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Abstract

We fabricated a new and selective fluorescent sensor for the detection of citrate by employing g-C5N,4 quantum dots (g-CNQDs)
and MgFe layered double hydroxide (MgFe-LDH). The g-CNQDs interacted with MgFe-LDH via electrostatic interaction and
the fluorescence of g-CNQDs was effectively quenched by MgFe-LDH due to inner filter effect. Upon addition of citrate, the
fluorescence of the g-CNQDs was significantly enhanced, arising from the replacement of g-CNQDs by citrate because citrate
competed with g-CNQDs to form more stable complexes with MgFe-LDH. Therefore, we developed a “turn-off-on” fluores-
cence assay method for the detection of citrate. This method enabled the selective detection of citrate with linear range of 0.5—
3.0 uM and 3.0-10.0 uM with a 12.3 nM limit of detection. This method exhibited advantages including easy preparation,
environmentally friendly process and rapid response toward citrate.
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Introduction

Citrate is one of the most important anions due to its vital role in
the Krebs cycle, which plays the essential roles in metabolism
of aerobic organisms [1-3]. Measurements of citrate can lead to
a better understanding of certain pathological state, for instance,
the reduction of citrate in urine associated with kidney dysfunc-
tion [4-6]. It has been reported that citrate levels are as low as
2-20 mM in prostate cancer, while those in healthy males are
50-200 mM. To date, conventional methods have been used for
citrate detection include ion chromatography [7, 8], high per-
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formance liquid chromatography [9], gas chromatography [10]
and spectrometry [11, 12]. However, these methods usually
involve specialized and expensive equipment, complicated
sample pretreatment and time consuming. Recently, fluores-
cence methods have been explored in the sensing of citrate,
which has the advantages of easy operation, fast response and
high sensitivity [13—18]. In general, these methods could be
achieved for detection of citrate through two typical avenues:
binding with metal cations or complexation with the
pyridinium, which are subjected to complex preparation or low-
er selectivity. Therefore, the development of simple, fast and
selective methods for citrate detection is of great significance.

Graphitic carbon nitride (g-C3N4) has been widely applied
in energy, medicine, cell imaging and sensing [19-22].
Especially, g-C3N, quantum dots (g-CNQDs) have attracted
a great deal of attention due to their high fluorescence quan-
tum yields, heavy-metal free structure, high biocompatibility
and low toxicity. The characteristics have placed g-CNQDs as
fluorophores for the design of probes for biological and envi-
ronmental molecular species detection. However, most of g-
CNQDs based fluorescence probes were focused on the deter-
mination of metal ions and biothiols [23-26]. Therefore, it is
highly desirable to design g-C;N4-based sensors to further
expand the application range.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-019-02391-3&domain=pdf
http://orcid.org/0000-0002-8068-5825
mailto:heyu@hubu.edu.cn

720

J Fluoresc (2019) 29:719-726

Layered double hydroxide (LDH), as one of the most
promising two-dimensional nanostructured materials,
consisting of a positively charged layer and exchange-
able anions in the interlayer [27]. Due to the unique
structural properties and ability to assemble with other
functional materials, as well as being easy for synthesis,
non-toxic, good biocompatible and inexpensive, use of
LDH as a component of sensor has recently been pro-
posed [28-32]. LDH has been explored as nanoreactor
to provide a stable microenvironment and acted as the
disperse matrix to control the distribution of intercalated
fluorescence guest [29, 30]. In addition, LDH has been
used to fabricate ultrathin films with other fluorescence
materials to improve the fluorescence intensity resulted
from the localization and confinement effects of LDH
nanosheets [31, 32].

Recently, to get more reliable analytical results and bet-
ter sensitivity, turn-off-on fluorescence probes based on
nanoquenching materials such as MnO,, CoOOH and
AgNPs have been used for analytical testing [33-35].
Herein, we design a novel and selective fluorescent assay
for the detection of citrate with MgFe-LDH as the
nanoquencher. The principle of this strategy is demonstrat-
ed in Scheme 1. The fluorescence of g-CNQDs can be
quenched by MgFe-LDH via an inner filter effect. Citrate
competes with g-CNQDs to form fairly stable complexes
with MgFe-LDH through intercalation. This results in the
replacement of g-CNQDs by citrate and fluorescence re-
covery, allowing quantitative analysis of citrate. This g-
CNQDs-based method for the detection was designed for
the first time. The assay method demonstrates easy prepa-
ration, environmentally friendly process and rapid re-
sponse toward citrate.

Scheme 1 Turn-off-on Q

fluorescence sensing of citrate
using g-CNQDs and MgFe-LDH. + citrate

\ g MgFe-LDH
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Experimental Section
Reagents

Melamine (C3NgHg) and sodium formate (HCOONa) were
purchased from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Ethylene diamine tetraacetic acid (EDTA),
sodium hydroxide (NaOH), magnesium chloride hexahydrate
(MgCl,-6H,0), ferric chloride hexahydrate (FeCl;.6H,0), po-
tassium bromide (KBr), Potassium iodide (KI), sodium fluo-
ride (NaF), sodium sulfate (Na,SO,), sodium silicate
(Na,Si03), sodium acetate anhydrous (CH;COONa-3H,0),
potassium sodium tartrate tetrahydrate (KNaC,4H404-4H,0),
monopotassium phosphate (KH,PO,) and disodium hydrogen
phosphate (Na,HPO,) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Potassium
Chloride (KCl), sodium nitrate (NaNO3), sodium carbonate
(Na,COs3), sodium sulfite (Na,SO3) and sodium citrate
(Na3;CgHs07,2H,0) were purchased from Bodi Chemical
Co., Ltd. (Tianjin, China). Sodium oxalate (Na,C,0,) was
purchased from Kermel Chemical Reagent Co., Ltd.
(Tianjin, China).

Instruments

Transmission electron microscopy (TEM) images were ob-
tained on a Tecnai G2 F30 microscope (FEI, America). X-
ray diffraction (XRD) patterns were recorded by using a D8
Advance diffractometer (Bruker, Germany). Fourier-
transform infrared (FT-IR) spectra were recorded on
Spectrum one FT-IR spectrophotometer (Perkin Elmer,
America). UV—vis absorption spectra (UV—vis) were per-
formed on Lambda 35 UV spectrometer (Perkin Elmer,
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America). The fluorescence measurements were recorded on
LS55 fluorescence spectrometer (Perkin Elmer, America).
Zeta potentials were measured on Zetasizer Nano ZS90
(Malvern, England).

Synthesis of g-CNQDs

The g-CNQDs were prepared by Fan’s method with minor
modification [36]. First, 0.126 g (1 mmol) melamine and
0.248 g (0.67 mmol) EDTA were mixed in an agate mortar
and grounded to uniform power, then put them into a ceramic
crucible with a cover and heated at 350 °C for 1 h in air. Next,
the obtained solid was dispersed in 30 mL of ultrapure water
and formed a homogeneous brownish-black solution, and cen-
trifuged (8000 rpm, 20 min) to remove the large particles.
Finally, the purified g-CNQDs solution was obtained by dia-
lyzing for 2 days.

Synthesis of MgFe-LDH

The MgFe-LDH was synthesized using a co-precipitation
method [37]. First, NaOH solution (10 M, 0.4 mL) was added
to 25 mL of premixed solution containing MgCl, (42 mM)
and FeCl; (20 mM) and stirred for 15 min. Then, MgFe-LDH
solid was obtained via centrifugation after washed 3 times
with ultrapure water. The final product was dispersed in
25 mL ultrapure water under sonication, resulting in a stable
homogeneous suspension.

Analysis of Citrate in Aqueous Solution

In a typical assay, 10 uL of MgFe-LDH dispersion
(3.5 mg mL™") was mixed with 23.3 uL of the g-CNQDs
solution. Then, different amounts of citrate were added to
the mixture. Finally, mixture was diluted to 2 mL with water

Fig. 1 a TEM and HRTEM (a) (b)
image of g-CNQDs, b TEM
image of MgFe-LDH. The FT-IR
(c) and XRD spectra (d) of g-
CNQDs and MgFe-LDH. e UV-
vis absorption spectra of g-
CNQDs (black) and MgFe-LDH
(red). f Emission spectra of g-
CNQDs
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(pH =6.0) and thoroughly mixed. Then the fluorescence in-
tensity was measured at 435 nm with excitation at 350 nm
after an incubation of 3 min at room temperature.

Results and Discussion
Characterization of g-CNQDs and MgFe-LDH

The TEM image and HRTEM image show that the as-
prepared g-CNQDs are spherical and the lattice spacing is
0.213 nm (Fig. 1a and inset of Fig. 1a). Figure 1b illustrates
that MgFe-LDH are the typical hexagon nanosheets morphol-
ogy. The surface functional groups of the g-CNQDs and
MgFe-LDH were characterized by FT-IR spectra (Fig. 1c).
For g-CNQDs, the broad peak at 3100-3500 cm ™' is assigned
to O-H and N-H stretching. The peaks at 1456 cm ™' and
1374 cm™" are assigned to stretching modes of CN heterocy-
cles, and the peak at 807 cm ! is attributed to typical vibration
of triazine units. The peak at 1616 cm " is corresponded to the
asymmetric stretching vibrations of the COO , suggesting the
g-CNQDs are decorated with carboxylate and hydroxyl
groups on the surface. For MgFe-LDH, the broad peaks
around 3426 cm ' and 1643 cm™' correspond to stretching
and bending vibrations of O-H, respectively. The peaks
around 566 and 435 cm ' are assigned to lattice Mg-O and
Fe-O vibrations. XRD patterns are determined in Fig. 1d. The

broad peak at 27.1° (002) is corresponded to the interlayer
stacking of g-CNQDs. For MgFe-LDH, the pattern diaplays
several sharp symmetry peaks at 11.4° (003), 22.9° (006),
34.1° (012), 59.5° (110) and 60.9° (113), the positions and
relative intensities match well with previous report, indicating
the existence of MgFe-LDH.

The optical properties of g-CNQDs and MgFe-LDH were
further studied by UV—vis absorption and fluorescence spec-
tra. As shown in Fig. le, both g-CNQDs and MgFe-LDH
exhibite a very broad UV absorption between 200 and
500 nm, meanwhile MgFe-LDH has an absorption peak
around 260 nm. The emission peaks of g-CNQDs are
excitation-dependent and the maximum fluorescence emis-
sion is at 435 nm with an excitation of 350 nm (Fig. 1f).

Feasibility of g-CNQDs for the Detection of Citrate

To explore the potential of the g-CNQDs for fluorescence
detection of citrate, we investigated the effect of MgFe-LDH
and citrate on the fluorescence of the g-CNQDs. As shown in
Fig. 2a, the fluorescence intensity of g-CNQDs at 435 nm
(black curve of Fig. 2a) is significantly quenched with the
addition of MgFe-LDH (red curve of Fig. 2a). However, the
quenched fluorescence of g-CNQDs is recovered upon the
addition of citrate (blue curve of Fig. 2a). Therefore, we can
establish a new platform for the fluorescence “turn-off-on”
sensor for the detection of citrate.

Fig. 2 a Fluorescence emission (a) (b)
spectra of g-CNQDs, g-CNQDs/ 1000
MgFe-LDH fmd g-CNQDs/ 800- T 0
MgFe-LDH in the present of _g_CNQDs+LDH 800- 18ug/mL
citrate (20 pL g-CNQDs+ - ——g-CNQDs+LDH+citrate | 5 36ug/mL
18ugmL ' MgFe-LDH+50 M = 6007 s S4ug/mL
citrate). Effects of (b) S 2 600+ ;ztgﬁt
concentration of MgFe-LDH and ‘» 4004 2
(c) pH on the detection of citrate, § g 400+ MgFe-LDH
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Fig. 3 a Fluorescence spectra of

g-CNQDs/MgFe-LDH in the il
presence of different 600+ e
concentrations of citrate. b ot 10 pM citrate
Fluorescence responses of g- S 450- 0.6-
CNQDs/MgFe-LDH toward Lt 4
citrate. ¢ The relationship %‘ w 0.44
between [(F — F)/F] and the c 300 :° ;
concentration of citrate in the g é
range from 0.5 to 3.0 uM (d) and = 150- 0.2+
3.0to 10.0 uM. Fy and F are T >
fluorescence intensities without 0.04
and with citrate, respectively. 01 . . . : 2 T T T ¥ T T
Error bars represent standard 400 450 500 550 600 0 2 4 6 8 10
deviations from triplicate Wavelength(nm) C(uM)
measurements (c) (d)
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For the further sensing assay, we optimized detection
condition including the concentration of MgFe-LDH, pH
and reaction time. The fluorescence quenching of g-
CNQDs upon different concentration of MgFe-LDH was
investigated. As shown in Fig. 2b, the fluorescence of g-
CNQDs is decreased rapidly when 18 pug mL™' of MgFe-
LDH are added. Here, we chose 18 ug mL™' of MgFe-
LDH for the experiment. Figure 2c displays the influence
of pH on the recovery of fluorescence. The results show
that the change of pH values significantly affect the re-
covery of the fluorescence of g-CNQDs and the optimum
pH to reach greatest recovery in this study is 6.0. Herein,
we use F/F, value to evaluate the effects, where Fy and F

Table 1
citrate

Comparison of different methods for the determination of

Materials used Analytical range Detection limit References

CdTe QDs 0.67-133 uM 60 nM [13]
Receptor 1 0.1-0.5 pM 180 nM. [14]
Dinuclear zinc complex 0-10 uM 100 nM [15]
Rhodamine compound  0.1-50 uM 25 nM [16]
DPP-Pyl 0-40 uM 180 nM [17]
TPE-Py 1-5 uM 100 nM [18]
g-CNQDss/MgFe-LDH  0.5-10 uM 12.3 nM This paper

refer to the fluorescence intensity of free g-CNQDs and g-
CNQDs in the presence of MgFe-LDH and citrate, respec-
tively. Figure 2d demonstrates the fluorescence enhance-
ment kinetics with different amounts of citrate addition.
The fluorescence intensity of g-CNQDs recovers quickly
in 3 min, indicating it is fast to reach equilibrium in the
interaction between citrate and g-CNQDs/MgFe-LDH.
Thus, the detection experiments were carried out in 3 min.

To evaluate the sensitivity of the g-CNQDs for the fluo-
rescence detection of citrate, the fluorescence intensity of
the g-CNQDs at 435 nm is monitored as a function of the

320
240-
1, 1604
TH
80
S S ogiiiersnd & 88 &
To 4 oa§¢@ f§§§

Fig. 4 The selectivity of g-CNQDs/MgFe-LDH nanoprobe for citrate
detection. The concentration of different anions are 10 pM. Where F
and F, are the fluorescence intensities at 435 nm in the presence and
absence of anions, respectively

@ Springer



724

J Fluoresc (2019) 29:719-726

Table 2 Analytical results of citrate in urine samples (n = 3)

Samples  Spiked (uM)  Found (uM)  Recovered (%) RSD (%)
1 1.0 1.00+0.01 99.8 0.89

2.0 2.05+0.07 102.5 3.63

5.0 5.09+0.05 101.9 1.03
2 1.0 1.03+0.06 102.9 5.68

2.0 2.03+0.04 101.4 1.73

5.0 5.00+£0.05 99.9 1.01

concentration of citrate (Fig. 3). As shown in Fig. 3a, the
fluorescence intensity of g-CNQDs/MgFe-LDH is gradu-
ally enhanced with increasing concentration of citrate. The
linear calibration ranges are obtained within 0.5-3.0 uM
and 3.0-10.0 uM (Fig. 3b). Figure 3¢ and d display the
linear relationships between (F-F()/F, and citrate concen-
tration, with regressions equation of (F-F,)/Fq=0.010C +
0.118 (R*=0.992) and (F-Fy)/Fo=0.047C +0.296 (R*=
0.987), respectively. Herein, Fy and F were the fluores-
cence intensity of the g-CNQDs/MgFe-LDH at 435 nm in
the absence and presence of citrate. The limit of detection
(LOD) of 12.3 nM is calculated based on 3o/k (o is the
standard deviation of blank signal (S/N=3) and k is the
slope of calibration curve. Table 1 shows a comparison of
merits of some reported methods for citrate determination
with our method.

Fig. 5 a Zeta potential of g-
CNQDs and MgFe-LDH, b UV-

(a)

Selectivity of g-CNQDs/MgFe-LDH Based Method
for the Detection of Citrate

The selectivity of the g-CNQDs/MgFe-LDH based method
for the detection of citrate was evaluated, some interfering
anions (F, CI', Br, I, NO;, CO5*", SO5%", SO, SiO;?
-, H,PO, , HPO42_, formate, acetate, oxalate and tartrate)
were employed as control samples. As shown in Fig. 4, only
the addition of citrate exhibites a significant response on the
fluorescence intensity of g-CNQDs/MgFe-LDH. These re-
sults demonstrate that the proposed method is highly selective
for distinguishing citrate from other anions. To further evalu-
ate the selectivity of the present method, a coexisting experi-
ment was performed. The results show that the presence of
50 uM of interference substances has little influence on
10 uM citrate detection, the relative error caused by the
coexisting substances was less than +5%.

Detection of the Citrate Levels in Human Urine
Samples

To further investigate the potential practical applications of
this method, the sensing of citrate in human urine was carried
out. In this work, the human urine samples were diluted 100
times with water just before determination without further
pretreatment. The assay results were displayed in Table 2,
the recovery of citrate is ranging from 99.8% to 102.9% with

(b)

vis absorption spectra of MgFe- 301 g-CNQDs
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the RSD values less than 5.7%, These results confirms that the
reported method is suitable for detection of citrate in real
samples.

Possible Mechanism of the g-CNQDs
for the Fluorescence “Turn-off-on” Detection
of Citrate

The zeta potential of g-CNQDs and MgFe-LDH are
—17.3 mV and 20.4 mV, respectively (Fig. 5a). Therefore, g-
CNQDs interacte with MgFe-LDH via electrostatic interac-
tion. The UV-vis absorption spectra and fluorescence spectra
were tested to investigate the causes of fluorescence
quenching. As it can be seen in Fig. 5b, the characteristic
absorption band of MgFe-LDH between 200 and 400 nm
can well overlap with the excitation spectrum of g-CNQDs
at 350 nm, thus enabling the generation of the inner filter
effect between g-CNQDs and MgFe-LDH, the fluorescence
of g-CNQDs is significantly quenched by MgFe-LDH via
inner filter effect. For the classic intercalation between LDH
and citrate, the citrate competes with negatively charged g-
CNQDs to form fairly stable complexes with MgFe-LDH.
Thus, the fluorescence of g-CNQDs is recovered due to re-
placement of g-CNQDs by citrate.

The XRD and FT-IR were employed to demonstrate the
formation of complexes between citrate and MgFe-LDH.
The XRD pattern of g-CNQDs/MgFe-LDH is in consistent
with the pure MgFe-LDH, indicating the structure of MgFe-
LDH is not destroyed after the electrostatic interaction be-
tween g-CNQDs and MgFe-LDH. While the (003) peak of
MgFe-LDH becomes broader and a new peak appeares at
lower angle after interaction with citrate, which indicates cit-
rate can be partially intercalated in the layered structures of
MgFe-LDH (Fig. 5¢). In the FT-IR spectra (Fig. 5d), the sym-
metric vibration peak of C=0 at 1592 cm ™' and the peak C-O
bond at 1079 cm™ ' of citrate is appeared in the complex of
citrate and MgFe-LDH, which suggestes citrate binding with
MgFe-LDH through the carboxyl group. Hence, the structure
information of MgFe-LDH before and after interaction with
citrate offer possible mechanism of the g-CNQDs for the fluo-
rescence “turn-off-on”detection of citrate.

Conclusions

In summary, we successfully synthesized g-CNQDs and
MgFe-LDH, respectively. The g-CNQDs interacted with
MgFe-LDH through electrostatic interaction. Since the ab-
sorption band of MgFe-LDH between 200 and 400 nm could
well overlap with the excitation spectrum of g-CNQDs at
350 nm, the fluorescence of g-CNQDs was significantly
quenched by MgFe-LDH via inner filter effect. After the ad-
dition of citrate, the citrate would compete with g-CNQDs and

form fairly stable complexes with MgFe-LDH because of the
intercalation between MgFe-LDH and citrate. As a result, the
g-CNQDs was replaced by citrate and the fluorescence of g-
CNQDs was recovered. Based on these findings, we con-
structed a g-CNQDs-based sensor for “turn-off-on™ detection
for citrate. The established method achieved satisfying results
for citrate detection with linear range of 0.5-3.0 M and 3.0—
10.0 uM. Moreover, this method was applied to determine the
citrate level in human urine samples and exhibited satisfactory
results, which demonstrated its potential for practical diagnos-
tic applications.
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