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ABSTRACT: Monitoring cellular redox homeostasis is critical to the understanding of many 

physiological functions ranging from immune reactions to metabolism, as well as to the 

understanding of pathological development ranging from tumorigenesis to ageing. Nevertheless, 

there is currently lack of appropriate probes for this ambition, which should be reversibly, 

sensitively, and promptly responsive to a wide range of physiological oxidants and reductants. In 

this work, a redox-sensitive fluorescence-switchable probe is designed based on graphene 
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quantum dots (GQDs) functionalized with chelated redox Fe
2+

/Fe
3+

 couple. The underlying 

mechanism is investigated and discussed. The high sensitivity and fast response are attributable 

to the fact that the GQD’s photoluminescence is highly sensitive to photon-induced electron 

transfer because of its ultra-small size and associated prominent quantum confinement effect. 

Also taking advantages of GQD’s excellent photostability, biocompatibility, and readiness for 

cell uptake, our reversibly tunable fluorescence probe is employed to monitor in real-time the 

triggered dynamic change of the intracellular redox state. This addition to the limited arsenal of 

available redox probes shall be useful to the still poorly understood redox biology, as well as for 

monitoring environment or chemical processes involving redox reactions. 

KEYWORDS: graphene quantum dots • redox homeostasis • fluorescent probes • live cell 

imaging 

Endogenously produced reactive oxygen species (ROS), being inevitable metabolic 

byproducts, are implicated intriguingly in cell fate decisions and signal transduction pathways.
1, 2

 

But oxidative stress caused by excess ROS leads to tissue damage and various undesired 

physiological consequences. On the other hand, various biologic antioxidants or reductants 

scavenge free ROS to prevent oxidative stress.
3
 Nevertheless, high reductive stress is also 

cytotoxic. Hence, proper cell functions critically depend on the balanced intracellular redox 

environment, namely cellular redox homeostasis.
4, 5

 The redox imbalance is implicated in a wide 

range of pathological conditions, including neurodegenerative diseases,
6, 7

 chronic kidney 

disease,
8
 diabetes,

9
 cancers,

10
 and ageing.

11
 The cellular redox dynamics and its regulations, 

however, are still largely elusive because of the lack of effective tools to reveal it in real-time at 

single cell or subcellular levels. 
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Sensitive probes capable of monitoring cellular redox homeostasis are instrumental to the 

understanding of many physiological functions ranging from immune reactions to metabolism, as 

well as to the understanding of pathological development ranging from tumorigenesis to aging.  

Conventional redox measurements (e.g., enzymatic assays, electrochemical analyses, high 

performance liquid chromatography and surface enhanced Raman spectroscopy) are usually 

disruptive, slow, and only able to report ensemble static behavior from cell populations.
12-14

 To 

tackle these issues, a number of oxidation or reduction sensitive fluorescence probes based on 

naturally encoded proteins, synthesized organic molecules or semiconductor quantum dots have 

been developed.
15-17

 But these probes often suffer from the problems of poor photostability, 

cytotoxicity, insufficient sensitivity, poor solubility, difficult synthesis, or irreversible 

responsiveness. Graphene quantum dots (GQDs), which are nanometer-sized and atomically-thin 

planar graphitic carbon structures, recently emerge as superior fluorophores for bioimaging and 

optical sensing because of their unique combination of several key merits, including tunable 

photoluminescence (PL), molecular size, excellent photostability, good water solubility, 

chemical inertness, biocompatibility, ease to be functionalized, readiness to be internalized by 

cells, and low cost.
18-28

 

Most redox probes are selectively responsive to certain redox species, which are useful for the 

purposes of investigating specific redox pathways.
29, 30

 Here, we hope to devise a strategy to 

visualize the overall cellular redox state and its dynamic change in the context of physiological 

events using switchable fluorescence probes. We conceive that GQDs functionalized with 

moieties possessing reversible redox states at a small-valued potential are highly suitable for the 

purpose. Benefiting from the extremely small size of GQDs, fluorescence quenching effect due 

to photo-induced electron transfer (PET) from GQD to the attached electron-withdrawing redox 
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moieties shall be much more prominent than other fluorescence reporters.
31, 32

 According to PL 

quenching and recovery, redox state and its change may be conveniently, continuously, and 

reversibly gauged. 

Based on the aforementioned rationales, we confer GQD with redox Fe
2+

/Fe
3+

 couple by 

conjugating it with iron chelating group ‒ desferrioxamine B (DFOB). Fe
2+

/Fe
3+

 has a low 

standard redox potential of E0 = 0.769 V, rendering it responsive to a wide range of reactions 

which have an oxidation potential >0.769 V or a reduction potential <0.769 V. In fact, Fe
2+

/Fe
3+

 

couple is the enzyme cofactor important to the redox chemistry in nearly all living organisms. 

We demonstrate that GQD-DFOB-Fe
2+

 can be used to detect various ROS based on PL 

quenching while GQD-DFOB-Fe
3+

 can be used to detect antioxidants based on PL recovery 

(Figure 1), even at extremely low concentrations. The underlying mechanism is investigated and 

discussed. Furthermore, fluorescence-switchable GQD-DFOB-Fe
2+

/Fe
3+

 is employed to resolve 

the dynamic changes of the intracellular redox state in response to physiological stimuli.  

RESULTS AND DISCUSSION 

GQDs were readily synthesized by chemical exfoliation from carbon black as previously 

reported.
33, 34

 The quantum yield of the purified GQDs is measured to be ~12.3% (at pH 7.0) 

using Rhodamine 6G as the reference.
35

 The average diameter of GQDs is ~2.55 nm (± 0.32 nm, 

209 samples) with a narrow size distribution (Figure 2A). The graphitic lattice of GQD can be 

clearly resolved under high-resolution TEM image (Figure 2B), showing good crystallinity with 

~0.245 nm lattice spacing which corresponds to (1120) lattice fringes of graphene. The average 

thickness of GQDs revealed by the atomic force microscopy (AFM) image (Figure 2C) is ~0.7 

nm (±0.16 nm, 154 samples), indicating that they are mostly single-atom-thick. The GQD 
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aqueous dispersion shows high stability without obvious aggregation observed after months 

because these GQDs bear abundant oxygen-containing functional groups. The maximum 

fluorescence emission from GQDs is achieved at ~527 nm while being excited at 450 nm (Figure 

2D). Therefore, this pair of emission and excitation wavelengths is used for the following 

experiments. The excitation spectrum of our GQDs shows two peaks corresponding to the σ-π 

and π-π* transitions originating from the carbene-like triplet state of the zig-zag edges of GQDs 

(Figure S1 in the Supporting Information). DFOB is an iron chelator which is clinically used to 

treat iron overload disorders (e.g., hemochromatosis).
36

 It is covalently conjugated on GQD via 

the formation of amide bonds between the carboxyl groups on GQD and the primary amino 

groups on DFOB. Owing to the high association constants (or stability constants) to both ferrous 

ion (Ka, Fe2+ = 10
21.2

 or pKa, Fe2+ = 21.2 ) and ferric ion (Ka, Fe3+ = 10
29.9

 or pKa, Fe3+ = 29.9), DFOB 

is able to stably anchor these ions adjacent to GQD.
37

 

Gel electrophoresis of purified bare GQDs yields a narrow band much below that from a 10 

kDa protein marker while the band from DFOB-modified GQDs (GQD-DFOB) is also narrow 

and fluorescent but shows lower electrophoretic mobility because of increased molecular weight 

(Figure S2A in SI). These results indicate the narrow size distribution of GQDs and successful 

conjugation of DFOB without quenching GQD’s photoluminescence. Figure S2B further 

confirms that the PL spectrum of GQDs is fully preserved after attaching DFOB. GQD-DFOB 

suspension appears light yellow under daylight and emits green fluorescence under 365 nm UV-

illumination (inset of Figure S2B in SI). 

As shown by Fourier transform infrared spectroscopy (FTIR), the success of DFOB 

conjugation on carboxyl-bearing GQD is evidenced by the diminishment of COOH peak at 1280 

cm
-1

 and appearance of CO-NH peak (amide bond) at 1664 cm
-1

 (Figure S2C in SI). In addition, 
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X-ray photoelectron spectroscopy (XPS) demonstrates that the original bare GQDs exhibits a 

dominant graphitic C1s peak at ca. 285 eV, O1s peak at ca. 532 eV and N1s at ca. 400 eV. The 

successful conjugation of DFOB and chelation of Fe
2+

 or Fe
3+

 on GQD are corroborated by the 

increase of N1s peak and appearance of Fe2p peak (Figure S2D in SI). Consistently, the zeta 

potential of GQDs-DFOB is positively shifted to –7.02 ± 1.38 mV (n = 10) comparing with the 

bare carboxylated GQDs (–27.50 ± 0.96 mV, n = 10), because the negatively charged carboxyl 

groups originally present on GQDs are consumed to form amide bonds with DFOB. According 

to the size of our GQD (~2.55 nm, consisting of ~200 carbon atoms) and the atomic molar ratios 

of carbon and nitrogen obtained from XPS measurement (92.67% and 7.33% respectively), we 

estimate that ~4 DFOB molecules are conjugated on a GQD. This is a reasonable number 

because higher grafting density of DFOB is hindered by the steric exclusion. Dynamic light 

scattering (DLS) measurements show that the hydrodynamic diameters of GQD-DFOB with or 

without bound Fe
3+

 ions are only slightly larger than that of bare GQDs, implying that DFOB 

conjugation and chelation of Fe
3+

 do not cause any aggregation despite a decrease of particle 

charges (Figure S3 in SI). 

The direct electronic bandgap (EGQD) of ~2.35 eV is estimated as the ratio between the square 

of the absorption energy and the photo energy based on the UV-vis absorption spectrum of our 

GQDs (Figure S4 in SI). This value is close to the previously reported value from carboxylated 

GQDs with diameter ~2.6 nm.
38

 As the valence band energy of GQD (Ev) is about ‒6.1 eV below 

the vacuum level,
39

 its conduction band energy (Ec) is thus about Ev + EGQD = ‒3.75 eV (Figure 

3A). The standard reduction potential of Fe
3+

 is E
0
 = 0.769 V vs. NHE.

40
 At pH 7.0 (our 

experimental condition), the actual reduction potential EFe3+ = E
0
 ‒ 0.059 × pH = – 0.356 V. The 

electrochemical reduction potential can be related to the redox Fermi energy by EFe3+,red = –4.5 
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eV – EFe3+ = –4.8 eV.
41, 42

 Since the conductance band energy of GQD is higher than the 

reduction Fermi energy of Fe
3+

 (Ec > EFe3+,red), the photon-excited electrons in GQD will be 

readily transferred to nearby Fe
3+

 instead of relaxing to the ground state and emitting 

fluorescence. In other words, such photo-induced electron transfer (PET) causes PL quenching of 

GQDs. The PET coupling between GQD and Fe
3+

 is strong because the distance between GQD 

and DFOB chelating center is <1 nm and the free energy decrease is large (∆GPET). Specifically, 

∆GPET = Ec –EFe3+,red – E00 = –1.49 eV, where E00 (2.54 eV) is excitation energy of GQDs 

determined by the intersection point between the absorption and emission spectra of GQDs 

(Figure S5 in SI).
31

 Therefore, bonding of Fe
3+

 should lead to significant PL quenching of GQD-

DFOB. Indeed, as shown in Figure 3B, loading Fe
3+

 (15 µM) onto GQD-DFOB causes ~48% of 

PL quenching. The possibility of GQD aggregation induced quenching is ruled out by the 

observation that Fe
3+

 loading does not alter the hydrodynamic diameter of GQD-DFOB reported 

by DLS measurement (Figure S3 in SI). Conversely, PET induced Fe
2+

 reduction is prohibited 

because the reduction Fermi energy of Fe
2+

 (~ –3.6 eV) is above the conduction band energy of 

GQD. As expected, loading Fe
2+

 onto GQD-DFOB does not cause obvious PL quenching 

(Figure 3B). Fe
3+

 induced PL quenching is dose dependent (Figure S6 in SI). As Fe
3+

 is a 

biologically important ion whose abnormal levels are associated with various diseases, GQD-

DFOB can serve as sensitive fluorescence biosensor for Fe
3+

 detection with the detection limit as 

low as 20 nM (S/N = 3.4) and linear response range up to 15 µM (Figure S6 in SI).  

When GQD-DFOB is fully loaded with Fe
3+

 (15 µM), GQD-DFOB-Fe
3+

 can be used to detect 

a large range of reductants based on PL recovery because when Fe
3+

 is reduced to Fe
2+

 PET 

caused PL quenching is relieved. As the proof-of-concept demonstration, such fluorescence turn-

on detection is tested with several physiological reductants, including ascorbic acid (AA), 
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glutathione (GSH) and nicotinamide adenine dinucleotide hydrogen (NADH) which have a 

standard redox potential of –0.06,
43

 –0.24,
44

 and –0.32 V,
45

 respectively. As shown in Figure 4A 

and B, the fluorescence of GQD-DFOB-Fe
3+

 enhances with increasing concentration of AA. The 

theoretical limit of detection (LOD) is calculated to be 2.8 nM based on LOD = 3×σ/m, where σ 

is the standard deviation of the response at the lowest tested concentration (100 nM here) and m 

is the slope of the concentration-dependent response (linear fitting in Figure 4B). Our sensor can 

detect GSH at 80 nM (S/N = 3.2) with the linear response range up to 20 µM (Figure S7 in the 

Supporting Information) and NADH at 70 nM (S/N = 3.9) with the linear response range up to 

18 µM (Figure S8 in SI). The theoretical LODs for the detection of GSH and NADH are 3.3 nM 

and 5.6 nM, respectively. It outperforms the previously reported electrochemistry, colorimetry, 

fluorescence, mass spectrometry or HPLC-based methods for sensing of AA, GSH, and NADH, 

respectively (comparison provided in Table S1, S2 and S3 in SI). 

As described earlier, Fe
2+

 does not quench GQD-DFOB. Hence, GQD-DFOB-Fe
2+

 can be 

employed to sense a wide range of oxidants based on PL quenching because when Fe
2+

 is 

oxidized to Fe
3+

 PET occurs to extinguish GQD PL. As the proof-of-concept demonstration, 

such fluorescence turn-off detection is tested with several physiological oxidants, including H2O2 

and ClO
-
 which have standard redox potentials of 1.76 V,

46
 and 1.63 V,

47
 respectively. As shown 

in Figure 4C, a trace amount of H2O2 (30 nM) can be detected with a signal-to-noise ratio (S/N) 

of 4.3. The resulting PL quenching (at 527 nm) is linearly proportional to the H2O2 concentration 

up to ~32 µM and ~54 % quenching is obtained at this concentration (Figure 4D). The theoretical 

limit of detection (LOD) is calculated to be as low as 1.4 nM. Without involving usually needed 

enzymatic or chemical reactions, our PET-driven sensor has much faster response (within 3 min, 

see Figure S9 in SI) than the previously reported hydrogen peroxidase-based colorimetric, 
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fluorimetric, or electrochemical sensors (comparison provided in Table S4 in SI). And GQD-

DFOB-Fe
2+

 is more sensitive than other H2O2 sensors based on different sensing modalities 

(comparison provided in Table S5 in SI). Similarly, ClO
-
 can also turn-off the PL of GQD-

DFOB-Fe
2+ 

in a dose-dependent manner (Figure S10 in SI), allowing detection at 25 nM with 

S/N = 4.5 and linear response up to 25 µM. The theoretical LOD is calculated to be as low as 2.1 

nM, which is much lower than that of the previously reported fluorescence, colorimetric, or 

electrochemical methods (comparison provided in Table S6 in SI). To avoid PL reduction caused 

by spontaneous oxidation of Fe
2+

, all the experiments were conducted with freshly prepared 

GQD-DFOB-Fe
2+

. As shown in Figure S11 (SI), PL of GQD-DFOB-Fe
2+

 remains constant in 

ambient for hours and in deareated buffer solution for days.      

Evidently, our PET-based fluorescence probe is fast and sensitive. To confirm that PET is 

mediated by Fe
2+

/Fe
3+

 redox transition, XPS characterization is performed (Figure S12 in SI). In 

comparison with the high-resolution N1s spectrum of GQD-DFOB showing two peaks at around 

401.1 and 399.2 eV corresponding to N-OH and N-H bonds (Figure S12A in SI), a new peak at 

~400.3 eV corresponding to N-O-Fe coordinate bond arises after chelation of Fe
3+

 to form GQD-

DFOB-Fe
3+

 (Figure S12B in SI).
48

 Furthermore, the high-resolution Fe2p spectrum of GQD-

DFOB-Fe
3+

 can be resolved to two distinct peaks centered at 712.2 and 726.1 eV, corresponding 

to the binding energies of 2p 3/2 of Fe
3+

 and 2p 1/2 of Fe
3+

, respectively (Figure S12C in SI).
49

 

After the reduction of chelated Fe
3+

 by AA, as expected, the two Fe
3+

 peaks are reduced while 2p 

3/2 of Fe
2+

 and 2p 1/2 of Fe
2+

 peaks become dominant (Figure S12D in SI). On the other hand, 

two prominent Fe
2+

 peaks (2p 3/2 peak at 710.4 eV, 2p 1/2 peak at 724.3 eV) and two weak Fe
3+

 

peaks resulting from mild spontaneous oxidation in ambient condition (2p 3/2 peak at 712.2 eV, 

2p 1/2 peak at 726.1 eV) can be resolved from the high-resolution Fe2p spectrum of GQD-
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DFOB-Fe
2+

 (Figure S12E in SI). After exposing GQD-DFOB-Fe
2+

 to H2O2, the Fe2p peaks of 

Fe
2+

 essentially vanish because of oxidation of chelated Fe
2+

 to Fe
3+

 (Figure S12F in SI). 

Neither GQD-DFOB-Fe
3+

 nor GQD-DFOB-Fe
2+

 exerts significant cytotoxicity even at the 

high concentration of 0.3 mg/mL (Figure S13 in SI), indicating their suitability for cell imaging. 

As the proof-of-concept demonstrations, we used GQD-DFOB-Fe
2+

 to monitor the increase of 

intracellular oxidative stress and GQD-DFOB-Fe
3+

 to monitor the rise of intracellular reductive 

stress in both Hela cells (a cancer cell line) and human mesenchymal stem cells (HMSC). After 

1h incubation with 0.1 mg/mL GQD-DFOB-Fe
2+

 or GQD-DFOB-Fe
3+

, numerous green puncta 

appear in the cytosol of both cell types, indicating the readily internalization of GQD-DFOB-

Fe
2+

 or GQD-DFOB-Fe
3+

 (Figure 5A). In comparison, the cells without incubation of the probes 

show no fluorescence signal (Figure S14 in SI). Most internalized GQD-DFOB-Fe
2+

 or GQD-

DFOB-Fe
3+ 

probes are distributed throughout the cytosol (but not the nucleus) while some get 

into endosomes which are important sites of ROS production (Figure S15 in SI). Therefore, our 

probes are suitable to report the overall cellular redox states.  

H2O2 is a common ROS produced largely by mitochondria and endosomes inside the cell and 

also exists extracellularly within the tissue microenvironment. It is an important signaling 

molecule for the regulation of many biological processes. On the other hand, an excess amount 

of H2O2 causes cell damage or triggers cell apoptosis.
50

 Extracellular addition of 10 µM H2O2, 

mimic to increase the oxidative stress in the extracellular microenvironment, leads to significant 

PL quench of GQD-DFOB-Fe
2+

 inside both Hela cells and HMSC cells (Figure 5A and B) 

whereas the fluorescence signal in the untreated cells remains stable (Figure 5B). After a few 

minutes of delay for H2O2 to diffuse into the cells, PL intensity decreases continuously over 

time. 41.64% or 26.18% PL decrease is reached after 40 min in H2O2-treated Hela or HMSC 
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cells respectively (Figure 5B). PMA (phorbol myristate acetate) is a carcinogenic chemical (an 

analog to the second messenger diacylglycerol) which can potently induce a burst of cellular 

respiration and consequently boost production of H2O2 inside the cell. As shown in Figure 5A 

and C, after 1 h incubation of 10 µM PMA, the PL of intracellular GQD-DFOB-Fe
2+

 probes 

decreases by 52.64% and 28.15% in Hela and HMSC cells respectively. These experiments 

testify that GQD-DFOB-Fe
2+

 is able to serve as the stable and sensitive fluorescence probe to 

monitor induced oxidative stress in live cells in real-time. Interestingly, these experiments also 

suggest that the cancer cells are more susceptible to oxidative stimuli as evidenced by the faster 

PL decay rate of GQD-DFOB-Fe
2+

 probes in Hela cells. This is consistent with the well-accepted 

notion that cancer cells, which lose control of redox balance due to abnormal oxygen 

metabolism, usually exhibit significantly greater levels of intracellular oxidative stress,
51

 and are 

vulnerable to additional oxidative stimulation because it pushes the already stressed cells beyond 

their ability to counteract through endogenous antioxidant mechanisms.
52

  

Ascorbic acid (AA) and glutathione (GSH) are important antioxidants (mild reducing agents) 

to protect cells from oxidative stress. They play roles in cell metabolism and other functions. As 

shown in Figure S16A and B in the Supporting Information, the addition of 100 µM AA or GSH 

causes gradual fluorescence increase of GQD-DFOB-Fe
3+

 loaded Hela Cells. After 40 min, 

47.54% or 38.59% PL increase is attained in AA or GSH treated cells while the PL signal in the 

untreated cells remains stable (Figure S16B and C in SI). Evidently, GQD-DFOB-Fe
3+

 can be 

employed to continuously monitor induced reductive stress in live cells. 

Because Fe
3+

 and Fe
2+

 are reversible redox couple, GQD-DFOB-Fe
3+

/Fe
2+

 is fluorescence 

switchable (Figure 6A). As shown in Figure 6B, its fluorescence is reversibly tunable by 

alternating addition of reductant (AA) and oxidant (H2O2) without PL degradation. Such 
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fluorescence-switchable redox-sensitive probe should be instrumental to monitoring the dynamic 

change of intracellular redox state in the context of physiological events (Figure 6C). In the 

experiments shown in Figure 6D, Hela cells are firstly loaded with GQD-DFOB-Fe
3+

 probes. 

The addition of 100 µM AA causes a continuous increase of PL intensity of the cells and 

subsequent addition of 10 µM H2O2 leads to a gradual decrease of PL intensity. As demonstrated, 

GQD-DFOB-Fe
3+

/Fe
2+

 works well to report the dynamic sway from the redox homeostasis in the 

cell in response to physiological events. 

CONCLUSIONS 

In summary, a sensitive fluorescence probe for redox species is designed based on graphene 

quantum dots (GQDs) functionalized with chelated iron ions. The high sensitivity and fast 

response are attributable to the fact that the GQD’s photoluminescence is highly sensitive to 

photo-induced electron transfer because of its ultra-small size and associated prominent quantum 

confinement effect. Also taking advantage of GQD’s excellent photostability, biocompatibility 

and readiness for cell uptake, this fluorescence-switchable probe is employed to monitor in real-

time the triggered dynamic changes of the overall intracellular redox status states in live cells. 

This addition to the limited arsenal of available redox-sensitive probes will be useful to the still 

poorly understood redox biology, as well as for monitoring environment or chemical processes 

involving redox reactions. Because GQDs are particularly sensitive to photon-induced electron 

transfer, similar detection mechanisms may be designed for various purposes, for example, 

detecting a specific oxidant or reductant.  

METHODS 
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Synthesis and functionalization of GQDs. GQDs were prepared by refluxing carbon black 

powders (0.2 g) with nitric acid (50 mL, 6M) for 24 h. After centrifugation (5000 rpm for 10 

min) to remove large pieces and aggregations, the sample was heat-dried to give reddish-brown 

powders, which were subsequently re-suspended in deionized water. The obtained suspension 

was then ultrafiltered twice (Amicon Ultra-4, Millipore) to retain the particles between 3 and 10 

kDa. 

To conjugate with DFOB, GQD solution (0.5 mg/mL) was first mixed with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (10 mM; Sigma-Aldrich) and N-

hydroxysuccinimide (10 mM; Sigma-Aldrich) for 20 min in borate buffer solution (10 mM, pH 

5). DFOB (1 mM; Sigma-Aldrich) was subsequently added to the above mixture for reaction. 

After shaking for 4 h at room temperature, the mixture was supplemented with 5 mM FeSO4 or 

FeCl3 to obtain GQD-DFOB-Fe
2+

 or GQD-DFOB-Fe
3+

 respectively. After shaking for additional 

30 min, the solution was then dialyzed with cellulose ester dialysis membrane (MWCO 500-

1000 Da) for 48 h to remove unreacted molecules and ions (EDC, NHS, DFOB, Fe
2+

 or Fe
3+

).  

Characterizations. The morphology of synthesized GQDs was examined by transmission electron 

microscopy (TEM; JEM 2010, JEOL) and atomic force microscopy (AFM; MFP-3D, Asylum 

Research). Fourier transform infrared spectroscopy (FTIR), photoluminescence (PL) 

spectroscopy, UV-vis absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) 

measurements were conducted with Bruker spectrometer (Vertex 70), and PerkinElmer 

fluorescence spectrometer (LS-55), Shimadzu UV-vis spectrometer (UV-245), and ESCALAB 

MK II X-ray photoelectron spectrometer, respectively. The zeta potentials of bare GQDs and 

functionalized GQDs were measured using a Malvern Zetasizer (Nano-ZS 90).  
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Cell imaging. The Hela cells (human epithelial carcinoma cell line; American Type Culture 

Collection) were cultured on Lab-Tek chambered cover-glass (Thermo Fisher Scientific) in the 

growth medium (DMEM supplemented with 10% fetal bovine serum and 1% penicillin–

streptomycin; Life Technologies), at 37 °C in a humidified atmosphere containing 5% CO2 and 

95% air. After 1 h incubation with 0.1 mg/mL of GQD-DFOB-Fe
3+

 or GQD-DFOB-Fe
2+

, the 

cells were washed and refreshed with buffer solution before being imaged (λex = 488 nm, λem = 

520 nm) with a LSM710 confocal laser-scanning microscope (Carl Zeiss, Germany). During 

imaging, the cells were treated with 100 µM of ascorbic acids (AA) and subsequently treated 

with 10 µM of H2O2. In some cases, the GQD-DFOB-Fe
3+

(or Fe
2+

) loaded cells were treated for 

1 h with 10 µM PMA or 10 µM H2O2 or 100 µM AA or 100 µM GSH before imaging. 

MTT cell viability assay. The cytotoxicity of GQD-DFOB-Fe
2+

 or GQD-DFOB-Fe
3+

 was 

evaluated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide)-based 

cell viability assay (Sigma-Aldrich). Briefly, Hela cells were seeded in 96-well plates at ~3×10
5
 

cells per mL, and cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 

10% (v/v) fetal bovine serum at 37 °C under a humidified atmosphere containing 5% CO2. The 

cells were then incubated with GQD-DFOB-Fe
2+

 or GQD-DFOB-Fe
3+

 at different concentrations 

for 24 h. After refreshing with the medium containing MTT reagent (0.5 mg/mL), cells were 

incubated for 4 h at 37 °C, followed by removal of the medium and addition of DMSO to 

dissolve the precipitated formazan crystal. After a brief shaking for 10 min, the amount of 

solubilized formazan as the indicator of cell viability was assessed by a plate reader (SpectraMax 

M5, Molecular Devices) at 570nm.  

Polyacrylamide gel electrophoresis. GQD and GQD-DFOB (both 0.1mg/mL) in PBS buffer were 

electrophoretically separated through 15% polyacrylamide gel (PAGE) in Tris-glycine based 

Page 14 of 25

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

15

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8) for 30 min at a constant voltage 

of 200 V. Spectra Multicolor broad-range protein ladder was used as the molecular weight 

benchmarkers. The fluorescent bands were detected in a G:Box Chemi XT4 imaging system 

(Syngene) at 488 nm. 
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FIGURES 

 

Figure 1. Schematic illustration of redox-sensitive fluorescence-switchable probe based on 

desferrioxamine-functionalized GQD (GQD-DFOB) chelated with redox Fe
2+

/Fe
3+

 couple. 
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Figure 2. (A) TEM image of GQDs. Inset shows the size distribution of 209 GQDs. (B) High-

resolution TEM reveals lattice spacing of GQDs. (C) AFM image of GQDs. The inset shows the 

height profile along the red line. (D) Photoluminescence (PL) spectra of GQD in PBS buffer 

solution under different excitation wavelengths (as indicated by the figure legends). 
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Figure 3. (A) Diagrammatic illustration of photo-induced electron transfer process between 

GQD and the chelated Fe
3+

. (B) PL spectra of GQD-DFOB chelated with Fe
2+

or Fe
3+

 (0.1 

mg/mL
 
in PBS, pH 7.0).  
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Figure 4. (A) PL spectra of GQD-DFOB-Fe
3+ 

(0.1 mg/mL in PBS) in the presence of different 

concentrations of ascorbic acid. (B) PL quenching efficiency vs. ascorbic acid
 
concentration, 

with linear fitting. (C) PL spectra of GQD-DFOB-Fe
2+ 

in the presence of different concentrations 

of H2O2. (D) PL quenching efficiency vs. H2O2 concentration, with linear fitting. The error bars 

indicate the standard deviation from 3 independent measurements. 
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Figure 5.  (A) Confocal images of Hela cells (top) and human mesenchymal stem cells (bottom) 

pre-incubated for 1 h with 0.1 mg/mL GQD-DFOB-Fe
2+

, in the absence (left) or presence of 10 

µM H2O2 for 40 min (middle) or 10 µM PMA for 1h (right). Scale bar = 10 µm. (B) The change 

of the averaged fluorescence intensity of 12 GQD-DFOB-Fe
2+

 loaded Hela or HMSC cells 

without or with 10 µM H2O2 stimulation (2 min interval). (C) Statistics (mean ± SD) of the 

fluorescence intensity of GQD-DFOB-Fe
2+

 loaded Hela or HMSC cells (n=12 - 15) in the 

absence or presence of 10 µM PMA for 1 h. Student’s t test: *** p < 0.001 and * p < 0.1 vs. 

control.  
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Figure 6. (A) Diagrammatic illustration of PL switching mechanism. (B) Reversible PL change 

induced by alternative addition of AA and H2O2. F0 and F are PL intensities in the absence and 

presence of AA (10 µM) or H2O2 (10 µM). (C) Schematic illustration of cellular redox 

homeostasis and its monitoring by our GQD probe. (D) Dynamic monitoring of redox state in 

live Hela cells using GQD-DFOB-Fe
3+

/Fe
2+

 probe under confocal microscopy. Top: confocal 

images. GQDs emit green fluorescence and nuclei are stained blue by NucBlue (Molecular 

Probes). Left at bottom: the time course of PL change (2 min interval). Arrows indicate the time 

points when the chemicals are added into the solution. Right at bottom: The statistics (mean ± 

standard deviation) of the fluorescence intensity of probe-loaded Hela cells (n = 12, taken at 

different field-of-view). Student’s t-test: ***p < 0.001; **p < 0.01. 
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