (100 µM) for 1 h or 

NMM (500 µM) for 20 min followed by incubation with CDs/Fe3+ (CDs: 50 µg/mL, 

Fe3+: 20 µM) for 10 min, while the AT II normal cells were pretreated with LPA (500 

µM) for 24 h and further treated with/without NMM (500 µM) for 20 min followed by 

incubation with CDs/Fe3+ (CDs: 50 µg/mL, Fe3+: 20 µM) for 10 min. Then CLSM 

was used to analyze the cellular fluorescence after different treatments. For the 

co-culture assay, cancerous cells (A549 or Hep G2 cells) and normal cells (AT II or 

L02 cells) with a cell number ratio of 1 : 1 were co-cultured in 96-well plate for 24 h 

and the following incubaion and imaging steps were similar with those mentioned 

above.   

 

2.13. In vivo and ex vivo fluorescence imaging  

  For animal experiments, female nude mice were purchased from Yangzhou 

University Medical Centre (Yangzhou, China) and used under the approval of the 

Animal Care Committee of Southeast University. The animal experiments were 

conducted in compliance with the Regulations for the Administration 

of Affairs Concerning Experimental Animals of China. To establish the subcutaneous 

tumor model, U14 carcinoma cells (2 × 107, suspended in 100 µL of PBS) were 

inoculated onto the back of the nude mice. For intratumoral administration, 100 µL of 

PBS or CDs/Fe3+ solution (CDs: 50 µg/mL, Fe3+: 20 µM) was adopted. For 

intravenous administration, 100 µL of PBS or CDs/Fe3+ solution (CDs: 10 mg/kg, 

Fe3+: 4 mM/kg) was adopted. Then the treated mice were imaged by a Cri Maestroin 

in vivo imaging system with an excitation wavelength of 480 nm and an emission 

wavelength of 580 nm. For ex vivo imaging, representative mice from different groups 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 12

were sacrificed at the specific time point, and then tumor and major organs including 

heart, liver, spleen, lung and kidneys were taken out to conduct ex vivo fluorescence 

imaging. To see whether the CDs themselves can target tumor, ex vivo fluorescence 

images of major organs and tumors excised from the mice after treatment with CDs 

were also provided. Ex vivo imaging was performed on the same instrument with an 

excitation wavelength of 420 nm and an emission wavelength of 520 nm.  

 

2.14. Statistical analyses  

  Data were presented as mean values ± standard errors (SD) from 3 independent 

experiments in every group. One-way ANOVA analysis followed by Tukey’s post test 

was used to determine the difference of cellular fluorescence between cancerous and 

normal cells (*P < 0.05, **P < 0.01, or ***P < 0.001). 

 

3. Results and discussion 

3.1. Characterization of CDs 

  The CDs were obtained by heating DAMO in glycerol at 260 oC for 12 h (Fig. 1), 

and the as-prepared CDs could be homogeneously dispersed in various solvents. First, 

the morphology of CDs was characterized by TEM. The TEM image (Fig. 2a) and the 

corresponding histogram of size distribution (Fig. 2b) illustrate that CDs have an 

average size of ~6.1 nm with uniform spherical shape. The hydrodynamic diameters 

of CDs in water, 0.9% NaCl solution, and PBS measured via the dynamic light 

scattering (DLS) were 14.2 ± 0.9 nm, 14.9 ± 1.3 nm, and 15.1 ± 1.8 nm, respectively 

(Fig. S1), indicating the stability of CDs in different media. In addition, the 

hydrodynamic diameters of CDs in the three media remained nearly unchanged 

during 90-day period, further confirming the excellent aqueous stability of the CDs 

(Fig. S2). Furthermore, FTIR spectroscopy was used to investigate the surface 

functional groups of CDs. As shown in Fig. 2c, the CDs possess absorption bands of 

O–H/N–H stretching vibration (3650–3000 cm–1), C–H stretching vibration 

(3000–2800 cm–1), N–H bending vibration (1610 cm–1), and Si–O/C–O stretching 

vibration (1112 cm–1, also observed in the spectrum of DAMO), indicating the 
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existence of amino groups and various other moieties (such as O–H, C–H, Si–O, and 

C–O) in the CDs. Moreover, XPS analysis was carried out to further identify the 

components of CDs. The high resolution C 1s spectrum of CDs can be well-fitted into 

C–Si (283.5 eV), C–C (284.7 eV), C–N (285.3 eV), and C=O (287.1 eV) (Fig. 2d). 

The N 1s XPS spectrum of CDs can be decomposed into peaks at 398.2 eV (C–N–C), 

399.1 eV (N–C), and 400.3 eV (N–H) (Fig. 2e). Two main peaks in the Si 2p 

spectrum indicate the binding energy at 100.5 eV for Si–C bond and 102.4 eV for 

Si–O bond (Fig. 2f). These results further confirm that N and Si atoms are present in 

CDs, in good agreement with the FTIR results. Besides, as shown in Fig. 2g, the zeta 

potential values of CDs in water, 0.9% NaCl solution, and PBS were measured to be 

+8.9 mV, −3.2 mV, and −7.2 mV, respectively. The differences of these zeta potential 

values are due to the differences in pH and/or ionic strength of the three different 

aqueous solutions [60]. 

  The optical properties of the obtained CDs were also characterized. The UV−vis 

absorption spectrum of CDs shown in Fig. 2h exhibits an intense absorption band at 

273 nm, which is attributed to the π–π* transition of aromatic C−C bonds. In addition, 

the broad absorption band at ~328 nm is ascribed to the n–π* transition of C=O bonds 

[61]. In the fluorescence spectra, CDs have optimal excitation and emission 

wavelengths at 350 and 442 nm, respectively (Fig. 2h). Moreover, the 

excitation-dependent photoluminescence behavior was observed in Fig. 2i, which is 

due to the surface state and band gap of CDs [62]. Besides, the CDs preserved stable 

fluorescence in solutions with a wide range of ionic strengths and pH values. 

Particularly, the fluorescence intensity only changed slightly by ~9% and ~11% with 

ionic strength varying from 0 to 2.5 M and pH value increasing from 2 to 12, 

respectively (Fig. S3). Besides, the stability of the fluorescence intensity of CDs in 

NaCl solution at different pH values and after storage for different time periods were 

also evaluated. As shown in Fig. S4, the fluorescence intensity only changed by ~14% 

with pH value increasing from 2 to 12 and ~3% during 30-day period, indicating the 

stable fluorescence of CDs in various conditions. Furthermore, the photostability of 

FITC (a commercial dye) and CDs was evaluated. As shown in Fig. S5, the 
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fluorescence signal of FITC was quickly quenched after 3-min UV irradiation due to 

severe photobleaching. Comparatively, the CDs still maintained ~50% of the original 

fluorescence intensity after 10-min UV irradiation, indicating the superior 

photostability of CDs compared to FITC. The QY of CDs was as high as 45 % (using 

quinine sulfate as a reference). Both high QY and robust photostability make the CDs 

suitable for further bioimaging applications. 

 

Fig. 2. (a) TEM image and (b) the corresponding size distribution of DAMO CDs. (c) FTIR 

spectra of CDs, DAMO, and glycerol. (d–f) High resolution XPS spectra of DAMO CDs: (d) 

C 1s, (e) N 1s, and (f) Si 2p. (g) Zeta potentials of DAMO CDs (50 µg/mL) in water, 0.9% 

NaCl solution, and PBS, respectively. (h) UV–vis absorption spectrum and fluorescence 

excitation/emission spectra of DAMO CDs (50 µg/mL). (i) Fluorescence spectra of DAMO 

CDs under different excitation wavelengths. 

   

3.2. Cytotoxicity of CDs 

  To evaluate in vitro cytocompatibility of DAMO CDs, we investigated the 

cytotoxicity of DAMO CDs via MTT, RTCA, and hemolysis assays. The MTT results 
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in Fig. 3a indicate that the CDs showed negligible cytotoxicity at the concentration of 

200 µg/mL or below. The RTCA results (Fig. 3b) show that CDs induced little cell 

death even at the concentration of 200 µg/mL, which is consistent with the MTT 

assay results. Furthermore, RBCs maintained their normal discoid shape after 

treatment with CDs at concentrations of up to 200 µg/mL (Fig. 3c) and the hemolysis 

assay show that the CDs had negligible hemolytic activity toward RBCs even when 

their concentration was up to 200 µg/mL (Fig. 3d), indicating the good 

hemocompatibility of the CDs.  

 

Fig. 3. In vitro biocompatibility evaluation. (a) MTT assay results of AT II, L02, A549, and 

Hep G2 cells after treatment with various concentrations of CDs for 24 h. (b) RTCA results of 

AT II cells treated with CDs at different dosages. (c) Optical images of RBCs incubated with 

different concentrations of CDs. (d) Hemolysis percentages of RBCs in the presence of 

various concentrations of CDs. Triton X-100 was used as the positive control. 

  

3.3. Imaging of microorganisms using CDs 

  Considering the small size and excellent fluorescence properties (such as strong 

fluorescence emission and good photostability) of CDs, we further tested their 
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imaging ability toward microorganisms (including bacterial and fungal cells). 

Typically, as shown in Fig. S6, after incubation with CDs (50 µg/mL) for 30 min, 

both bacterial (E. coli and S. aureus) and fungal cells (S. cerevisiae and T. reesei) 

exhibited intense blue, green, or red fluorescence under 405, 488, or 552 nm laser 

excitation, respectively. Besides, the results in Fig. S7 show that the CDs had 

negligible cytotoxicity to bacterial (S. aureus and E. coli) and fungal (S. cerevisiae) 

cells even when the concentration of CDs reached 100 µg/mL. 

 

3.4. Detection of Fe3+ using CDs 

  It has been reported that the specific covalent binding can be formed between Fe3+ 

and amine groups [63]. Given that the as-prepared CDs are rich in amine groups, it is 

worthy to study whether the fluorescence of CDs can response to Fe3+ selectively and 

sensitively. As illustrated in Fig. 4a and b, except for Fe3+, which decreased the FL 

intensity of CDs to 16%, no obvious changes in the fluorescence quenching values 

(F/F0) of CDs were observed after adding different metal ions (including Hg2+, Cr3+, 

Cd2+, Mg2+, Fe2+, Ag+, Mn2+, Zn2+, Pb2+, Ca2+, and Cu2+), suggesting that the CDs 

were suitable for Fe3+ detection. In addition, the fluorescence spectra of the CDs after 

adding different concentrations of Fe3+ are shown in Fig. 4c. With the increasing of 

the Fe3+ concentration from 0.1 µM to 1 mM, the fluorescence intensity of CDs (at 

450 nm) decreased gradually. A linear relationship was observed for the fluorescence 

decrease ((F0 − F)/F0) and the Fe3+ concentration (C, ranging from 0.1 to 100 µM) 

(Fig. 4d), with the linear regression equation of (F0 − F)/F0 = 0.00148C + 0.01604 

(the correlation coefficient, R2, is 0.997) and a detection limit of 16 nM (calculated at 

a signal-to-noise ratio of 3 [48,64,65]). Furthermore, as shown in Fig. S8a and b, the 

CDs exhibited similar responses to Fe3+ alone, the mixtures of Fe3+ and one of the 

following ions: Pb2+, Mn2+, Ag+, Fe2+, Mg2+, Cd2+, Cr3+, Hg2+, Ca2+, Cu2+, and Zn2+, 

and the mixture of Fe3+ and all these ions, indicating the high selectivity of CDs in 

sensing Fe3+ with no significant interferences from these coexisting ions. Besides, the 

CDs also showed a sensitive fluorescence response to Fe3+ in the mixed solution of 

the above-mentioned ions with a detection limit of 18 nM (Fig. S8c and d). To mimic 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 17

the physiological environment in the cell, we also tested the sensitivity and selectivity 

of CDs for metal ions in the mixed solution containing 1 mM Na+, 1 mM K+, 1 mM 

Mg2+, 1 mM Ca2+, 50 µM Mn2+, 50 µM Fe2+, and 50 µM Zn2+. As shown in Fig. S9, 

the CDs also showed a selective and sensitive fluorescence response to Fe3+ in the 

mixed solution of metal ions with a detection limit of 16 nM. The above results 

demonstrated that the CDs could detect Fe3+ in the coexistence of various metal ions 

with high selectivity and sensitivity. 

 

Fig. 4. (a) Photographs of CDs (30 µg/mL) alone (Control) or after incubation with different 

kinds of metal ions (1 mM) under the irradiation of a UV light (302 nm). (b) Relative 

fluorescence intensities of the CDs in the absence (black column) and presence (red column) 

of different metal ions (1 mM). (c) Fluorescence spectra of CDs in the presence of Fe3+ ion 

(from top to bottom: 0, 0.1, 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 µM). Inset: Images of 

the DAMO CDs before (left) and after (right) interaction with Fe3+ under UV light. (d) Plot of 

(F0 − F)/F0 versus the concentrations of Fe3+, C(Fe3+), and the linear calibration. 

 

3.5. Mechanism for Fe3+ detection by CDs 
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Generally, fluorescence can be quenched through dynamic quenching or static 

quenching. Both dynamic quenching and static quenching through ground-state 

complex formation model can be theoretically described by the Stern-Volmer equation 

(Eq. 2): 

[Q]  1  SV
0

K
F

F +=       (2)   

where F0 and F are the steady-state fluorescence intensity in the absence and presence 

of the quencher, respectively, KSV is the Stern-Volmer constant and [Q] is the 

concentration of CDs. In this study, as shown in Fig. S10, there was an excellent 

linear relationship between the fluorescence intensity ratio (F/F0) of CDs and the 

concentration of Fe3+, indicating that the quenching mechanism was dynamic 

quenching or static quenching. To further investigate the mechanism of fluorescence 

quenching of CDs in the presence of Fe3+, UV−vis absorption spectra and 

fluorescence lifetime experiments were performed. Fig. 5a shows that the 

experimental curve (the absorption spectrum of CDs/Fe3+) did not coincide with the 

theoretical curve (the physical addition of the spectra of CD solution and Fe3+ 

solution), indicating the formation of stable metal ion–CDs complexes. Besides, as 

shown in Fig. 5b, after addition of Fe3+, the lifetime of CDs (τ1: 3.5 ns, τ2: 10.1 ns)  

was almost the same as that without Fe3+ (τ1: 3.6 ns, τ2: 10.6 ns), excluding the 

existence of dynamic quenching. These results suggest that static quenching occurred 

between CDs and Fe3+. In detail, Fe3+ ion can interact with the amine groups on the 

surface of the CDs, and then the electrons in the excited state will transfer to the 

half-filled 3d orbitals of Fe3+, leading to the fluorescence quenching of CDs with the 

nonradiative electron–hole annihilation [49].   
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Fig. 5. (a) UV–vis absorption spectra of CDs (5 µg/mL), Fe3+ (200 µM), the experimental 

curve (the absorption spectrum of CDs/Fe3+), and the theoretical curve (the physical addition 

of the spectrum of CD solution and Fe3+ solution). (b) Fluorescence decays of the CDs in the 

absence or presence of Fe3+ (Ex: 350 nm, Em: 450 nm).   

 

3.6. Intracellular detection of Fe3+ 

It has been reported that Fe3+ overload and deficiency can disturb the cellular 

homeostasis, resulting in various diseases [7]. Therefore, to establish a sensitive and 

convenient method for intracellular detection of Fe3+ is very important. Here we 

would like to test if CDs can be used to detect the intracellular Fe3+. After incubation 

with CDs (50 µg/mL), HeLa cells were treated with 0, 5, 20, or 100 µM Fe3+ for 30 

min. As revealed by CLSM, the fluorescence intensity of CDs in HeLa cells decreased 

with the increasing concentration of exogenous Fe3+ (Fig. 6a). Besides, the results of 

the cellular fluorescence intensity obtained by flow cytometry (Fig. 6b and c) agree 

well with those by CLSM. The above results indicate that the CDs are suitable for 

Fe3+ semiquantitative detection in living cells. 
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Fig. 6. (a) CLSM images of HeLa cells treated with CDs (50 µg/mL) for 10 min, and then 

incubated with 0, 5, 20, or 100 µM Fe3+ for 30 min. The confocal images were taken after 

washing the cells with PBS for 3 times. (b) Flow cytometric analysis of the cellular 

fluorescence after treatment with 0, 5, 20, and 100 µM Fe3+ for 30 min, respectively. (c) The 

corresponding statistics of the flow cytometric results in (b).    

 

3.7. Fe3+ detection in zebrafish 

Encouraged by the successful detection of intracellular Fe3+ using CDs, we would 

like to further determine whether CDs can be applied for Fe3+ detection in vivo. Here 

zebrafish was selected as a model organism for the research. Similar to the in vitro 

experiments, zebrafish were pretreated with CDs (200 µg/mL) for 4 h and then 

incubated with 0, 5, 20, or 100 µM Fe3+ in E3 culture medium for 2 h. As shown in 

Fig. 7a, the fluorescence intensity of CDs in zebrafish decreased gradually with the  

increasing concentration of exogenous Fe3+, which was also confirmed by the 

fluorescence statistics results (Fig. 7b). The above results demonstrate that CDs can 

realize the in vivo semiquantitative detection of Fe3+.         
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Fig. 7. (a) CLSM images of zebrafish treated with CDs (200 µg/mL) for 4 h, and then 

incubated with 0, 5, 20, or 100 µM Fe3+ for 2 h. (b) The corresponding average fluorescence 

statistics of the CLSM images in (a). 

 

3.8. Normal/cancerous cell differentiation using CDs/Fe3+   

Recent studies have demonstrated the reductive environment of cancerous cells 

[66−68]. Besides, as compared with normal tissues, various tumors express enhanced 

levels of GSH [57], which possesses high reduction ability in organisms. Meanwhile, 

based on the high Fe3+ detection selectivity of CDs, we expect that normal/cancerous 

cell differentiation can be achieved using CDs/Fe3+ mixture, which will restore the 

fluorescence of CDs in cancerous cells due to a higher degree of Fe3+ reduction. To 

verify this hypothesis, we first studied whether the fluorescence of the mixed solution 

(CDs/Fe3+) could response to GSH. As shown in Fig. S11, with the concentration of 

GSH increasing from 0 µM to 200 µM, the fluorescence intensity of the mixed 

solution (CDs/Fe3+) gradually increased, indicating the interaction between Fe3+ and 

GSH. Besides, to explore the effects of substances with amine groups on the 

fluorescence of CDs/Fe3+, we used two amine-containing biomolecules, glycine, and 

HSA, to test the response. As shown in Fig. S12, the increase in the fluorescence of 

CDs/Fe3+ caused by glycine or HSA was negligible compared with that caused by 

GSH. Then normal cells (AT II and L02) and cancerous cells (A549 and Hep G2) 
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were stained with the CDs/Fe3+ mixture (CDs: 50 µg/mL, Fe3+: 20 µM) under the 

same conditions followed by confocal imaging. The results in Fig. 8a show that strong 

blue fluorescence was observed in cancerous cells (A549 and Hep G2). In sharp 

contrast, almost no fluorescence was observed in normal cells (AT II and L02). 

Besides, to exclude the interference of cellular autofluorescence, the fluorescence 

intensity of different cells (AT II, A549, L02, and Hep G2) without treatment was 

first analyzed by flow cytometry (Fig. S13). It can be seen that the autofluorescence 

intensities of these cells were almost the same. Then the cellular fluorescence 

intensity of these cells treated with CDs/Fe3+ was further analyzed by flow cytometry 

and the results are shown in Fig. 8b and c. Obviously, the fluorescence intensity of 

cancerous cells was much stronger than that of normal cells, indicating that CDs/Fe3+ 

is a highly effective fluorescent probe for specific staining of cancerous cells. To 

further verify the effect of GSH on the normal/cancerous cell differentiation, cells 

were pretreated with BSO (a GSH synthesis inhibitor), NMM (a GSH scavenger), or 

LPA (a GSH synthesis enhancer) and then incubated with CDs/Fe3+. As shown in Fig. 

S14, addition of BSO or NMM resulted in a significant decrease of the fluorescence 

intensity in A549 cancerous cells. In parallel experiments, a clear fluorescence 

emission enhancement for AT II normal cells treated with LPA was observed. When 

NMM was further added to the LPA-treated AT II cells, a distinct decrease of 

fluorescence intensity was observed. Thus, the above results indicated that GSH 

played an important role in the cellular fluorescence-based normal/cancerous cell 

differentiation.  

To mimic the physiological environment, normal cells (AT II or L02) and 

cancerous cells (A549 or Hep G2) were co-cultured in the same well [58,69−71]. 

After incubation for 24 h, the culture medium in each well was replaced with a fresh 

medium containing CDs/Fe3+ (CDs: 50 µg/mL, Fe3+: 20 µM). Interestingly, only 

cancerous cells showed bright blue emission while normal cells emitted only feeble 

fluorescence (Fig. 9), suggesting that CDs/Fe3+ can be used to differentiate cancerous 

cells from normal ones in a tumor environment-mimic situation, which is very 

important for precision cancer therapy.         
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Fig. 8. (a) CLSM images and (b) flow cytometric analysis results of different cells (AT II, 

A549, L02, and Hep G2) treated with CDs/Fe3+ (CDs: 50 µg/mL, Fe3+: 20 µM) for 10 min. (c) 

The corresponding average fluorescence intensities derived from the flow cytometric data in 

(b). *** P < 0.001, one-way ANOVA. 
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Fig. 9. Bright-field (a, c, e, and g) and the corresponding fluorescence images (b, d, f, and h) 

of different combinations of cancer cells (A549 or Hep G2) and normal cells (AT II or L02) in 

cDMEM with CDs/Fe3+ (CDs: 50 µg/mL, Fe3+: 20 µM). The yellow rectangles and blue 

circles are used to mark the positions of cancerous cells and normal cells, respectively.  

 

3.9. In vivo and ex vivo imaging  

  Motivated by the in vitro results, we then evaluated the feasibility of utilizing 

CDs/Fe3+ for tumor-specific imaging in vivo. First, the normal tissue and tumor region 

of a nude mouse bearing subcutaneous U14 xenograft tumor were injected with 

CDs/Fe3+ (dose: CDs: 10 mg/kg, Fe3+: 4 mM/kg), respectively, and then imaged under 

an animal imaging system at 1 h postinjection. As shown in Fig. 10a, the fluorescence 

intensity of CDs/Fe3+ in the tumor region was much stronger than that in the normal 

tissue, which was further verified by the result of ex vivo tissue imaging (Fig. 10b). 

Thus, the above results suggest that CDs/Fe3+ can realize enhanced fluorescence 

imaging in the tumor region. 

  To further testify if CDs/Fe3+ can be used as an in vivo diagnostic agent through 

intravenous (i.v.) injection, nude mice bearing U14 tumors were intravenously 

injected with PBS or CDs/Fe3+ (dose: CDs: 10 mg/kg, Fe3+: 4 mM/kg) and then 

imaged by an animal imaging system at 4 h postinjection. As for the CDs/Fe3+-treated 

group, only the tumor area exhibited a strong fluorescence signal at 4 h postinjection, 
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while no detectable signal was observed in the PBS-treated group (Fig. 10c). In 

addition, nude mice intravenously injected with PBS or CDs/Fe3+ were sacrificed at 4 

h postinjection. Ex vivo imaging in Fig. 10d reveal that the fluorescence intensity in 

the tumor was much stronger that that in major organs (heart, liver, spleen, lung, or 

kidneys), which was confirmed by the quantified results (Fig. 10e). In comparison, 

CDs alone could not achieve tumor accumulation (Fig. S15). The above results clearly 

demonstrate that CDs/Fe3+ achieved tumor accumulation through the enhanced 

permeability and retention (EPR) effect and exhibited an enhanced fluorescence 

signal in tumor site under the reductive environment of cancerous cell, mainly the 

effect of GSH.      

 

Fig. 10. In vivo and ex vivo fluorescence imaging. (a) In vivo fluorescence image of a nude 

mouse at 1 h after injection of CDs/Fe3+ into normal tissue (the left flank marked by a dotted 

circle) and tumor (the right flank marked by a dotted circle). (b) Ex vivo fluorescence image 

of normal tissue and tumor excised from the mouse in (a). (c) Real time fluorescence imaging 
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of nude mice after i.v. injection of PBS or CDs/Fe3+ at 4 h postinjection. The tumor regions 

are marked by dotted circles. (d) Ex vivo fluorescence images of major organs and tumors 

excised from the two mice in (c). H, Li, S, Lu, K, and T represent heart, liver, spleen, lung, 

kidneys, and tumor, respectively. (e) Average fluorescence intensities in major organs and 

tumors in (d).  

 

4. Conclusions 

  To summarize, an on-off-on fluorescent nanosensor based on CDs was successfully 

designed and synthesized for Fe3+ detection and selective imaging of cancerous cells 

in vitro and in vivo. In our design, a novel type of CDs was prepared by a one-pot 

solvothermal treatment of glycerol (the solvent and carbon source) and DAMO (the 

passivation agent). The CDs, synthesized through a facile, cheap, and 

environment-friendly thermal process, were remarkably water-dispersible and 

excellently stable even under extreme pH values, high ionic strengths, and light 

illumination. The CDs could be used as a novel chemosensor for the highly sensitive 

detection of Fe3+ with a detection limit as low as 16 nM. It is supposed that the 

Fe3+-mediated FL quenching is attributed to the nonradiative electron−hole 

annihilation. Besides, the results for monitoring Fe3+ in mammalian cells and 

zebrafish indicate that the CDs can be used as an efficient probe for Fe3+ detection in 

living systems. Moreover, CDs/Fe3+ could selectively image the cancerous cells due 

to the reductive environment of cancerous cell, mainly the higher levels of GSH in 

cancerous cells. More importantly, CDs/Fe3+ achieved tumor accumulation through 

the EPR effect and displayed an enhanced fluorescence signal in tumor site, indicating 

its potential for use in imaging-guided precision cancer therapy. The designed 

nanosensor based on CDs is promising as an efficient platform for clinical diagnosis.          
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