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Abstract
A novel ratiometric fluorescence nanoprobe based on long-wavelength emission carbon dots (CDs) was designed for high 
sensitive and selective detection of  Zn2+. The CDs were conveniently prepared by a one-step solvothermal treatment of 
formamide and glutathione (GSH). Under single excitation wavelength (420 nm), the obtained CDs exhibit three emis-
sion peaks at 470, 650, and 685 nm, respectively. For the long-wavelength emission region of the CDs, the fluorescence at 
685 nm can be quenched with different levels upon the addition of most metal ions. However, the presence of  Zn2+ not only 
results in the fluorescence quenching at 685 nm effectively but also enhances at 650 nm remarkably, which may be due to 
the formation of CD-Zn2+ chelate complex inducing the dispersion of CDs aggregates and changes in the group distribution 
on the surface of CDs. Taking the advantage of the unique fluorescence response induced by  Zn2+, the prepared CDs were 
successfully employed as nanoprobe for self-ratiometric fluorescence determination of  Zn2+ with F650/F685 as signal output. 
A good linear relationship in the concentration range 0.01 to 2 μM, and a detection limit as low as 5.1 nM has been obtained. 
The ratiometric nanoprobe was successfully applied to   Zn2+ determination  in human serum samples.
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Introduction

Zinc, as an indispensable trace element in human life activ-
ity, is the second largest trace element in the human body 
after iron [1–3]. It participates in many physiological and 
biochemical functions of living cells; thus, it has a vital 
effect on human life and health such as cell metabolism, 
gene regulation, and neurotransmission [4–6]. Studies show 

that the abnormal level of zinc ions  (Zn2+) is closely related 
to many serious neurological diseases, such as Alzheimer’s 
disease, amyotrophic lateral sclerosis, Parkinson's disease, 
hypoxic ischemia, and epilepsy [7, 8]. Therefore, it is of 
great importance to detect the  Zn2+ level precisely in both 
healthy monitoring and environmental protection fields. 
Generally, the traditional methods towards  Zn2+, including 
atomic absorption spectrometry (AAS), atomic emission 
spectrometry (AES), inductively coupled plasma-mass spec-
trometry (ICP-MS), and high performance liquid chromatog-
raphy (HPLC), are mature, accurate, and reliable. However, 
with the improvement of detection requirements, it is still 
necessary to develop reliable new methods to achieve highly 
sensitive and selective detection of  Zn2+. In recent decades, 
fluorescence detection technology has become a research 
hotspot because of its distinct merits such as simple opera-
tion, high sensitivity, and selectivity, and real-time moni-
toring, thus widely used in analytical field now [9]. With 
respect to the qualitative and quantitative determination of 
targets, the use of emission intensity at single wavelength 
usually encounters the problems of insufficient sensitivity 
and selectivity. This is mainly due to the unavoidable inter-
ference arises from the target-independent factors, such as 
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light scattering by the sample matrix and excitation source 
fluctuation [10, 11].

In order to conquer these limitations, another ratiometric 
fluorescence spectral peak can be introduced to design dual-
emission ratiometric detection schemes, which have been 
proven to achieve more reliable determination of specific tar-
gets [10–12]. Because the measured ratiometric fluorescence 
signal output is almost uninterfered by the fluctuation of the 
light source intensity, the instrument inherent sensitivity, and 
the matrix background, much more reliable determination 
of specific targets can be realized [13–17]. Therefore, ratio-
metric fluorescence method has attracted more and more 
attention recently [15–18]. Among the previous reported flu-
orescent determination methods, a lot of ratiometric probes 
based on organic fluorescence molecules have been applied 
to the determination of  Zn2+. For instance, Sinha et al. 
designed a long-wavelength ratio-ratio fluorescent probe 
based on 1,4-dihydroxyanthraquinone with the emission 
wavelength red-shifted from 544 to 600 nm after recognition 
of  Zn2+ [19]. Shuang et al. synthesized 3-(benzo[d]thiazol-
2-yl)-5-bromosalicylaldehyde-4 N-phenyl thiosemicarbazone 
(BTT) for ratiometric sensing of  Zn2+ ions with a signifi-
cant blue shift in the maximum emission of BTT from 570 
to 488 nm [20]. Lv et al. reported a novel ratiometric-type 
fluorescent chemosensor (SP), which appending a 3-picolyl 
thiourea pendant to a porphyrin fluorophore, and applied for 
 Zn2+ monitoring in aqueous buffer and in biological samples 
[21]. Pramod Kumar Mehta et al. synthesized a fluorescent 
probe based on the symmetric peptide receptor bearing two 
imidazole and two sulfonamide groups for the ratiometric 
detection of  Zn2+ in aqueous solution [22]. However, in 
condition to the needs of high sensitivity and selectivity, 
low toxicity, good water solubility, and stability should also 
be considered for the development of fluorescence probes 
for the application of biological and environmental samples. 
Therefore, it is strongly necessary to develop novel approach 
for the detection of  Zn2+ to conquer these disadvantages.

As a new type of carbon nanomaterial, carbon dots (CDs) 
exhibit fascinating photoluminescence properties such 
as strong light stability and resistance to photobleaching, 
adjustable emission wavelength, and longer fluorescence 
lifetime, which is considered as an excellent electron donor 
[23, 24]. In addition, many CDs usually have large Stokes 
shifts, which can avoid the overlap of the emission spectrum 
and the excitation spectrum, which is conducive to the detec-
tion of fluorescence spectral signals [25]. Compare to the 
fluorescent nanomaterials that composed of other elements, 
CDs have low toxicity and good biocompatibility. For exam-
ple, CDs can enter the interior of the cell through endocy-
tosis without affecting the nucleus [26]. Therefore, CDs are 
attracting considerable attention in the fields of biosensing, 
bioimaging, biomedicine, and optoelectronic materials in 
recent years [26, 27]. In addition, compare with the organic 

fluorescence molecules and other fluorescence nanomaterial-
based probes, another important feature of CDs is that they 
can be synthesized by simple and facile methods. Therefore, 
synthesis and employ CDs as the fluorescence nanoprobes 
for the determination of  Zn2+ are attracting more and more 
attention in recent years [28]. Despite many of these CDs-
based nanoprobes exhibited basic satisfactory analytical 
performance towards  Zn2+, several unsolved issues may be 
limited their further practical applications. For example, 
some CDs-based nanoprobes needed the introduction of 
organic molecules or other nanomaterials as recognition/
signal-out moiety by covalently linking, which brings with 
the problems such as complexity of probe construction, tox-
icity, and increased cost. Moreover, most of the nanoprobes 
based on the single-signal output mode, which usually led 
to poor selectivity, susceptible to influence of light source 
intensity fluctuation, probe concentration, background fluo-
rescence, and environmental effect. In addition, fluorescent 
nanoprobes with long-wavelength emission are more suit-
able for biological samples, since they could reduce the auto-
fluorescence interference of the sample matrix. Therefore, 
under the great incentive of the above problems, it is highly 
urgent to do more promoting work on long-wavelength emit-
ted CDs-based self-ratiometric fluorescent probes towards 
 Zn2+, which can not only be simple and facile synthesized 
but also with improving analytical performance.

In this study, a novel multi-emission CDs was conveni-
ently prepared by a one-step solvothermal treatment of for-
mamide and glutathione (GSH). Under a single excitation 
at 420 nm, the obtained CDs exhibit three emission peaks 
at 470, 650, and 685 nm, respectively. We found that the 
presence of  Zn2+ could lead to a specific ratiometric fluo-
rescence response in the long-wavelength emission region 
of the CDs (Scheme 1). Specifically, the fluorescence at 
685 nm was effectively quenched upon the addition of 
 Zn2+, while the fluorescence at 650 nm was enhanced 
remarkably. Therefore, the unique fluorescence response 
induced by  Zn2+ endows with CDs the ability to be used 
as self-ratiometric fluorescence nanoprobe for the determi-
nation of  Zn2+. Taking the fluorescence intensity ratio at 
650 and 685 nm (F650/F685) as the signal output, improv-
ing sensitivity and selectivity towards  Zn2+ was obtained.

Experimental section

Preparation of the CDs

The preparation of CDs refers to the reported procedure 
with modification [29]. The synthesis process is described 
in detail in the electronic supplementary material.

55   Page 2 of 10 Microchim Acta (2022) 189: 55



1 3

Determination of  Zn2+

Using the prepared CDs as the ratiometric fluorescence 
probe for  Zn2+ determination was performed as the follow-
ing procedure: adding 100 μL of the  Zn2+ solution with 
different concentrations into 400 μL of CDs solution (100 
times diluted with PBS buffer) and then mixed thoroughly 
and allowed to react at room temperature for 25 min. After 
that, the fluorescence emission spectra were measured 
in the wavelength range from 600 to 750 nm under the 
excitation at 420 nm. For the selectivity investigation, 
the fluorescence responses of the CDs nanoprobe to some 
common metal ions were measured under the same con-
ditions. For the real sample application investigation, the 
experiments were conducted in diluted human serum sam-
ples. Specifically, the human serum sample was diluted 
100 times with PBS buffer and then tested according to 
 Zn2+ determination procedure. The recovery tests were 
performed by spiking a certain amount of  Zn2+ standard 
solution (0.2, 0.5, 1.0 μM) into the diluted human serum 
samples. Atomic absorption spectroscopy (AAS) was 
used as the reference method to demonstrate the devel-
oped method. Informed consent was obtained from human 
participants of this study. The serum sample experiments 
were approved by the Ethical Committee of Qufu Normal 
University and performed according to its Guidelines.

Results and discussion

Characterization of the synthesized CDs

Considering the possessing of special physical and chemi-
cal properties, such as good dissolving capacity and metal 
reaction adduct ability, formamide was selected as one of 
the raw materials and solvent for the synthesis of CDs. 
Meanwhile, GSH was selected as the other one raw mate-
rial for the synthesis of CDs due to the containing of C, 
N, and S elements. Briefly, the CDs were prepared facilely 
through solvothermal treatment of a solution of GSH in 
formamide at 160 °C for 4 h (Scheme 1). After the reac-
tion, the final dark-green solution represents the formation 
of CDs. The TEM characterization was performed to study 
the morphology and size of the prepared CDs. As can be 
seen from Fig. 1A, most of the CDs exist in aggregates 
with the aggregation size of about 25–35 nm. The high-
resolution TEM (HRTEM) shows that the CD particles 
in aggregates are quasi-spherical in shape and have clear 
lattice fringes (Fig. 1B), indicating their crystalline nature 
with graphitic core [30]. The CD particle size distribu-
tion is ranging in 3–5 nm with an average particle size of 
approximately 4.0 nm. This aggregation phenomenon may 
be due to the covering of various groups containing H, N, 
and O elements on CDs surface resulted the formation 

Scheme 1  Schematic illustration of the preparation of CDs and the application as ratiometric fluorescence nanoprobe for the detection of  Zn2+
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of hydrogen bonding forces between CD particles. In 
addition, the dilution experimental result indicated that 
under the condition of gradual dilution with PBS buffer, 
the aggregation phenomenon of CDs will decrease and 
even disperse completely (Fig. S1). This may be because 
the hydrogen bonding forces between the hydrophilic 
groups on the surface of CDs and water molecules gradu-
ally increases, leading to the improvement of their dis-
persion. In addition, the experiment result indicated that 
the prepared CDs are not only easily dispersed as small 
aggregates with uniform size in PBS buffer but also with 
high stability that can be maintained in solution state for 
a month without sedimentation. This excellent property 
may be attributed to the various water-soluble groups on 
the surface of CDs, such as carboxyl (-COOH), hydroxyl 
(-OH), amino (-NH2), and amide (-CONH2), which were 
derived from the raw materials of formamide and GSH for 
CDs. Figure 2A shows the XRD profile of the prepared 
CDs, a broad peak at 2θ = 23.88° can be observed which 
corresponds to the (002) plane of graphite, indicating the 

presence of graphitic carbon domain in the prepared CDs 
[29]. The XRD result is in consistent with the result char-
acterized by HRTEM.

The surface element compositions and states of the pre-
pared CDs were measured by XPS. As shown in Fig. 2B, 
the characteristic peaks of CDs can be obviously observed, 
including four peaks at 285, 400, 532, and 163 eV corre-
sponding to C 1 s, N 1 s, O 1 s, and S 2p, respectively, 
indicating the existence of C, N, O, and S elements [12, 
29]. Therefore, the surface of the CDs may be passivated 
with N, O, and S containing functional groups, which may 
be beneficial to the possibility of achieving long wavelength 
emission. The high-resolution spectrum of C 1 s shows 
the presence of C–C/C = C (284.7 eV), C-S (285.4 eV), 
and N–C = O (289.1 eV) bonds, respectively (Fig. S2A). 
The high-resolution spectrum of N 1 s is fitted with three 
binding energies at 396.7, 398.7, and 401.1 eV, which are 
attributed to the C-N–C, pyrrolic-like N, and graphitic N, 
respectively (Fig. S2B). The four fitting peaks of high-
resolution spectrum of S 2p at 161.3, 162.9, 165.0, and 

Fig. 1  A TEM image of the CDs in aggregated state. Inset: the size distribution histogram of CDs aggregations. B HRTEM image of the CDs in 
aggregated state. Inset: the size distribution histogram of CDs particles

Fig. 2  A XRD pattern of the 
CDs. B XPS survey of the CDs
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168.8 eV are attributed to thiolate,  2p3/2 and  2p1/2 of S, 
S = O, respectively (Fig. S2C). The high-resolution spec-
trum of O 1 s is resolved into three binding energies at 528.7, 
530.4, and 532.6 eV, which can be assigned to C-O, C = O, 
C–O–C/C–OH (Fig. S2D).

The FTIR measurement was carried out to clarify the sur-
face group states of the prepared CDs. As shown in Fig. 3, 
the FTIR spectrum exhibits several absorption maxima/
bands. The broad peak at 3408  cm−1 is assigned to the O–H 
and N–H stretching vibrations, proving the presence of -OH 
and -NH2. The peak at 1673  cm−1 corresponds to the stretch-
ing vibration of C = O, whereas the peak at 1115  cm−1 is 
from the stretching vibration of C-O. The peak at 1392  cm−1 
is attributed to the stretching vibration of C-N and deforma-
tion vibration of N–H. The peak at 617  cm−1 is attributed to 
N–H bond. Therefore, the above absorption peaks accord-
ing to O–H, N–H, C = O, and C-N vibrations indicated 
the presence of -COOH and -CONH-/-CONH2 which are 
attached to the aromatic core of the CD particle. Obviously, 
the FTIR characteristic results are well with those of XPS 
characterization.

Optical properties of the synthesized CDs

The optical performance characteristics of CDs were 
investigated by measuring the UV–Vis absorption spec-
trum and fluorescence spectra (Fig.  4). As shown in 
Fig. 4A, the UV–Vis absorption spectrum of CDs exhib-
its several main absorptions ranging from 300 to 500 nm, 
which is produced by the electronic transition of aromatic 
conjugated systems containing C = O, C = N, and C = S 
bonds of CDs [29]. As there is an absorbance peak at 
about 420 nm, the fluorescence emission spectra were 
investigated when excitated within the wavelength range 
of 400–440 nm. As shown in Fig. S3, one short wave-
length emission peak within the range of 450–510 nm and 
two emission peaks at 650 and 685 nm, respectively, can 
be observed. The emission maxima of the short wave-
length emission gradually red shift, whereas the emission 
intensity gradually decreased with the increase of the 
excitation wavelength. Meanwhile, the long wavelength 
emission intensity at 685 nm gradually decreased while 
at 650 nm increased first then decreased. As the TEM, 
XPS, and FTIR characterization of CDs above, the possi-
ble functional groups, adsorbed molecules, impurities, and 
surface defects of CDs can result in the trap states in the 
bandgap, which may be responsible for the above emission 
phenomenon [30]. In this case, the photoexcited electron 
and/or hole can be trapped, and their following recom-
bination leads to a lower energy and higher wavelength 
radiative emission. The fluorescence emission spectra of 
CDs in Fig. 4B shows three emission peaks at 470 nm, 
650 nm, and 685 nm, respectively, under the excitation 
wavelength of 420 nm. Fixed the emission wavelengths 
at 650 nm and 685 nm, respectively, the corresponding 
maximum excitation wavelengths obtained are 421 nm and 
417 nm, respectively. Considering the advantages of long 
wavelength emission with large Stokes shift in biosensing, 
it is necessary to obtain the emission intensities at 650 nm 
and 685 nm as high as possible, thus selecting 420 nm as 
the excitation wavelength for subsequent experiments.

Fig. 3  FTIR spectra of the CDs before and after addition of  Zn2+

Fig. 4  A UV–Vis absorption 
spectrum and B fluorescence 
emission and excitation spectra 
of the CDs
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Speculation on principle of ratiometric fluorescence 
detection of  Zn2+

The zeta potential measurement (− 11.2 mV) indicates that 
the CDs surface are negatively charged due to the easy 
donate proton ability of predominantly covered -COOH 
and -OH groups (Fig. S4). Therefore, the positively charged 
 Zn2+ can be adsorbed on the CDs surface by electrostatic 
interaction with the zeta potential positively change. In addi-
tion, the groups such as -NH2 and -CONH-/-CONH2 are also 
covered on the CDs surface, indicating the possibility to bind 
 Zn2+ through chelation. The electrostatic interaction and 
chelation may be resulted in the distribution change of the 
surface groups on CDs. Therefore, the addition of  Zn2+ into 
CDs system may disrupt the aggregation state of the CDs. 
This can be evidenced by TEM characterization. As shown 
in Fig. S5, the TEM image of  Zn2+-CDs system shows that 
the presence of  Zn2+ resulted in good dispersion of CDs as 
single CD particle. As expected, the particle size and lattice 
fringes have no changes as compared with the CDs particles 
in the aggregates (Fig. 1). The FTIR spectrum of  Zn2+-CDs 
system was further tested to investigate the above specula-
tion. As shown in Fig. 3, the presence of  Zn2+ results in a 
larger absorption peak of the main groups on CDs surface, 
but has no obvious effect on the peak frequency. This is 
because the good dispersion of CDs caused by  Zn2+ endows 
CD particles with better exposure of the surface groups. The 
appearance of peaks at 1000–1050  cm−1, 1243  cm−1, and 
1350–1300  cm−1 referred to C-H/C-N, C-N, and O–H/C-N 
bonds, respectively, also evidenced the better exposure of 
the CDs surface groups. The wide peak within the range of 
3000  cm−1 to 3600  cm−1 has no peak shifting, indicating 
the electrostatic interaction between -OH/-COOH and  Zn2+. 
The new peak appeared at 1040  cm−1 is generally referred to 
the C-N stretching vibration of aliphatic amine, which can 
coordinate with  Zn2+. Another evidence is the appearance 
of new peak at 1526  cm−1 corresponds to N–O bond, which 
may be due to the conversion of N = O bond resulted from 
the coordination complex.

Then, the fluorescence responses of CDs after the incu-
bation with  Zn2+ were investigated. Interestingly, as shown 
in Fig. 5, the addition of  Zn2+ into the CDs sensing system 
can specifically induce the decrease of the fluorescence at 
685 nm, together with the significant increase of fluores-
cence at 650 nm. Therefore, a significant increase of the 
ratio value of F650/F685 (the F650 and F685 refer to the fluo-
rescence intensity at 650 nm and 685 nm, respectively) can 
be resulted. Taking the ratio value of F650/F685 as signal 
output, the CDs can be potentially employed as ratiometric 
fluorescence nanoprobe for  Zn2+ determination. In addition, 
the presence of  Zn2+ induces the increase of the excitation 
intensity at 421 nm for the 650 nm emission while decreases 
at 417 nm for the 685 nm. As can be seen from Fig. 6A, the 

UV–Vis absorption spectrum of CDs in the presence of  Zn2+ 
shows an obvious increase of absorption at 421 nm compare 
to that of CDs only, which consist well with the fluorescence 
excitation and emission spectra.

Specifically, the static quenching and dynamic quenching 
can be distinguished by measuring the fluorescence lifetime 
of CDs before and after incubation with quenchers. If the 
value has almost no change, static quenching is responsible 
for the quenching process. If obviously becomes shorter, it is 
dynamic quenching [31]. The fluorescence decay curves of 
CDs before and after binding of  Zn2+ are shown in Fig. 6B; 
slightly change of the average fluorescence lifetime can 
be observed, indicating that the fluorescence quenching at 
685 nm is caused by the static quenching. Moreover, the 
fluorescence lifetime test result further confirmed the forma-
tion of CDs-Zn2+ complex.

Optimization of experimental conditions

In order to obtain the optimal analytical conditions, the 
effects of the pH and CDs concentration on the CDs fluo-
rescence and  Zn2+ incubation time on the analytical per-
formance of the sensing system were investigated. Due to 
the different surface groups of CDs prepared by different 
methods, the fluorescent responses to pH are usually com-
plicated. Therefore, the effect of pH on the CDs fluorescence 
was explored firstly. Figure S6A shows the fluorescence 
responses of CDs in various pH environments (pH 5.0 to 
pH 9.0). The dual emission intensities of CDs remain almost 
unchanged in the pH range from 5.0 to 7.5, whereas exhibit 
the obvious decrease at 685 nm and increase at 650 nm with 
the further rise of pH value from 8.0 to 9.0, which is assumed 
to the deprotonation of surface groups of CDs along with the 
rise of pH value and tautomerism between the structures of 
-NH-C = O and -N = C–OH on CDs surface. Therefore, in 

Fig. 5  The fluorescence excitation (left) and emission (right) spectra 
of the CDs before and after addition of  Zn2+
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order to maintain the fluorescence stability of the CDs, the 
PBS buffer solutions with pH 7.0 were utilized for the fol-
lowing experiments. The fluorescence probe concentration 
also plays an important role in the entire experimental pro-
cess. Then, the relationship between the CDs dilution multi-
ple and the fluorescence emission intensity was investigated. 
As depicted in Fig. S6B, the emission at 685 nm increases 
first and then decreases with the increase of CDs dilution 
ratio in the range of 10 to 600 times, thus selecting of 100 
diluted times as the optimal CDs concentration. Finally, the 
 Zn2+ incubation time was investigated. Figure S6C show that 
the value of F650/F685 increases with the increase of incuba-
tion time and nearly unchanged after 15 min. Considering 
the requirement of complete reaction between CDs and  Zn2+ 
for the quantitative analysis, 20 min is chosen as the optimal 
reaction time in the following experiments.

Performance of ratiometric fluorescence 
determination of  Zn2+

In order to further confirm the feasibility of this CDs-based 
nanoprobe for ratiometric fluorescence determination of 

 Zn2+ with specificity, we investigated the fluorescence 
responses of other 18 common metal ions. As shown in 
Fig. 7, after the addition of other metal ions including  Na+, 
 K+,  Ag+,  Hg2+,  Pb2+,  Cd2+,  Ca2+,  Cu2+,  Fe2+,  Ni2+,  Mn2+, 
 Co2+,  Mg2+,  Fe3+,  Al3+,  Ce3+, and  In3+ into the CDs sens-
ing system, almost all of these metal ions exhibit obvious 
fluorescence quenching at 685 nm while slight effects on 
the fluorescence at 650 nm of CDs. However, only the pres-
ence of  Zn2+ not only can induce the fluorescence quench-
ing at 685 nm but also increase at 650 nm significantly. The 
mixtures of  Zn2+ with interfering metal ions also exhibited 
satisfactory ratiometric fluorescence responses (Fig. S7). 
This response phenomenon may be explained to the unfilled 
D-orbital of some investigated interfering metals ions which 
can trap the photoexcited electrons of CDs and thus quench-
ing the fluorescence. For  Hg2+, as a heavy metal ion with 
larger size, it can usually coordinate with aromatic amino-
like or sulfur-containing groups on CDs surface to cause 
strong quenching [30]. However, the closed shell D-orbital 
of  Zn2+ limits its ability to trap photoexcited electron but 
synergies with the complexation of CDs-Zn2+ to trigger a 
special ratiometric fluorescence response. Therefore, these 

Fig. 6  A UV–Vis absorption 
spectra and B PL decays of CDs 
at 685 nm before and after addi-
tion of  Zn2+

Fig. 7  The responses of CDs 
to different metal ions. The 
concentration of each metal 
ion was 1 μM. Error bars were 
estimated from three replicate 
measurements
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results indicated that the prepared CDs are very suitable as 
ratiometric fluorescence nanoprobe for the selective deter-
mination of  Zn2+.

Then, the fluorescence response spectra and correspond-
ing F650/F685 values of CDs sensing system towards dif-
ferent concentration of  Zn2+ were investigated under opti-
mized experimental conditions. As shown in Fig. 8A, with 
the increase of  Zn2+ concentration ranging from 0 to 4 μM, 
the fluorescence intensity of CDs gradually increases at 
650 nm while decreases at 685 nm. Correspondingly, the 
ratio value of F650/F685 gradually increases with increas-
ing concentration of  Zn2+ (Fig. 8B). The value of F650/F685 
shows a good linear relationship with the concentration of 
 Zn2+ in the range of 0.01–2 μM. The linear regression equa-
tion is F650/F685 = 0.191 + 3.562CZn2 + with high correlation 
coefficient (R2 = 0.998). Based on the 3σ rule (σ = 3S/k, S is 
the standard deviation in the blank solution after 10 times 
repeated measurements, and k is the slope of the standard 
curve), the detection limit is estimated as low as 5.1 nM. 
The analytical performance comparison of this proposed 
CDs-based fluorescence nanoprobe with the previous reports 

about fluorescent assay for  Zn2+ was illustrated in Table S1. 
One can be seen that the proposed CDs-based fluorescence 
nanoprobe not only offered a superior detection limit for 
 Zn2+ but also exhibited excellent selectivity owing to the 
 Zn2+-induced unique ratiometric emission response. Moreo-
ver, the long-wavelength emission property and convenient 
preparation process of the CDs further improve the real sam-
ple application possibility.

Determination of  Zn2+ in human serum samples

To explore the feasibility of the CDs-based ratiometric nan-
oprobe to be applied for complex biological samples, the 
recovery assay for  Zn2+ in diluted human serum samples 
(1%) was performed. The serum samples with spiked  Zn2+ 
of different concentrations (0.2, 0.5, and 1 μM) were meas-
ured according to the procedure in buffer system. As shown 
in Table 1, the acceptable recoveries in the range from 95.0 
to 105.0% with relative standard deviation (RSD) less than 
5.0% were obtained. In addition, AAS was used as a ref-
erence method to demonstrate the developed method. The 

Fig. 8  A The fluorescence spectra of the CDs nanoprobe in the pres-
ence of different concentrations of  Zn2+. B The relationship between 
the concentration of  Zn2+ and the value of F650/F685. Inset: the linear 

region at low concentrations of  Zn2+. Error bars were estimated from 
three replicate measurements

Table 1  Recovery test of  Zn2+ in spiked human serum samples analyzed by the CDs-based ratiometric fluorescence nanoprobe

Sample Added (µM) Found (µM) Recovery (%) RSD (n = 3, %)

CDs AAS

Serum I 0.2 0.21 ± 0.01 0.20 ± 0.01 105.0 3.6
0.5 0.48 ± 0.02 0.49 ± 0.01 96.0 4.9
1.0 1.03 ± 0.01 1.02 ± 0.01 103.0 3.5

Serum II 0.2 0.19 ± 0.01 0.20 ± 0.02 95.0 4.6
0.5 0.52 ± 0.02 0.53 ± 0.01 104.0 3.6
1.0 1.05 ± 0.01 1.05 ± 0.01 105.0 3.7
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result indicates that the CDs-based ratiometric fluorescence 
nanoprobe has great potential to realize the quantitative 
determination of  Zn2+ in human serum samples.

Conclusions

A novel multi-emission CDs were prepared by a one-step 
solvothermal approach, which can be used for the ratiometric 
fluorescence determination of  Zn2+. The presence of  Zn2+ 
can specifically enhance the fluorescence at 650 nm remark-
ably while quench the fluorescence at 685 nm, which may 
be originated from the change of the surface group distribu-
tion of CDs caused by the chelation of  Zn2+. Based on the 
unique ratiometric fluorescence response, the CDs-based 
nanoprobe successfully realized the high sensitive and selec-
tive determination of  Zn2+, with a low detection limit of 
5.1 nM. Compared with previous reported CD-based nano-
hybrid ratiometric sensors, the construction of this ratiomet-
ric sensor here can be achieved only during CDs preparation 
process and does not require postmodification with other 
fluorophores or further mixing. Of course, it is still need to 
make better use of the short-wavelength emission property 
of the CDs-based fluorescent nanoprobe and develop better 
synthesis or purification methods to achieve higher long-
wavelength emission quantum yield.
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