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 ABSTRACT 

A new type of self-targeting carbon dot (CD-Fla) for the detection of the toxic 

heavy metal ion Pb2+ was synthesized via a one-pot hydrothermal route using 

flavonoid extracts of Ginkgo biloba leaves as the starting material. As-prepared 

CD-Fla exhibited excellent biocompatibility and strong blue emission with a

quantum yield of 16.1% and significant fluorescence quenching selectivity for

Pb2+ without using any additional targeting molecules. CD-Fla could detect Pb2+

quantitatively within the range 0.1–20.0 nM, with an ultrahigh sensitivity of 

55 pM. The selectivity of CD-Fla for Pb2+ was nearly one order of magnitude 

higher than that for other relevant metal ions. This was much better than ever

reported CD-based metal ion sensors. The high sensitivity and selectivity were

due to the incorporation of certain flavonoid-like moieties into CD-Fla. CD-Fla 

was also demonstrated to be a good probe for fluorescence tracing of intracellular 

Pb2+. The capability of CD-Fla was further improved when it was doped on 

agarose hydrogel. CD-Fla-doped agarose hydrogel (CD-AHG) allowed for visual

fluorescence detection and removal of Pb2+ from water. This was confirmed by 

testing CD-AHG in actual water samples taken from the Jialing River (Chongqing,

China). The Pb2+ adsorbed CD-AHG was regenerable in HCl solution. This 

study will open a new avenue for synthesizing intelligent materials capable of

simultaneously targeting, detecting, and treating heavy metal ions. 

 
 

1 Introduction 

Lead is a highly toxic heavy metal that accumulates 

in both water bodies and soil organisms [1, 2]. Exposure 

to even low concentrations of lead may lead to serious 

health problems such as damage to the central nervous 

system, reduced fertility in men, and diminished 

learning ability in children [3, 4]. Lead is released into 

the environment as a result of both natural processes 

and human activities, including fuel combustion, 

industrial processes, and solid waste combustion. 

One of the major concerns in this regard is the 
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contamination of drinking water and other natural 

water resources by Pb. Hence, new materials are 

required for not only selective detection of Pb2+ but 

also for its effective removal [5, 6]. Furthermore, 

intracellular or in vivo sensing of Pb2+ is required in 

biology and environmental toxicology [7]. 

To date, the majority of the Pb2+ detection and 

removal tasks have been performed separately. 

Traditional spectrometry, liquid chromatography, and 

electrochemical analysis enable accurate, sensitive, 

and reliable detection of Pb2+ [8–10]. However, these 

techniques usually require expensive equipment and 

tedious sample pretreatment; hence, they cannot be 

used for in situ and intracellular imaging. In recent 

years, several fluorescent probes for Pb2+ have been 

developed to clarify its cellular role in vivo as well  

as to monitor its temporal concentration in Pb2+- 

contaminated sources [11, 12]. Nevertheless, in most 

cases, immobilization of these sensors at a high 

concentration has not been demonstrated, making it 

difficult to effectively remove Pb2+ at the same time. 

Thus, it is highly desirable to obtain a fluorescent probe 

possessing Pb2+ removal capabilities via a one-pot 

route, and achieve sensitive and selective detection of 

Pb2+ in biological and environmental samples. 

Carbon dots (CDs) are newly emerging fluorescent 

nanomaterials that have attracted increasing interest 

due to their advantages such as facile preparation, 

biocompatibility, high photostability, water solubility, 

and tunable surface functional groups [13]. Diverse 

precursors, from small molecules (i.e., glucose, citrates) 

[14] to macromolecules [15] and renewable biological 

resources (i.e., grass, roses) [16, 17], have been used for 

the preparation of CDs. CDs usually inherit carboxyl, 

carbonyl, amino, amide, and hydroxyl groups from 

their precursors; thus, they have the ability to bind 

with metal ions, resulting in fluorescence quenching 

via the excited-state electron transfer mechanism [18]. 

At present, many studies have reported metal ion 

sensors using CDs as fluorescent probes [19]. For 

most of these sensors, as-prepared CDs are used as 

the probes and the selectivity for a certain metal ion is 

usually low [20–23]. High selectivity in some CD-based 

metal sensors has been achieved by tethering a selective 

ligand to the surface of the CDs [24, 25]; however, 

this process is burdensome and restricts large-scale 

production. Recently, as-prepared CDs with specific 

selective recognition abilities have emerged as a new 

hotspot in CD research [26, 27]. For instance, CDs 

derived from D-glucose and L-Asp exhibit significant 

capability for targeting C6 glioma cells without the 

need for any additional targeting molecules [26]. We 

speculate that the targeting function may originate from 

the formation of Arg-Gly-Asp (RGD) tripeptide-like 

moieties on the edge of the CDs during the synthesis. 

Interestingly, many studies have reported that natural 

flavonoids and their glycosides with some specific 

structural motifs can bind to Pb2+ with high selectivity 

[28–30]. Therefore, the synthesis of self-targeting CDs 

for Pb2+ detection using flavonoids as the starting 

material may lead to the development of a new type 

of metal ion sensors. 

Herein, we synthesized a novel type of fluorescent 

CD (CD-Fla) via a one-pot hydrothermal route using 

flavonoid extracts of Ginkgo biloba leaves as the starting 

material. The fluorescence of as-prepared CD-Fla was 

selectively quenched by Pb2+ in water without any 

further modification. By contrast, CD-Sac, which was 

prepared from polysaccharide extracts of G. biloba 

leaves did not show an obviously higher selectivity 

for Pb2+ compared to that for other traditional metal 

ions. This work demonstrated that CD-Fla could act as 

a highly selective fluorescent probe for Pb2+ detection 

in water and intracellular Pb2+ detection. Furthermore, 

CD-Fla could be readily doped on agarose hydrogel 

via H-binding and dipole-dipole interactions. This 

CD-Fla-doped hydrogel allowed for simultaneous 

visual fluorescence detection and removal of Pb2+ from 

water. A sample-volume-dependent sensitivity has 

been demonstrated for ultrasensitive Pb2+ detection. 

In addition, the fluorescence of CD-Fla within the 

gel could be fully recovered after Pb2+ desorption, 

indicating that the gel was reusable. 

2 Experimental 

2.1 Materials and reagents 

Fresh G. biloba leaves were collected from trees located 

in Chongqing University, cleaned, and dried to a 

constant weight. Lead acetate, mercury perchloride, 

copper sulfate, zinc chloride, magnesium chloride, 
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cobalt chloride, sodium chloride, potassium chloride, 

silver nitride, ferric sulfate, ferrous sulfate, and ethanol 

were obtained from Aladdin Industrial Corporation 

(Shanghai, China). Quinine sulfate and tris(hydroxy-

methyl) aminomethane (Tris) were purchased from 

Sigma-Aldrich (Beijing, China). All other reagents 

were of analytical reagent grade. All aqueous solutions 

were prepared using ultrapure water (18.2 MΩ·cm, 

Milli-Q, Millipore). 

2.2 Typical synthesis of CDs 

Flavonoid extraction from G. biloba leaves was per-

formed according to a previously reported method 

with some modifications [31]. Specifically, the dried 

G. biloba leaves were first powdered, and 10.0 g of 

powder was added to 125 mL 75% (v/v) ethanol. After 

leaching for 2 h at 70 °C, the mixture was filtered. The 

filter residues were collected for further use. The 

filtrate was concentrated by vacuum distillation; the 

concentrate was the flavonoid extract of G. biloba 

leaves. The extract was then mixed in 15 mL water, 

transferred to a high-temperature reaction kettle, and 

allowed to react hydrothermally for 5 h at 200 °C. After 

cooling to room temperature, the reaction product 

was centrifuged at 8,000 rpm for 20 min to remove 

the precipitates. The supernatants were collected 

and dialyzed (3,000 D tubing) for 24 h to obtain final 

CD-Fla. The yield of CD-Fla from flavonoid extracts 

was calculated to be ca. 20% based on the weight of 

the lyophilized flavonoid extracts and CD-Fla. 

The filter residues were washed with anhydrous 

ethanol (250 mL) and 75% (v/v) ethanol (350 mL) and 

then mixed in 150 mL water and heated to reflux for 

2 h. Then, the mixture was filtered and the filtrate 

was concentrated by vacuum distillation to obtain 

polysaccharide extracts of G. biloba leaves [32]. The 

polysaccharide extracts were treated in the same 

manner as the flavonoid extracts to obtain CD-Sac. 

The yield of CD-Sac from the polysaccharide extracts 

was calculated to be ca. 30% based on the weight of 

the lyophilized polysaccharide extracts and CD-Sac. 

2.3 Characterization 

Fluorescence measurements were performed using  

a Shimadzu FL-7000 spectrofluorometer with a slit 

width of 5 nm for excitation and emission. Ultraviolet– 

visible spectroscopy (UV–vis) measurements were 

recorded on a Shimadzu UV-2600 UV-Vis spectro-

photometer. Fourier transform infrared spectroscopy 

(FTIR) measurements were performed using a BRUKER 

Vertex 70 FTIR spectrometer with KBr pellets. 

Transmission electron microscopy (TEM) experiments 

were performed using a Philips Tacnai G2 20 S-TWIN 

microscope operating at 200 kV. For visualization by 

TEM, samples were prepared by dropping a solution 

of production on a copper grid. The fluorescence 

images were collected using a plate reader (Eppendorf 

AF2200; 485-nm excitation). 

2.4 Preparation of CD-Fla doped agarose hydrogel 

(CD-AHG) 

This preparation involved boiling of agarose gel with 

CD-Fla solution. Typically, 0.25 g of agarose gel was 

added to a 10 mL CD solution (10 mg·mL−1), and  

the pH value was adjusted to 11 using 1 M NaOH. 

The mixture was then boiled for 5 min to complete 

solubilization of agarose. It was cooled to room 

temperature and cut into slices as required. The slices 

had an average diameter of 0.8 cm, thickness of 

2 mm, hydrated weight of 93.6 mg, and dry weight 

of 3.2 mg. Each CD-AHG slice contained on average 

0.91 mg CD-Fla. The slices were then soaked in water 

before use. 

3 Results and discussion 

Typically, CD-Fla was prepared from the flavonoid 

extracts of G. biloba leaves via a hydrothermal method 

(see the Experimental section for details). This extract 

contained three flavonoids, kaempferol, quercetin, 

and isohamnetin, and their respective glycosides 

(Scheme 1) [31]. Owing to the existence of saccharide 

moieties, as-prepared CD-Fla was hydrophilic and 

readily dispersible in water. For comparison, CD-Sac, 

which was prepared from the polysaccharide extracts 

of G. biloba leaves, was prepared using the same 

method. TEM observations were performed for the 

characterization of the structure and morphology of 

all the CDs. Figure 1(a) shows the typical TEM image 

of CD-Fla, revealing an average diameter of 4.18   
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Scheme 1 (a) Main flavonoids and flavonoid glycosides in  
the flavonoid extracts of Ginkgo biloba leaves. Components:    
1, kaempferol; 2, kaempferol glycosides; 3, quercetin; 4, quercetin 
glycosides; 5, isohamnetin; and 6, isohamnetin glycosides.     
(b) Schematic representation of the synthesis of CD-Fla and its 
applications. 

1.14 nm (Fig. 1(b)). The high-resolution TEM image 

(Fig. 1(a), inset) indicates the crystallinity of CD-Fla 

with a lattice parameter of ca. 0.22 nm, which is in 

agreement with the basal spacing of graphite. This 

result confirmed that as-prepared CD-Fla has a 

crystalline graphite-like structure. 

FTIR spectra were used to identify the chemical 

composition of CD-Fla. The FTIR spectra of CD-Fla 

and CD-Sac were obviously different. The vibration 
bands at 3,300 and 1,032 cm−1 representing the res-

pective hydroxyl and C–O–C groups and depended 

on the starting material. As shown in Fig. 1(c), the 

relative intensity of the two vibration bands was weaker 

in the spectrum of CD-Fla than in that of CD-Sac. 

Most obviously, there was a strong vibration band  

at 1,742 cm−1 in the spectrum of CD-Fla, but it was 

not observed in that of CD-Sac. The vibration band  

at 1,742 cm−1 represented carbonyl groups (C=O), 

indicating that flavonoid-related moieties are incor-

porated into the structure of CD-Fla. Furthermore, 

the unique vibration bands between 400 and 800 cm−1 

in the spectrum of CD-Fla confirmed the existence  

of flavonoid-related moieties (Fig. 1(c)). Signals for 

 

Figure 1 (a) TEM image of CD-Fla (inset: high-resolution TEM image of CD-Fla); (b) Diameter distribution of CD-Fla measured by 
TEM; (c) FTIR spectra of CD-Fla, CD-Sac, and quercetin; (d) UV–vis spectra of CD-Fla and CD-Sac. 
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flavonoid moieties were not observed in the spectrum 

of CD-Sac Wide absorption bands around 270–300 nm 

were observed in the UV–vis absorption spectrum 

(Fig. 1(d)) of CD-Fla only and originated from the –* 

and n–* transitions of flavonoid-related moieties 

such as polyaromatic chromophores and carbonyl 

groups, respectively. Both CD-Fla and CD-Sac exhibited 

blue fluorescence under UV light excitation; their 

fluorescence spectra are shown in Fig. S1 in the 

Electronic Supplementary Material (ESM). CD-Fla and 

CD-Sac also exhibited excitation-dependent emission 

properties similar to other reported ones [14]. The 

maximum excitation wavelength and fluorescence 

quantum yield for CD-Fla and CD-Sac was 350 and 

360 nm and 16.1% and 9.3%, respectively, according 

to our previously reported method [14]. The in vitro 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (MTT) assay suggested that even at high 

concentrations, CD-Fla was noncytotoxic to HeLa cells 

(Fig. S2 in the ESM). 

The fluorescence response of CD-Fla to Pb2+ was 

then investigated. Fluorescence measurements were 

performed in a 1.0 g·mL−1 CD-Fla aqueous solution 

maintained at a pH of 7.5 using 10 mM Tris-HCl 

solution. As shown in Fig. 2(a), the fluorescence 

intensity of CD-Fla was quenched in proportion with 

the Pb2+ concentration from 0.2 nM to 50.0 mM. The 

suitability of such a Pb2+ concentration-dependent 

fluorescence variation system for the detection of Pb2+ 

was then evaluated. Fig. 2(b) shows the relationship 

between the varying fluorescence intensity of CD-Fla 

at 440 nm (I440nm = I0 − I) and Pb2+ concentration. 

Favorable linear correlations (R2 > 0.96) existed between 

I440nm and Pb2+ concentration over the range of 

0.1–20.0 nM (Fig. 2(b) inset). Based on 3/slope, the 

limit of Pb2+ detection was estimated to be about   

55 pM. As shown in Table S1 in the ESM, the Pb2+ 

detection sensitivity of this method was much higher 

than those of some recently reported luminescent 

chemo- [33, 34] and nanosensors [35–39] and 

comparable to that of signal-amplified electrochemical 

aptosensors [40]. 

The selectivity of CD-Fla for Pb2+ compared to  

that for some environmentally relevant metal ions 

(including Na+, K+, Co2+, Hg2+, Ag+, Cu2+, Fe2+, Fe3+, Zn2+, 

and Mg2+) was investigated. The fluorescence response  

 

Figure 2 (a) Fluorescence spectra of CD-Fla in the presence  
of different concentrations of Pb2+ from 0.2 nM to 50 mM. 
Excitation = 360 nm. (b) Plot for fluorescence variation (I440nm) 
versus Pb2+ concentration; the inset shows the linear relationship 
between I440nm and Pb2+ concentration within the concentration 
range of 0.2 to 20 nM. 

of CD-Fla to Pb2+ presented better selectivity that for 

other metal ions. As indicated in Fig. 3, unlike the 

significant fluorescence response observed in the pre-

sence of Pb2+, no significant variations in fluorescence 

intensity were observed upon the addition of the 

same concentration of the other metal ions. Therefore, 

CD-Fla could serve as a promising fluorescent probe 

for Pb2+ detection because of its low selectivity to other 

metal ions. 

Furthermore, to investigate possible factors 

determining the selectivity of CD-Fla for Pb2+, the 

fluorescence response of CD-Sac to different metal ions 

was measured as control experiments. Consequently, 

the fluorescence of CD-Sac was affected slightly by 

the addition of 10 nM of other metal ions (Fig. 3), 

indicating that CD-Sac does not target Pb2+ alone. As 

previously reported, Pb2+ could bind to flavonoid 

diglycosides with different dissociation constants; this  
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Figure 3 Effect of 10 nM of different metal ions on the 
fluorescence quenching of CD-Fla and CD-Sac. The fluorescence 
variation (I = I0 − I ) was monitored at 440 and 421 nm for CD-Fla 
and CD-Sac, respectively. 

property has been used to target specific structural 

motifs of flavonoid glycosides [29]. Interestingly, a 

flavonoid motif-based ligand has been designed to 

selectively bind Pb2+ [30]. In our present work, we 

speculate about the selective binding ability of CD-Fla 

because of the formation of Pb2+-specific flavonoid- 

based motifs on its edges during the preparation of 

CDs from flavonoid extracts (containing flavonoids 

and flavonoid glycosides, as shown in Scheme 1). 

Spectroscopic characterizations conducted above have 

confirmed that CD-Fla contains flavonoid-relevant 

motifs (Figs. 1(c) and 1(d)). Some recent studies have 

also proved the rationality of retention and formation 

of some functional groups on CD edges from specific 

starting materials via pyrolysis. For instance, Zheng 

et al. reported a brain cancer glioma targeting CD 

due to the formation of RGD, a triple peptide-like 

motif on its edge from the precursors D-glucose and 

L-aspartic acid [26]. Furthermore, a recent study has  

reported a bacteria-derived CD capable of differen-

tiating between live and dead microbials [27]. 

Therefore, direct preparation of functional CDs from 

specific starting materials is a major CD research trend, 

and our present study matches this well. A more 

detailed study of Pb2+ targeting mechanism of CD-Fla 

is ongoing. 

The feasibility of using CD-Fla for cellular staining 

and intracellular Pb2+ tracing was also investigated. 

HeLa cells were incubated with CD-Fla for 2 h and 

washed with PBS buffer to remove free CD-Fla in the 

solution and prevent any nonspecific adsorption on 

the cell surface. The fluorescence microscopy images 

showed that the cytoplasm of the HeLa cell was 

clearly stained with the blue fluorescence of CD-Fla 

(Fig. 4(a)). The result indicated that CD-Fla can easily 

penetrate into cells and can be used as a benign 

intracellular Pb2+ probe. To prove this, the cells incubated 

with CD-Fla were treated with Pb2+ for another 2 h. 

As shown in Figs. 4(b) and 4(c), the fluorescence 

intensity obviously weakened with an increase in 

Pb2+ concentration, demonstrating that CD-Fla can be 

used to track changes in intracellular Pb2+ levels in 

mammalian cells. 

Considering the ultrahigh sensitivity and selectivity 

of CD-Fla for Pb2+, it was doped on agarose hydrogel 

(AHG) for fluorescence visible detection and removal 

of Pb2+ from water. CD-AHG was cut into slices as 

required. No observable CD-Fla leakage was found 

by soaking the CD-AHG slices in water for one week 

because of the multivalent H-bonding between the 

CD-Fla and agarose matrices. The as-prepared 

CD-AHG slices showed high blue fluorescence under 

a UV lamp (365 nm). The blue fluorescence of CD-AHG  

 

Figure 4 (a) Fluorescence images of HeLa cells incubated with CD-Fla; images of CD-Fla incubated HeLa cells after incubation with 
(b) 1 M and (c) 10 M Pb2+ for 2 h. Scale bar = 25 m. 



 

 | www.editorialmanager.com/nare/default.asp 

3654 Nano Res. 2018, 11(7): 3648–3657

was quenched by soaking it in Pb2+ solution. Similar 

to the CD-Fla-in-solution system, the fluorescence of 

the CD-Fla doped on CD-AHG was also quenched by 

Pb2+. To determine the optimal detection time, we 

investigated the kinetics of fluorescence change. As 

shown in Fig. 5(a), the fluorescence of CD-AHG was 

quenched rapidly and obviously within 30 min in  

100 nM Pb2+ solution. The fluorescence quenching 

tended to become steady over the course of 50 min; 

hence, this time was chosen as the optimal detection 

time for subsequent experiments. 

To evaluate the sensitivity of the hydrogel-based 

sensor, the CD-AHG slices were soaked in varying 

concentrations of Pb2+ for 50 min. The blue fluorescence 

quenching of CD-AHG was investigated by soaking 

one CD-AHG slice in 1 mL water solution with varying 

Pb2+ concentrations, from 5 to 100 nM. As shown in 

Fig. 5(b), the blue fluorescence was gradually quenched 

with increasing Pb2+ concentration. About 10 nM Pb2+ 

led to visual detection, thus allowing very sensitive 

and facile monitoring of Pb2+ in water systems. Such 

a gel system also allowed quantitative analysis of 

Pb2+ by simply collecting the fluorescence intensity 

of CD-AHG slices soaked in Pb2+ solution with a 

CCD camera (Fig. S3 in the ESM). We investigated 

the Pb2+ adsorption capability of CD-Fla alone using 

ultrafiltration due to the well-known complexation 

ability between the flavonoid moieties in CD-Fla 

and Pb2+ [28–30]. The maximum adsorption amount 

was determined to be 0.35 mg Pb2+ per milligram of 

CD-Fla. Thus, we expected that CD-AHG could also 

adsorb Pb2+. Therefore, the fluorescence response 

sensitivity of CD-AHG could be increased by simply 

increasing the sample volume. To test this hypothesis, 

the CD-AHG slices were soaked in 50 mL of 0.5 nM 

Pb2+ solution (previously 1 mL). As shown in Fig. S4 

in the ESM, even 0.5 nM Pb2+ induced easily visible 

fluorescence quenching. This sensitivity is among the 

highest of all reported Pb2+ sensors with no analytical 

instruments or signal amplification methods used for 

detection [18, 19]. This gel-based sensor is expected 

to be practically useful because the maximum 

contamination level of Pb2+ defined by the U.S. 

Environmental Protection Agency (EPA) is no more 

than 72 nM. The selectivity of CD-AHG was also 

tested by incubating the CD-AHG slices with various 

metal ions, and only Pb2+ produced significant 

fluorescence quenching (Fig. S5 in the ESM), suggesting 

that high selectivity of CD-Fla for Pb2+ is maintained 

within the hydrogel matrix. 

The unique volume-dependent sensitivity of 

CD-AHG confirms that AHG can actively adsorb and 

remove Pb2+ from water. To study the Pb2+ adsorption 

and removal ability, 10 slices of CD-AHG and agarose 

hydrogel were separately soaked in 1 M (10 mL 

Tris-HCl buffer) Pb2+ solutions. The supernatant 

solutions after hydrogel treatment were acidified and 

analyzed by ICP-MS as an independent verification. 

As shown in Fig. 6, the lead concentration in the  

Pb2+ solution with CD-AHG slices was 29.8 nM after 

adsorption of CD-AHG, whereas that in the Pb2+ 

solution with agarose hydrogel slices was as high as 

860.6 nM after the adsorption of agarose hydrogel. 

The results suggested that agarose hydrogel matrices 

have weak Pb2+ adsorption ability, whereas CD-AHG 

is a cost-effective and safe Pb2+ removal candidate. 

According to the data from Fig. 6, the maximum   

 

Figure 5 (a) CD-AHG gel fluorescence change in 100 nM Pb2+ 
solution as a function of time; (b) fluorescence of CD-AHG with 
different Pb2+ concentrations. 

 

Figure 6 Residual lead concentrations after agarose gel and 
CD-AHG treatment and the corresponding Pb2+ removal rate (%); 
10 gel slices in 1 M (10 mL Tris-HCl buffer) Pb2+ solution. 
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Pb2+ adsorption of CD-AHG was calculated to be  

0.20 mg/slice. 

To evaluate the practical applicability of CD-AHG, 

environmental water samples from the Jialing River 

(Chongqing, China) were tested. Since lead was not 

detected in these water samples by ICP-MS, Pb2+ was 

deliberately added to simulate contaminated water. 

Each slice of CD-AHG was soaked in 10 mL of the 

water. After CD-AHG treatment, the supernatants 

were collected and analyzed using ICP-MS for lead. 

The Pb2+ concentration showed an obvious decrease 

from 100 to 2.39 nM, indicating that CD-AHG is capable 

of Pb2+ removal in natural water. The detection 

sensitivity of this gel-based sensor for Pb2+ was also 

investigated. The obtained limit of detection was 

12.89 nM (1 mL sample volume). This sensitivity was 

slightly lower than that obtained in the Tris-HCl buffer 

solution. This may be attributed to the coexistence of 

anions (such as phosphate and sulfate anions), which 

can form complexes with Pb2+. These results clearly 

demonstrated that CD-AHG is capable of detecting 

and removing Pb2+ from environmental water samples. 

The immobilized CD-Fla within the agarose hydrogel 

matrix regenerates. To evaluate this, CD-AHG adsorbed 

with Pb2+ was soaked with 0.5 M HCl for 10 min and 

then soaked in a buffer solution for 30 min; this process 

was repeated 5 times. Subsequently, the adsorbed Pb2+ 

was removed from CD-AHG, implying that CD-AHG 

was regenerated. This was confirmed by the change 

in fluorescence behavior: CD-AHG adsorbed with 

Pb2+ was non-fluorescent (Fig. S6(a) in the ESM), 

while the recovered CD-AHG exhibited fluorescence 

(Fig. S6(b) in the ESM) that could still be sensitively 

quenched by soaking with a Pb2+ solution (Fig. S6(c) 

in the ESM). 

4 Conclusions 

In summary, CD-Fla was synthesized by a facile 

one-pot hydrothermal route using flavonoid extracts 

of G. biloba leaves as the starting material. CD-Fla  

was biologically benign and highly fluorescent and 

exhibited a self-targeting function for Pb2+, and could 

be used as an ultrasensitive fluorescent probe for Pb2+ 

in water as well as intracellular Pb2+. The capability  

of CD-Fla could be further improved by doping it  

on agarose hydrogel. The gel could achieve visible 

detection and removal of Pb2+ both in buffer samples 

and environmental water samples. The detection 

sensitivity of this gel sensor could be improved by 

using a larger sample volume. This work demonstrated 

that CDs could be used as a platform for synthesizing 

integrated nanomaterials capable of ultrasensitive, 

highly selective detection of Pb2+ in all cases and 

removal of Pb2+ from environmental water samples. It 

provides a new path for direct preparation of functional 

CDs, especially for potential development of CD-based 

sensors from other metal-specific chelators. 
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