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Abstract; Fluorescent nitrogen-doped carbon dots (NCDs) were synthesized by a facile one-step microwave strategy
using lemon juice and urea. The obtained NCDs show stable blue fluorescence with a high quantum yield of 53.1%. Hg?*
can efficiently coordinate onto the surface of NCDs by means of electrostatic interactions and remarkably quench the fluo-
rescence of NCDs as a result of the formation of a non-fluorescent stable NCDs-Hg?* complex (turn-off ). Static fluores-
cence quenching towards Hg?* is proved by the fluorescence lifetime measurements and the change of ultraviolet-visible ab-
sorption spectra. In addition, the fluorescence of NCDs-Hg?* system was recovered with the addition of captopril ( CAP)
due to the ability of captopril to coordinate with Hg>* and the formation of strong Hg?*—S bond. When captopril was
added, Hg?* combined with captopril rather than with NCDs resulting in the remove of Hg?* from the surface of NCDs and
a significant fluorescence restore of NCDs was observed (turn-on). Under the optimized conditions, good linearity for detec-
ting captopril was attained over the concentration range 0.25 =25 pmol + L. ™! with a detection limit of 0.17 pmol + L1, More-

over, this NCDs-based sensor was successfully applied for quantitation of captopril in tablets with satisfactory recovery.
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1 Introduction

Captopril ( (2S)-1-[ (2S) -2-methyl-3-sulfanyl-
propanoyl | pyrrolidine-2-carboxylic acid, CAP) is
an orally active inhibitor of angiotensin-converting
enzyme and is widely used in the management of hy-

12]

pertension and congestive heart failure!'?). Tt may

also be useful in preventing and treating congestive

heart failure3*

. During the metabolic pathway, it
is converted to a disulfide compound, which is elim-
inated together with unchanged captopril (40% -
60% ) in urine. With the increasing of clinical ap-
plication, some adverse effects are reported for cap-
topril, such as cough, hematemesis, proteinuria,

(56] " Therefore, a facile, rapid, sensi-

renal injury
tive and selective detection of captopril in biological
and pharmaceutical preparation samples is desired
and has attracted a great deal of attention!”’. Meth-
ods used for quantitation of captopril include high-
performance liquid chromatography ( HPLC ) with

mass spectrometric (8] ,

[9

atomicabsorption/ emission

[5:10:4] - chemilumines-

techniques! 518

spectrometry ], fluorescence

751 and  electrochemical

cence
However, the above methods are expensive, time-
consuming or requiring complex mathematic dealing.
In the present work, we developed a new method for
the determination of captopril based on the fluores-
cence “off-on” of NCDs.

Carbon dots have attracted tremendous attentions

[1920]

owing to their captivating properties , such as

excellent photo-stability, favorable biocompatibility,

[21-22

and good water solubility !. Carbon dots using in

a broad range of promising applications have been

demonstrated in bioimaging'>!, medical diagno-
sis! 2 ; catalysismﬂ , photovoltaic devices'?®! and
sensor- 272 especially for sensor applicationBO’MJ.

Many methods have been proposed to prepare NCDs
during the last decade, such as chemical ablation,
electrochemical carbonization, laser ablation, hydro-

]

thermal/solvothermal treatment'*2). In contrast, mi-

crowave irradiation of organic compounds is a rapid
and low-cost method to synthesize NCDs!'*3). In
this study, we report a microwave strategy for the

preparation of nitrogen-doped carbon dots(NCDs) by

using the lemon juice and urea. The obtained NCDs
show blue fluoresces with a high quantum yield of 53.1%.
We found the introduced Hg?* may cause fluores-

cence “ turn-off” of the NCDs.

NCDs-Hg?* system can also be conveniently em-

Moreover, the

ployed as a fluorescent “turn-on” probe for highly
sensitive and selective detection of captopril with a
low limit of detection (LOD) of 0. 17 wmol « L!
and a wider linear detection range of 0.25 —25 pmol -+
L=, Cumulatively, our present work demonstrates the
efficacy of NCDs as an effective fluorescent probe for

potential applications in biomedical applications.

2 Experiment

2.1 Materials and Instruments

All the experiments were carried out using ana-
lytical grade without further purification. Captopril
and quinine sulfate were purchased from Aladdin
Ltd. (Shanghai, China). Fe, (SO,);, KCI, CaCl,,
BaCl,, AICl;, HgCl,, MgCl,, MnCl,, ZnCl,, CuCl,,
CoCl,, CdCl,, AgNO;, NaCl, Pb (NO;),, NiCl,,
urea were obtained from the Sinopharm Chemical
Reagent Co., Lid. ( Shanghai, China). The water
used here was purified through a Kertone-mini water
purification system throughout the experiments. The
lemons were purchased from a local supermarket.

UV-Vis absorption spectra were recorded on a
UV-2600 UV-Vis spectrophotometer ( shinadzu, Ja-
pan). Fluorescence emission spectra were recorded
by a FS5 fluorescence spectrophotometer ( Edinburgh ,
UK). X-ray photo-electron spectroscopy ( XPS) was
performed on a Thermo ESCALAB 250XI electron
spectrometer equipped with Al Ka X-ray radiation
(hv =1 486. 6 eV) as the source for excitation.
Transmission electron microscopy ( TEM ) was per-
formed on a Zeiss Libra 200 FE transmission electron
microscope at an acceleration voltage of 200 kV.
Fourier transform infrared spectroscopy ( FTIR) ex-
periments were recorded on a AVATAR360 FTIR
spectrometer in the form of KBr pellets.
2.2 Synthesis of Nitrogen Doped Carbon Dots

The NCDs were synthesized by microwave
method. In brief, we squeeze the lemon and filter

out the pulp to get the lemon juice. 2 g urea was
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dissolved in 10 mL lemon juice to achieve solution
and then the solution was heated in microwave oven
for 15 min operating at 700 W. After the beaker had
cooled down to room temperature, the obtained
blank solid powder was dissolved with 20 mL water.
The supernatant was filtered with 0. 22 pum filter
membrane to remove the large carbon dots and then
dialyzed against ultra-pure water through a dialysis
membrane ( Molecule weight cut off is 1 000 u) for
24 h. Finally, the yellow NCDs solution was ob-
tained.
2.3 Fluorescence Sensing of Captopril

For detection of CAP, different amounts of CAP
(1 mmol - L™") were added into the mixture solu-
tion of NCDs (100 pL) and Hg?* (100 pL, 1 mmol -
L=1). The final concentration of CAP ranged from 0
to 200 pwmol - L~1,

45 min at room temperature and recorded under ex-

All samples were incubated for

citation at 413 nm to obtain the fluorescence spec-
tra.
2.4 Quantum Yield of NCDs
Quinine sulfate dispersed in 0. 1 mol - L!
H,S0, ( Quantum yield is 0. 58) was used as the
standard. The quantum yield was calculated with the
following equation ;
Y=Y<-FU-AS (1)
u STF A

where Y is quantum yield, F is integrated area of

emission, and A is the absorbance at the excited
wavelength of the sample, respectively. The sub-

“w

scripted “s” refers to the referenced fluorophore with
known quantum yield and “u” refers as the samples
for the determination of quantum yield.
2.5 Determination of Captopril in Tablets

The tablets were finely powdered. An amount of
this powder, equivalent to about 10.9 mg of CAP was
accurately weighed and shaken with 20 mL of distilled
water in a water-bath at 50 “C for 10 min. The mass of
CAP was calculated with the equation (2) ;

m = cVM, (2)
where ¢ is the concentration, and M is molecular
weight of CAP. After cooling, the solution was
transfered into a 50 mL calibrated flask, the residue

was washed several times and the solution diluted

with water to the mark to obtain a solution of 1

mmol « [,71.

3 Results and Discussion

3.1 Characterization of NCDs

The TEM image(Fig. 1 (a) ) shows that the as-
prepared NCDs were well dispersed. The diameter
distribution of the NCDs rangs from 1.0 nm to 7.0
nm and the average diameter of NCDs is 3.7 nm(in-
set of Fig. 1(a) ), which is well consistent with the
NCDs reported ). FTIR spectrum was used to
identify the functional groups present on NCDs. As
shown in Fig. 1 (b), there existed N—H, O—H,
C=0, C—O0 and C—H groups on the surface of
the NCDs. Specifically, the stretching vibration of
—OH/—NH was located at 3 440 cm~'. The
stretching vibrations of —CH were located at 2 923
em ™! and 2 850 em~'. The band at 1 713 c¢m ™!

was attributed to the C =0 stretching vibration. The
band at 1 400 cm ~! could be ascribed to —CH ben-

ding vibration. While the band at 1 200 was as-
[35]

cribed to C—O stretching vibration

Tansmittance/a. u.

T
4000 3500 3000 2500 2000 1500 1000 500

v/em™

(a) TEM image of the NCDs(inset; the diameter dis-
tribution of the NCDs). (b)FTIR spectrum.

Fig. 1

Moreover, XPS was used to analyze the ele-

mental composition and the chemical bonds of the
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prepared NCDs. As shown in Fig.2(a), the survey
XPS spectra revealed three typical peaks of C 1s at
285 eV, N 1s at 400 eV, O 1s at 531 eV and the
corresponding content of each element. The high-
resolution spectra of C 1s in Fig.2(b) exhibit three
main peaks( C—C 284.7 eV, C—0 286 ¢V, C =0

(a) 01s C: 57.25%
0:26.82%
N: 15.93%
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The UV-Vis absorption spectrum of the NCDs
showed that there was a shoulder peak at 272 nm
and an absorption band at 328 nm and 414 nm( Fig.
3). The shoulder peak at 272 nm was attributed to
the -7 * transitions of the aromatic C =C bonds.
While the absorption at 328 nm and 413 nm were
from n-7* transitions 3"/,

The maximum emission was available at 536 nm
with maximum excitation at 413 nm( Fig.3). Thus,
the 413 nm was chosen as the optimal excitation
wavelength for the following detection experiments.
The above result indicated that highly fluorescent
NCDs were successfully synthesized. In order to fur-
ther explore the fluorescence properties of the as-
prepared NCDs, the quantum yield and the effects of
different extraneous factors on the fluorescence in-
tensity of the NCDs were investigated. Under the ex-
citation of 360 nm, the quantum yield of the NCDs

288 eV ). The spectra of N 1s in the NCDs reveal
the presence of N—H (399.6 eV) and C—N (400. 3
eV) bonds (Fig. 2(c) ), while that of O 1s(Fig.
2(d)) displays two peaks (531.4 eV and 532. 1
eV), which could be attributed to C—O and C =0

groups, respectively 2.
(b)
3
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(a)Full-scan XPS spectrum of the NCDs. (b)C 1s XPS spectra. (c¢)N 1s XPS spectra. (d)O 1s XPS spectra.

was measured to be 53. 1% using quinine sulfate in

0.1 mol - L=' H,S0, as a reference.

Absorption /a. u.
Fluorescence intensity /a. u.

T T T T T T
200 300 400 500 600 700
A/nm

Fig.3  UV-Vis absorption( Abs) and fluorescence emission

spectra( Ex; excitation) of the NCDs

3.2 Fluorescence Stability of NCDs
The ionic strength and pH value were investiga-
ted to conform the stability of the NCDs. The effect of

ionic strength on fluorescence intensity of synthesized
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NCDs is investigated by incorporating 0 — 3 mol -
L~! NaCl in the solution of NCDs (Fig. S1 (a)).
The result reveals that fluorescence intensity of
NCDs is constant in high ionic strength. The pH
value of NCDs was studied over the range from 2.0
to 11. 0 (Fig. S1 (b)). The fluorescence intensity
changing in the pH range 2 —7 was nearly closed to
each other, while higher pH value reduced the fluo-
rescence intensity. This phenomenon may be attribu-
ted to the deprotonation of carboxyl group and amino
group on the NCDs surface. These results showed
that the fluorescence intensity of the NCDs was sta-
ble under broad acidic condition and neutral condi-
tion. At low pH, the active sites will be reduced for
the protonation of the functional groups on the sur-
face of the NCDs. While under alkaline conditions,
the Hg>* may combine with the —OH to form

1.2

(e)

FyolF-1

4 60 80 100 120 140 160
Concentration of Hg?/(umol - L")

0 20

Fig. 4

FL intensity/a. u.

Hg(OH),. Moreover, the dispersal environment for
CAP is nearly neutral. Consequently, pH 6.0 was
chosen in the next experiments.

3.3 Effect on Fluorescence by Hg?*

To demonstrate the feasibility and specificity
of the NCDs for Hg”* detection, the sensing ex-
periment was performed with different metal ions
under the same condition. The plot depicts that
the NCDs solution show strong quenching in fluores-
cence emission spectra in presence of 50 pmol « L ™!
Hg?* , while other metal ions have virtually no in-
fluence on the fluorescence detection of Hg>*
(Fig. 4 (a) ). These results clearly demonstrate
that the proposed NCDs possess outstanding selec-

and can serve as novel fluorescence
2+

tivity for Hg?*
sensor for highly selective and reliable Hg” * moni-
toring.
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Concentration of Hg?/(umol - ™)

(a) Selectivity of the NCDs for Hg?>* (the concentration of Hg>* and other metal cations were 50 wmol - L='). (b)

Emission spectra of the NCDs in the present of various concentrations of Hg?* ( from top to bottom, 0, 0.02, 0.2, 1, 2,
5, 10, 20, 30, 50, 60, 80, 100, 120, 140, 150 wmol -+ L="). (c) The plot of Fy/F — 1 and the concentration of
Hg?*. (d)The linear plot of Fo/F —1 and the concentration of Hg?* .

The titration experiment was conducted by
adding Hg® * aqueous solution at different concentra-
tions to NCDs solution. As shown in Fig. 4 (b),

upon the addition of Hg”>* | the fluorescence intensity

of NCDs was gradually quenched upon the addition
of Hg?*. Tt may be due to the electrostatic interac-
tions between Hg”>* and the carboxylate or hydroxyl

groups on the surface of NCDs. It is clear that the
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value of F/F —1 declined gradually with the enhance-
ment of Hg?* concentration, and reached a platform

2+ concentration( >80 wmol - L)

when a higher Hg
was used (Fig. 4 (¢)). Meanwhile, the fluorescence
quenching at 536 nm was in a distinct linear relation-
ship with the Hg?>* concentration in the range of
0.50 —=50 pumol - L=!(Fig.4 (d)). The linear corre-
lation could be described by the linear regression equa-
tion Fo/F -1 = -0.1241 +0.07719Cy 2+ , with a cor-
relation coefficient of 0.993(R?) and a limit of de-
tection was calculated to be 0.21 wmol - L=1,

The quenching mechanism process was studied
in order to investigate the reasons for its high selec-
tivity of Hg?*. In order to obtain further insight into
the mechanism of quenching, we investigated the
fluorescence lifetime of the NCDs with and without

the Hg?* .

most definitive method to distinguish static and dy-
[38]

Fluorescence lifetime measurement is the
namic quenching'”®’. For static quenching, the flu-
orescence lifetime does not change (7,/7 =1),
where 7 and 7 are the fluorescence lifetime in the
absence and presence of quencher, respectively. In
contrast, for dynamic quenching, F,/F =7,/7, and
the lifetime decreases on addition of the quencher.
The fluorescence lifetime spectra ( Fig. S2) and the
fluorescence intensity decay were fitted to a three ex-
ponential decay function( Tab. S1). The average flu-
orescence lifetime(7,) of pure NCDs is calculated to
be 7.13 ns. With gradual addition of Hg?* 25 mol -
L-"and 50 wmol - L~ respectively, the average
lifetime of NCDs decays to 6. 88 ns(71,) (7y/7, =
1.04) and 6.63 ns(7,) (7y/7, =1.07). The ratio
of the fluorescence intensity of the pure NCDs( F)
and the presence of Hg?* is F,/F, =2.18, F,/F, =
3.40 respectively. Fy, F; and F, are fluorescence
intensity in the absence and presence different con-
centration of Hg>* respectively. The ratio of the av-
erage fluorescence lifetime of NCDs was more close
to 1. 0, ruling out the dynamic quenching mecha-
nism' %), Moreover, upon addition of 50 pwmol -
L' Hg?*, the absorption centered at 337 nm be-
comes weak , suggesting the formation of non-fluores-

cent stable NCDs-Hg?* complex via the the electro-

static interactions between Hg®* and NCDs ( Fig.
5). These results indicate that the static quenching
between NCDs and Hg?* cations is possible /.
3.4 Feasibility and Sensitivity of NCDs Detec-
tion of CAP in Deionized Water Sample
To research the feasibility of NCDs-Hg?* fluo-
rescence probe for CAP detection, 60 wmol + L1
CAP is added into NCDs-Hg**

quenched fluorescence of the NCDs-Hg?* complex

system. The

was recovered within 45 min ( Fig. S3 and Fig. $4) ,
and then the fluorescence intensity remained stable.
Furthermore, the restoration of the UV-Vis absorp-
tion centered at 337 nm indicates the release of
NCDs(Fig.5). This phenomenon may be due to the
strong binding preference between Hg?* and thiol
groups. Hg?* is dissociated from the surface of
NCDs through the formation of Hg?>*—S bond,
which leads to the complete recovery of the emission

of NCDs ( Fig. 6) 140411

——NCDs
0.3+ —— NCDs-Hg?** mixture

= NCDs-Hg?*-CAP mixture
j

L 0.2

z
2

Z

= 0.1

O T T T T —
200 300 400 500 600

A/nm
Fig.5 UV-Vis absorption spectra of NCDs ( black ), the

mixture of NCDs and Hg?* (red) , and the mixture

of NCDs, Hg?>* and captopril ( green).

To further investigate the sensitivity of NCDs-
Hg’* system to CAP, different concentrations of
CAP in the range of 0 =200 wmol + L~! were added
into NCDs-Hg?* system containing 30 wmol + L~!
Hg’*.

is only a very weak emission at 536 nm owing to the

For the original NCDs-Hg?* solution, there

quenching effect from Hg?* cations ( Fig.7 (a)).
The fluorescence intensity at 536 nm of NCDs-Hg?*
system is gradually strengthened with the increasing
concentration of CAP from 0 to 120 pmol + L~ and
then flattened , revealing that the NCDs-Hg? * system

is sensitive to CAP. Moreover, no spectral shift of
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Fig.6 The detecting pathway for Hg>* and CAP based on

the fluorescence switching of NCDs

the emission band is observed. The relationship be-
tween the fluorescence intensity at 536 nm of NCDs-
Hg?* system and the concentration of CAP is shown
in Fig. 7(b). The fluorescence is completely re-
stored in the presence of 120 wmol + L =" CAP. The
fluorescence intensity enhancement can also be ana-
lyzed by the Stern-Volmer equation: F,/F, =1 +
K., [ Q,], where F| and F, are the fluorescence in-
tensity at 536 nm of NCDs-Hg?* system in the ab-

sence and presence of CAP, respectively, K, is the

100000
(a)
¢(Captopril)

200 pmol - L

80000 A

60000 4

40000 A

FL intensity/a. u.

200004

NV e

T T T T T T
448 498 548 598 648 698 748

A/nm

Fig.7

Stern-Volmer constant and [ @, ] is the concentration of
CAP. As shown in Fig. 7(c), a linear plot for the
quantitative analysis of CAP can be fitted between the
F,/F, and the concentration of CAP over a range of
0.25 =25 wmol + L=, The linear correlation could be
described by the linear regression equation F,/F, =
1.0976 +0.0165C4p , with a correlation coefficient of
0.991 (R?) and a limit of detection was calculated to
be 0.17 pmol « L ™!, These results suggested that such
NCDs-Hg?* system as a fluorescent turn-on probe ex-
hibits superior sensitivity for CAP, wide linear re-
sponse range and high possibility for the quantitative
detection of CAP. Some representative probes for sens-
ing CAP are summarized in Tab. 1 for comparison. The
NCDs-Hg?* fluorescent sensor for CAP detection not
only exhibits better or comparable performance, but

also is cheaper and easier to prepare.

12
(b) m
104 Saialii
8.
—
L 6] 051(c)
= /_ 0.4,
= 41 /! 034
= 0.24
&
21 0.1,
; 0
04 0 5 10 15 20 25
Concentration of captopril/(umol - L")

T T T T
0 50 100 150 200

Concentration of captopril /( pmol + L)

(a)Emission spectra of the NCDs -Hg?* system in the present of various concentrations of CAP(from bottom to top, 0,

0.25,0.5,2.5,5,7.5,10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 wmol « L.="). (b)The plot of F,/F,-
1 and the concentration of CAP. (c¢)The linear plot of F,/F; —1 and the concentration of CAP.

Tab.1 Comparison of different probes for the sensing of captopril

Linear range/  Detection limit/

Methods Probes Reference
(pmol « L™")  (pmol - L™")

Cyclic voltammetry Graphite screen printed electrodes 0 -800 4.27 [7]
Fluorimetry Gold nanoparticles- fluorescein isothiocyanate 0.09-2.9 0.012 [12]
Fluorimetry Graphene oxide 0.5-10.5 0.157 8 [13]
Fluorimetry Boron and nitrogen codoped carbon quantum dots 0.1-60 0.03 [14]
Cyclic vollammetry Chlorpromazine modified glassy carbon 8 —1 000 4.8 [15]
Differential pulse voltammetry — Cobalt-5-nitrolsalophen modified carbon paste 4.0-110 1.1 [16]
Cyclic voltammetry Multi-wall carbon nanotubes-hexacyanoferrate( Il ) 0.5 - 600 0.2 [17]
Square wave voltammetry Boron doped diamond 0.09 -0.46 0.165 [18]
Fluorimetry NCDs-Hg?* 0.25-25 0.17 This work
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3.5 Interference Studies

In order to apply the proposed method to the
analysis of pharmaceutical dosage forms, the influ-
ence of commonly used excipients and additives was
studied by preparing NCDs-Hg” * solutions containing
captopril and the foreign compound. As shown in
Fig. 8, no interference was found for mannose, fruc-
tose, dextrin, polyethylene glycol ( PEG ), starch,
maltose, glucose, sucrose, microcrystalline cellulose
(MCC), sorbitol and lactose. Hence, the proposed

method may be considered as sufficiently selective.

20000

16000

12000

8000

FL intensity/a. u.

4000

Fig.8 Selectivity of the NCDs-Hg?* system toward CAP( the
concentration of CAP and other excipients and addi-

tives were both 50 pmol + L")

The proposed method was applied to the deter-
mination of captopril in tablets. The results labeled
and found amount are summarized in Tab. 2. There
were no significant differences between labeled
amount and those obtained by the proposed method.
The recoveries ranged from 96. 84% to 101. 2%.

These results indicated the method is feasible in the

detection of CAP.

References:

Tab.2 Determination of captopril in tablets and recovery

experiments
Labeled amount/ Found amount/  Recovery/%
Number
(pmol - L°1) (pmol « L™1) (n=5)
1 5 5.06 101.20
2 15 14.68 97.87
3 25 24.21 96. 84

4 Conclusion

In summary, a simple, low-cost and one-pot mi-
crowave method was adopted to prepare NCDs from
lemon juice and urea. The obtained NCDs with a fluo-
rescence quantum yield of 53. 1% had strong fluores-
cence emission at 536 nm, good water solubility and
high stability. In addition, the Hg?* could coordinate
onto NCDs and lead to significant fluorescence quench-
ing due to the static quenching. Because of that capto-

2+ than

pril has stronger binding preference toward Hg
NCDs due to the formation of Hg®*—S bond, a signifi-
cant fluorescence enhancement was observed when cap-
topril was added into NCDs-Hg?* system. Thus, the
NCDs were employed for the “off-on” probe to the de-
tection of Hg?* and captopril in aqueous solution at
pH =6.0. The assay system showed sensitive and selec-
tive detection of Hg>* and captopril with detection lim-
its 0. 21 mol + L' and 0. 17 wmol - L~ respec-
tively. Our fluorescent sensor also successfully detects

captopril in tablets with satisfactory recovery.

Supplementary Information and Response Letter are
available for this paper at: http://cjl. lightpublishing.
cn/thesisDetails#10.37188/CJL.20210372.
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