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Abstract: A ratiometric nanosensor for label-free and highly selective recognition of DNA was
reported in this work, by employing fluorescent carbon dots (CDs) as the reference fluorophore
and ethidium bromide (EB), a specific organic fluorescent dye toward DNA, playing the role as
both specific recognition element and response signal. Fluorescent CDs were synthesized through
microwave irradiation technique. When EB was present, the fluorescence of CDs was quench
effectively due to the electron transfer process between CDs and EB, while the fluorescence of EB
was increased partially without fluorescence resonance energy transfer under same excitation
wavelength. Upon the addition of DNA, the fluorescence of EB was enhanced dramatically but the
fluorescence intensity of CDs stayed almost constant, leading to a ratiometric detection of DNA.
This fluorescent nanosensor exhibited good sensitivity, a broad dynamic linear range of 1.0 pM ~
100 uM, and low detection limit down to 0.47 uM. The relative standard deviation for 30 uM
DNA was 0.2% (n = 5). The present ratiometric nanosensor also showed high accuracy and
excellent selectivity for DNA over some chemical substances, amino acids, nucleotides, proteins,
and RNA. The proposed method was applied to the determination of DNA in synthetic samples
with satisfactory results. The proposed DNA detection method was quite simple, rapid and
convenient due to the elimination of the modification and separation procedures. The possible

fluorescence quenching mechanism was further investigated.

Keywords: Ratiometric nanosensor, Fluorescent carbon dots, Ethidium bromide, DNA,
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1. Introduction

Fluorescent carbon dots (CDs), a new type of zero-dimensional nanomaterials in carbon family,
have attracted increasing attention in recent years.'* Compared with some classic semiconductor
quantum dots (QDs) with heavy metal cores and fluorescent molecules, CDs further possess
numerous chemical/physical merits such as less-expensive cost, simple synthesis route, low
cytotoxicity, good biocompatibility, high photo and chemical stability, and tunable excitation and
emission spectra.” These properties make CDs to be excellent fluorescent probes for some
chemical and biological assay." '’ Recently, some metal ions and important molecules were

1718 Vedamalai et al. have

detected based on the unidirectional fluorescence variation of CDs.
developed a novel luminescence sensing system for Cu®" detection, based on the fluorescence
enhancement of CDs which prepared from o-phenylenediamine.'' Chen’s group have proposed a
solid-phase synthesized N-doped CDs for sensitive and selective probing Fe’" in living cells."
Costas-Mora and coworkers have reported an sensitive and selective detection of methylmercury
with the fluorescence quenching of fluorescent CDs."” Ahmed et al. further used the fluorescent
CDs for sensitive and selective detection of tannic acid in wines.'’ Yang’s group have explored
specific and selective detection approach for tetracyclines by fluorescence quenching of CDs.'®
However, this unidirectional fluorescence variation of CDs could be easily affected by foreign
substances and subsequently deterred the practical application of CDs greatly. In order to expand
the analytical applications of CDs fluorescent nanosensor, new strategies should be explored
urgently to improve the sensitivity and selectivity of CDs.

Fortunately, a novel detection strategy based on the reversible fluorescence “ON-OFF-ON”

change of QDs has been explored and ignited widespread interest.'” '

Recently, this mode based
on CDs was also established to detect some ions (such as Hg2+, cu®’, Pb*, Cr*', C,045, PO,
and P,0,", etc.),zz"27 and biochemical substances (for instance, ascorbic acid, hydrogen sulfide,

biothiols, L-cysteine, melamine, and DNA etc.)-zs,zuz

A major limitation is that such
single-wavelength-based detecting signal is easily interfered with various factors, such as the
concentration change of sensors, optical path length, drift of light source or detector, and

environmental conditions of the complex samples, which otherwise prevent the precise and

quantitative determination. Ratiometric fluorescent sensors, which use the intensity ratio of two or
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more well-resolved wavelengths, can efficiently overcome the above limits by self-calibration of
two or more emission intensities and thus have attracted significant attention in recent years.”> >
Recently, CDs-based dual-emission nanohybrid materials are prepared and used as a ratiometric

fluorescent probe for different substances.***!

Wu’s group have developed CDs-based ratiometric
fluorescent sensor for intracellular pH and hydrogen sulfide sensing and mapping.***’ Liu et al.
developed a novel nanohybrid ratiometric fluorescence probe comprised of CDs and CdSe/ZnS
QDs for visual Hg’* sensing.” Tian and coworkers also prepared CDs-based ratiometric

4041 Ag a matter of fact,

fluorescent probe for in vivo imaging of cellular Cu®" and superoxide anion.
this ratiometric fluorescence measurements can not only drastically improve the sensitivity of the
detection but also efficiently avoid interferences from background fluorescence, because the ratio
of the fluorescence intensities at two different wavelengths is independent of the probe
concentration and the inhomogeneous distribution, the fluctuation of light-source intensity, and the
sensitivity of instruments.

Inspired by these facts, we fabricated a selective and sensitive fluorescence nanosensor for
ratiometric determination of DNA by simple mixing blue-emission fluorescent CDs and
red-emission ethidium bromide (EB). As shown in Scheme 1, the fluorescence of CDs could be
efficiently quenched by EB due to the electron transfer process between CDs and EB, while the
fluorescence of EB was enhanced partially without fluorescence resonance energy transfer under
same excitation wavelength, resulting in the distinct fluorescence color change from blue to dark
red. Upon the addition of DNA, the fluorescence of EB was increased significantly because of the
strong intercalating interaction between EB and DNA, while CDs were almost insensitive to DNA,
which led to the fluorescence intensity variation as well as the distinct fluorescence color change
from dark red to bright red which could be obviously observed by the naked eye. In this design,
fluorescent CDs were synthesized through microwave irradiation technique and covalent
immobilization of the probe molecules was not required. The selectivity and sensitivity of this
ratiometric fluorescent nanosensor to DNA were carefully investigated. The feasibility of such
ratiometric fluorescent nanosensor for DNA determination in synthetic samples was also
investigated. Such hybridized ratiometric nanosensor has been demonstrated label-free, highly

sensitive and selective for practical application such as on-site and visual detection of DNA.
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2. Materials and methods
2.1 Materials

Polyethylene glycol 1500 (PEG 1500), glycerine, and L-serine were purchased from Sigma (St.
Louis, MO, USA). EB, calf thymus DNA, amino acids, nucleotides, and RNA were obtained from
Sinopharm Chemical Reagent Factory (Shanghai, China). All other reagents were of
analytical-reagent grade and used as received. Ultrapure water with a resistivity of 18.2 MQ cm
was produced by passing through a RiOs 8 unit followed by a Millipore-Q Academic purification

set (Millipore, Bedford, MA, USA) and used throughout the whole experiments.
2.2 Apparatus

The fluorescent CDs were prepared by using CEM Discover Benchmate microwave reactor
(CEM, USA). UV-vis absorption spectra were measured on Cary 100 UV-vis spectrophotometer
(Agilent Technologies, Inc., Australia). Fluorescence spectra and intensities were performed on
Perkin-Elmer LS-55 luminescence spectrometer (PerkinElmer, USA) equipped with a 20KW
xenon discharge lamp as light source. Quartz cells (1.0 cm path-length) were used for all
measurements. FT-IR spectra were recorded on Nicolet iS10 spectrometer (Thermo, USA)
equipped with ZnSe attenuated total reflection (ATR) accessory, a deuterated triglycine sulfate
detector, and a KBr beam splitter. The time-resolved fluorescence decay traces were recorded with
a Fluorolog-3 system (Horiba Jobin Yvon, France) by using an excitation wavelength of 374 nm.
High-resolution transmission electron microscopy (TEM) images of CDs were taken by a JEM
2011FEF high-resolution transmission electron microscope (JEOL Ltd., Tokyo, Japan). All pH
measurements were made with a basic pH meter PB-10 (Sartorius Scientific Instruments Co., Ltd.,

Beijing, China).
2.3 Preparation of CDs using the microwave irradiation technique

The fluorescent CDs were synthesized according to the method reported previously with minor
modification.*” In a typical synthesis, 1.0 g PEG 1500 and 15 mL glycerine were mixed and
pretreated with microwave reactor under 200 W and 160 °C for 15 min in order to form clean and
homogeneous solution. When the mixture solution naturally cooled down to 50 °C, 1.0 g L-serine
powder was injected into the mixed solution following. Then, the mixture was further treated by

5
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microwave reactor at 200 W and 180 °C for 10 min. The obtained mixture was cooled to room
temperature. The color of the solution changed to brown and the solution exhibited strong blue
fluorescence under 365 nm UV irradiation. The fluorescent CDs were purified by dialyzing
against ultrapure water using dialysis membranes with 1000 MWCO for 3 days. The fluorescent

CDs solution was then concentrated by rotary evaporator to 5 mL and stored at 4 °C for use.
2.4 Quantum yield measurement

The relative quantum yield (QY) of fluorescent CDs was measured according to the established
procedure.*** Quinine sulfate was chosen as the fluorescence standard and the reported QY of
quinine sulfate in 0.1 M H,SO,4 was 54% with 360 nm excitation. Absolute values are calculated
using the standard reference sample that has a fixed and known QY value. To minimize the
re-absorption effects, absorbencies in the 1.0 cm fluorescence cuvette were kept in the range of
0.01 to 0.1 at the excitation wavelength of 360 nm. The QY of CDs was determined at the
excitation wavelength of 375 nm by using the following equation:35

I A ()
— X X
-0 (%] v

Where Q is the QY, / is the measured integrated fluorescence intensity, 4 is the absorbance at
the excitation wavelength, and # is the refractive index of the solvent, respectively. The subscripts
“s” and “x” refer to the fluorescence standard with known QY and the sample with unknown QY,

respectively.
2.5 Preparation of synthetic samples

For synthetic samples detection, seven samples were prepared by mixing the standard solutions
of different solution with different concentrations in the reaction system. The concentrations of
CaCl,, MgCl,, FeSO,4, and ZnCl, in sample 1 were 500 uM, 500 uM, 100 puM, and 100 puM,
respectively. The concentrations of ascorbic acid (AA), oxidized glutathione (GSSG), reduced
glutathione (GSH), L-Tyrosine, and L-Aspartic acid in sample 2 were 300 uM, 300 pM, 300 uM,
500 uM, and 500 pM, respectively. The concentrations of L-Asparagine, L-Arginine, L-Threonine,
L-Phenylalanine, and L-Proline in sample 3 were all 500 uM. Sample 4 contained 500 pM

L-Glycine, 500 uM L-Glutamine, 500 pM L-Cysteine, 500 puM L-Serine, and 80 pM
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L-Methionine. Sample 5 contained 500 uM L-Valine, 500 uM L-Histidine, 500 uM L-Lysine, 500
uM L-Alanine, and 70 uM L-Glutamic acid. The concentrations of guanine, adenine, cytosine, and
thymine in sample 6 were all 500 uM. Sample 7 contained 50 uM trypsin, 50 uM lysozyme, 10
UM bovine serum albumin (BSA), and 10 uM human serum albumin (HSA). Different amounts of
DNA standard solution were added into the reaction system. The final concentrations of DNA
were 5 UM and 10 uM, respectively. The recovery of DNA in synthetic samples was examined by

the proposed strategy.

2.6 Procedures for DNA determination

As depicted in Scheme 1, first, 20 pL CDs solution, 1.5 mL phosphate buffer (pH 4.0) and
appropriate aliquot of EB solution were transferred into a 5 mL eppendorf tube. The mixture was
thoroughly stirred and finally diluted to 5 mL with ultrapure water. After 3 min of the reaction at
room temperature, the fluorescence spectra were measured for the selection of EB concentration.

For DNA detection, 1.5 mL phosphate buffer (pH 8.0), 30 pL of 30 mM of EB solution and
appropriate aliquot of DNA solution were transferred into a 5 mL eppendorf tube and the mixture
was thoroughly stirred. Then, 20 uL. CDs solution was added into the mixture and finally diluted
to 3 mL with ultrapure water. After 10 min incubation at room temperature, the fluorescence
spectra of the mixture solution were measured for the quantitative analysis of DNA. When the
samples were determined, the DNA standard solution was substituted by the prepared sample
solution described in Section 2.5.

The fluorescence spectra were recorded at excitation wavelength of 375 nm, and the band-slits
of excitation and emission were set as 10.0 nm and 5.0 nm, respectively. The fluorescence spectra
were recorded from 390 nm to 680 nm, the fluorescence intensities of CDs at 424 nm and EB at

592 nm was used for quantitative analysis of DNA.

3. Results and discussion

3.1 Spectral characterization of CDs

The fluorescent CDs were prepared by facile and economic microwave irradiation by using
L-serine as the carbon source, PEG 1500 and glycerine as the co-reactant. The microwave

irradiation firstly caused the dehydration and the pyrolysis of these precursors, and then forced
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them to break into small fluorescent CDs. So, the microwave irradiation time and the reaction
temperature could easily influence both the size and the emission color of CDs.

As shown in Fig. 1A, CDs exhibited broad absorption bands from 200 nm and 450 nm in the
typical UV-vis absorption spectrum. Like most fluorescent carbon nanomaterials, an obvious
absorption peak around 340 nm, which was ascribed to the n — 7* electronic transition of CDs, was
likely originated from the trapping of excited state energy by the surface states that led to strong
fluorescence.”® Moreover, the fluorescence spectra indicated that CDs exhibited an obvious,
narrow, almost symmetrical fluorescence spectrum with a strong emission peak at 447 nm with an
excitation wavelength of 375 nm, with a Stokes shift of 72 nm. From the digital pictures inserted
in Fig. 1A, the diluted CDs solution was pale yellow under ambient daylight but exhibited very
intense blue emission under UV light (365 nm), which further demonstrated the strong blue
fluorescent property of CDs observed by naked eye.

Moreover, as observed from other carbon-based QDs, the as-prepared CDs also exhibited an
excitation-dependent fluorescent behavior.> As indicated in Fig. 1B, with the excitation
wavelength changed from 340 nm to 390 nm, the maximum fluorescence intensity of CDs was
first increased and then decreased, but the maximum emission peak position of CDs showed an
obvious redshift continuously. These results elucidated that the maximum excitation wavelength
and the maximum emission wavelength of CDs were at 375 nm and 447 nm, respectively. Such
excitation-dependent fluorescent behavior was related to the different surface states of
carbon-based QDs.'* The corresponding surface state emissive trap was dominant under different
excitation wavelength, which resulted in the excitation-dependent fluorescent behavior.

FT-IR spectrum was acquired to identify the surface functional groups present on CDs. As
shown in Fig. 2A, the absorption peaks at 3382 cm ' and 2939 cm™' were assigned to the
stretching vibrations of O—H and C—H bonds, respectively. The absorption peaks at 560, 675, 1406,
and 1459 cm™' were attributed to the bending vibrations of C—H bonds, and the absorption peaks
at 1042 and 1110 cm™' correspond to the C-O stretching vibrations. The stretching vibration of
C=0 bonds around 1637 cm™' was also detected, revealing that the obtained CDs were equipped
with —COOH and —OH groups.”*® These results demonstrated that the as-prepared CDs exhibited
excellent water solubility and could be easily functionalized with biomolecules due to the
oxygen-containing functional groups, which was conducive to the applications of CDs in the area

8
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of the fluorescence probes.

These CDs were nearly spherical with good size distribution and excellent monodispersity, and
the average sizes of CDs were around 4 ~ 8 nm (Fig. 2B). The relative QY of CDs was examined
to be about 12.1% at 375 nm excitation in reference to quinine sulfate whose QY was 54% in 0.1
H,SO, solution (Fig. S1). The stability of CDs was also investigated by long-time monitoring of
fluorescence intensity at room temperature, and it should be pointed out that these CDs exhibited
high photostability at room temperature. In addition, these CDs exhibited negligible variation of
fluorescence intensity and no obvious photobleaching loss at 447 nm under visible light for 25
days (Fig. S2). Even after being stored for three months in air, there was no observation of any
floating or precipitated nanoparticles in solution, showing their advantages for potential
applications. Furthermore, the influence of pH on the fluorescence property of CDs was also
investigated (Fig. S3). The fluorescence intensity of CDs decreased upon regulating pH value
from 3 to 12, and the maximum emission wavelength gradually blue-shifted with increasing pH

value, which indicated that the fluorescence property of CDs strongly depended on the pH value.

3.2 Fluorescence quenching effect of EB on CDs

In order to understand the response rate between CDs and EB, the time-dependent fluorescence
changes of CDs—EB system were evaluated. As indicated in Fig. S4, when 300 pM EB solution
was added into the CDs solution, the fluorescence of CDs was quenched within 1 min of the
contact time, which meant that the response rate was rapid. The fluorescence quenching reached a
steady state during 2 min. A further increase in time did not lead to any further detectable
quenching of the fluorescence of CDs. Thus, the fluorescence intensity of CDs—EB system was
recorded after the addition of EB for 3 min.

Furthermore, the influence of different pH values on the fluorescence intensity reflecting the
interaction between CDs and EB was investigated from pH 3.0 to 12.0. The variation in
fluorescence intensity between CDs and CDs—EB system was shown in Fig. 3A. It was found that
the change in fluorescence intensity gradually increased with the increase of pH value from 3.0 to
4.0. When pH value was higher than 4.0, the change in fluorescence intensity decreased
continuously. The maximum change in fluorescence intensities was observed when pH value was

4.0. Therefore, phosphate buffer with pH 4.0 was chosen for fluorescence quenching experiments.
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Upon addition of EB into CDs solution, EB could adsorb onto the surface of CDs and then
quench the fluorescence of CDs. In order to validate the exact quenching mechanism between
CDs and EB, the control experiments between CDs alone, EB alone, and CDs—EB system were
taken. As indicated in Fig. 3B, the fluorescence intensity of EB in CDs—EB system were almost
the same with the fluorescence intensity of EB alone under the same excitation wavelength of 375
nm, indicating no fluorescence resonance energy transfer occurred between CDs and EB. As a
result, the fluorescence of CDs was quenched by EB through electron transfer process in several
minutes.

Fig. 4 showed the fluorescence spectra of CDs with different concentration of EB. It could be
seen that, when EB was added into CDs solution, the fluorescence intensity of CDs was quenched
dramatically, while the fluorescence intensity of EB was increased gradually. In addition, with the
increase of the concentration of EB from 0 to 300 uM, the emission peak position of CDs was
blue-shifted from 447 nm to 424 nm, which suggested that the surface bond might be formed
between CDs and EB. Such interaction would undermine the stability and the polarity of the
fluorescent properties of surface functional groups, leading to the fluorescence quenching of
CDs.* The quenching of the fluorescence intensity of CDs by EB can be described according to

the Stern-Volmer equation:

I
70 =1+Ky, [Q] 2)

where I, and [ are the fluorescence intensity of CDs in the absence and presence of EB,
respectively. [Q] is the concentration of EB and Ksy is the Stern-Volmer quenching constant,
respectively. A typical Stern-Volmer plot was inserted in Fig. 4, and a calibration curve of I, / /=1
+1.0 x 10* [EB] was obtained. Good linearity between the I, / I and the EB concentrations was
obtained over the concentration range from 1.0 uM to 300 uM. From the slope of the linear plot,
the quenching constant K, was calculated to be 1.0 x 10'L mol_l, with a detection limit (35 / s, o
and s are the standard deviation of 12 blank measurements and the slope of the calibration curve,
respectively) of 0.6 pM and a correlation coefficient of 0.9990. Moreover, the precision expressed
as the relative standard deviation, attained from a series of 12 standard samples without EB, was

0.2%.
3.3 Ratiometric fluorescence variation assay of DNA

10
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The influence of DNA on the CDs-EB system was further investigated. Fig. SA depicted the
fluorescence spectra of CDs alone, CDs—DNA, CDs-EB and CDs-EB-DNA under the same
experimental conditions. As shown in this figure, when excited at 375 nm, CDs exhibited strong
fluorescence at 447 nm (curve a). As expected, once EB was introduced, the fluorescence of CDs
was significantly decreased and the fluorescent peak position was blue-shifted (curve ¢ and curve
d), together with the increase of the fluorescence intensity of EB, due to the interaction between
CDs and EB. Upon addition of DNA, EB molecules interacted with DNA via strong and specific
intercalative interaction between EB and DNA, which thus resulted in the increase of the
fluorescence intensity of EB (curve e). However, the fluorescence intensity of CDs was almost not
changed, which subsequently generated the ratiometric fluorescence effect. In order to get rid of
the possible adverse impact on the fluorescence intensity caused by DNA, DNA was also
employed into the CDs solution as a contrast. The intense fluorescence indicated that DNA caused
negligible effect on the fluorescence intensity of CDs (curve b). The evolution of fluorescence
intensity of the four solutions mentioned above demonstrated the feasibility of this strategy.
Therefore, we speculated that a ratiometric fluorescence method could be proposed for the

determination of DNA.

3.4 Optimization of the experimental conditions for DNA determination

The parameters including addition sequence of reagents, incubation time, media pH value and
EB concentration are optimized for CDs—EB-DNA system. To increase the sensitivity of this
ratiometric nanosensor, the addition sequence of reagents was investigated. As shown in Fig. S5,
different addition sequences could affect the fluorescence intensity of EB obviously, and the
optimal addition sequence of this system was phosphate buffer, EB, DNA and CDs solution. At
room temperature, the time dependent fluorescence of CDs—EB-DNA system was also
investigated. As shown in Fig. S6, the fluorescence of CDs was constant, and the fluorescence of
EB was obviously increased by DNA within 5 min and almost lasted for more than 80 min. To
ensure the consistency throughout the experiment and obtain stable signal, 10 min was chosen as
the optimum incubation time for CDs—EB-DNA system.

In addition, the stability of DNA and the fluorescence intensity of CDs are closely related to the

pH value of the solution. Taking this point into consideration, pH values changing from 4.0 to 12.0

11
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were systemically investigated to seek the optimum condition for CDs—EB-DNA system. Fig. 5B
showed fluorescence intensity of CDs—EB system in the absence and presence of DNA in different
pH media. It seemed that the addition of DNA did not cause significant change to the CDs
fluorescence but resulted in the tremendous enhancement of the EB fluorescence. The
fluorescence intensity ratio of EB and CDs, which was defined as /gg / Icps, Was also exhibited in
Fig. 5C. Under the slightly alkaline environment (especially when pH value was 8.0), the Igg / Icps
value showed much greater enhancement. Therefore, phosphate buffer with pH 8.0 was chosen for
further DNA detection.

Besides, the effect of EB concentration on CDs—EB-DNA system was also investigated. It was
obvious that the fluorescence intensity ratio of EB and CDs increased gradually with increasing
the concentration of EB, because the fluorescence intensity of CDs was decreased while the
fluorescence intensity of EB was increased. Meanwhile, the dynamic linear range and the
sensitivity of DNA determination could be increased with the addition of higher concentration of

EB. According to the above analysis, 300 uM of EB was chosen as the optimum concentration.

3.5 Detection of DNA

Under the optimum conditions, the fluorescence spectra of CDs—EB system in the presence of
different amounts of DNA were shown in Fig. 6. As displays in this figure, with increasing the
concentration of DNA, the fluorescence intensity of EB increases gradually but the fluorescence
intensity of CDs kept almost constant. The plot of the fluorescence intensity ratio of EB and CDs
against the concentration of added DNA was shown as an inset in Fig. 6. It was clear that the
fluorescence intensity ratio of EB and CDs exhibited a linear response to the DNA concentration
in the range of 1.0 pM ~ 100 uM, the calibration curve was express as Igg / Icps = 0.71 + 0.021
[DNA]. The limit detection (3¢ / s) for DNA was 0.47 uM, where o represented the standard
deviation of 12 blank measurements, and s was the slope of the calibration curve. The repeatability
of the detection system was investigated by operating five repeated measurements of 30 pM DNA,
and the relative standard deviation (R.S.D.) was found to be 0.2%, which suggested the reliability

of the proposed ratiometric fluorescent nanosensor.

3.6 Influences of potential interfering substances and synthetic sample determination

12
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To demonstrate the applicability of this approach for DNA determination in biological samples,
the influence of some chemical substances, amino acids, nucleotides, proteins, and RNA were
investigated. As shown in Table 1, if the coexisting substances caused a relative error of less than
+ 5% in the fluorescence intensity ratio of EB and CDs, they were considered to have no
interference with DNA determination. It was seen from Table 1 that these coexisted substances
showed almost no distinct interferences on the determination of 10 uM DNA. Furthermore, 30 uM
BSA, 30 uM HSA, 90 uM trypsin, 100 uM lysozyme, and 40 uM RNA did not affect the detection
of 10 uM DNA in the given conditions. These data revealed that the proposed method might be
applied to the DNA detection in biological samples.

To confirm the feasibility, the present method was used to detect DNA in synthetic samples
which contained some chemical substances, 17 amino acids, 4 nucleotides, and 4 proteins. As
indicated in Table 2, the values found for these synthetic samples were identical with the expected
values and the recoveries were from 97.2% to 102.1%, which indicated the suitability of DNA

determination in the mixture of these substances.
3.7 Possible fluorescence quenching mechanism

The fluorescence quenching mechanism mainly includes dynamic quenching and static
quenching, which can be distinguished by careful examination of the absorption spectra of
fluorophore, because the absorption spectra of fluorophore will be changed in the static quenching
but will be remained unchanged in the dynamic quenching.”’ So, the UV-vis absorption spectra of
CDs, EB, CDs-EB system, the difference absorption spectrum between CDs—EB system and EB,
and the summed absorption spectrum between CDs and EB were recorded to reveal the probable
fluorescence quenching mechanism of CDs-EB system. As shown in Fig. 7A, the UV-vis
absorption spectrum of CDs and the difference absorption spectrum between CDs—EB system and
EB was superposed perfectly within the experimental error, and the absorption spectra of CDs—EB
system and the summed absorption spectrum of CDs and EB was also overlapped well within the
experimental error, which implied that no conjugation or particle-size variation occurred in this
dynamic fluorescence quenching process. Furthermore, the UV-vis absorption spectra of DNA,
EB, EB-DNA system, and the difference absorption spectrum between EB-DNA system and EB

were also used to investigate the intercalation interaction between DNA and EB. As illustrated in

13
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Fig. 7B, the absorption spectrum of EB and the difference absorption spectrum between EB-DNA
system and DNA were totally different, indicating the intercalation interaction between DNA and
EB.

Moreover, the fluorescence quenching mechanism can also be clarified directly by testing the
fluorescence lifetime of fluorophore, since the fluorescence lifetime of fluorophore will be
shortened in dynamic quenching but will be unchanged in static quenching.20 Therefore, the
time-resolved fluorescence spectra of CDs alone, CDs—EB system and CDs—EB-DNA system
were measured to reveal the possible fluorescence quenching mechanism and to investigate the
photophysical properties of these systems. The fluorescence decay curves were well fitted with
biexponential equation, and the average decay time was given by the sum of the bz

20,46
products.”™

As shown in Fig. 8, CDs exhibited two fluorescence decay components, 7; 2.28 ns
(36.53%) and 7, 8.97 ns (63.47%). The corresponding average decay time of CDs was about 6.53
ns. When EB was added into the solution, two fluorescence decay components of CDs were
shortened to 7; 1.62 ns (33.28%) and 7, 7.61 ns (66.72%). The average decay time of CDs was also
decreased to around 5.62 ns. These results further indicated the dynamic quenching of CDs by EB
and also confirmed the occurrence of electron transfer process between CDs and EB. After the
addition of DNA into CDs—EB system, two fluorescence decay components of CDs were
increased to 7; 1.94 ns (43.21%) and 7, 8.20 ns (56.79%). However, the average decay time of
CDs was decreased slightly, 5.49 ns. These results were highly consistent with the results revealed
in Fig. 6. These results also indicated the electron transfer process between CDs and EB and the

intercalative interaction between DNA and EB (Scheme 1), which resulted in the ratiometric

fluorescence approach for DNA determination.
4. Conclusions

In summary, a novel retiometric fluorescent nanosensor composed of CDs and EB was
established for the determination of DNA. The primary advantage of this method was its
simplicity, sensitivity and specificity. The fluorescence of CDs was quenched by EB through
electron transfer process and no fluorescence resonance energy transfer was occurred between
CDs and EB. Then, after the addition of DNA, the fluorescence of EB was increased significantly

because of the strong intercalative interaction between EB and DNA, while CDs were almost

14
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insensitive to DNA, leading to a ratiometric detection of DNA. Under the optimum conditions, the
present method had a linear range of 1.0 uM ~ 100 pM, with a correlation coefficient of 0.9999.
The limit of detection of DNA was 0.47 uM. Some chemical substances, amino acids, nucleotides,
proteins, and RNA did not affect the determination of DNA. The presented method has been
successfully applied to the determination of DNA in synthetic samples successfully. The possible
fluorescence quenching mechanism of this ratiometric fluorescent nanosensor was dynamic

quenching.
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Table 1. Effect of coexisting foreign substances for DNA determination “.

Table 2. Detection of DNA in synthetic samples (n = 5).

Figure Captions

Scheme 1. Principle of DNA determination using CDs-based retiometric fluorescent nanosensor.

Fig. 1. (A) UV-vis absorption spectra of CDs (a), the excitation spectrum of CDs at A.,, = 447 nm
(b), and the emission spectrum of CDs at .x = 375 nm (c). Insert: Photograph of CDs under the
radiation of white light (Left) and 365 nm UV lamp (Right). (B) Fluorescence spectra of CDs at
different excitation wavelength.

Fig. 2. (A) FT-IR spectrum of CDs. (B) TEM image of CDs.

Fig. 3. (A) Influence of pH value on the fluorescence intensity of CDs alone, the fluorescence

intensity of CDs—EB system, and the difference between the CDs alone and CDs—EB system. CDs:

20 uL; EB: 80 uM. (B) The control experiment. CDs alone (a); CDs—EB system (b); EB alone (c).
CDs: 20 uL; EB: 150 uM.

Fig. 4. Fluorescence spectra of CDs in different concentrations of EB (a ~ n): 0; 1; 5; 10; 20; 30;
40; 60; 80; 100; 140; 180; 240; 300 uM. Insert: linear relationship between I, / I and EB
concentration in the range of 1.0 uM ~ 300 uM. CDs: 20 uL; pH: 4.0.

Fig. 5. (A) The fluorescence spectra of CDs alone (a), CDs—-DNA (b), CDs-EB (c, d) and
CDs-EB-DNA (e). CDs: 20 uL; EB: 100 uM (c) and 300 uM (d, e); DNA: 10 uM (b, e). (B)
Influence of pH value on the fluorescence intensities of CDs and EB in CDs—EB-DNA system.
CDs: 20 pL; EB: 100 uM; DNA: 50 uM. (C) Influence of pH value on the ratio of the
fluorescence intensity of CDs to the fluorescence intensity of EB in CDs—EB—DNA system. CDs:
20 pL; EB: 100 uM; DNA: 50 uM.

Fig. 6. Fluorescence spectra of CDs—EB system in different concentrations of DNA (a ~ m): 0; 1;
4;7; 10; 20; 30; 40; 50; 60; 70; 80; 100 pM. Insert: linear relationship between /gg / Icps and DNA
concentration in the range of 1.0 uM ~ 100 uM. CDs: 20 uL; EB: 300 uM; pH: 8.0.

Fig. 7. (A) UV-vis absorption spectra of CDs, EB and CDs—EB system; the difference absorption
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spectra between CDs—EB system and EB, and the summed absorption spectrum between CDs and
EB, respectively. CDs: 20 uL; EB: 30 uM. (B) UV-vis absorption spectra of DNA, EB and
EB-DNA system, and the difference absorption spectra between EB-DNA system and DNA,
respectively. DNA: 10 uM; EB: 30 pM.

Fig. 8. Fluorescence decay traces of CDs alone (a), CDs-EB system (b), and CDs—EB-DNA
system (c). All measurements were made at A.,, = 447 nm. 7 is the fluorescence decay time of CDs,
a is the fractional contribution and b is the normalized preexponential factor, respectively. CDs: 20
pL; EB: 300 uM; DNA: 100 uM.
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Scheme 1. Principle of DNA determination using CDs-based retiometric fluorescent nanosensor.
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Fig. 1. (A) UV-vis absorption spectra of CDs (a), the excitation spectrum of CDs at Aem = 447 nm (b), and

the emission spectrum of CDs at Aex = 375 nm (c). Insert: Photograph of CDs under the radiation of white

light (Left) and 365 nm UV lamp (Right). (B) Fluorescence spectra of CDs at different excitation wavelength.
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Fig. 2. (A) FT-IR spectrum of CDs. (B) TEM image of CDs.
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Fig. 3. (A) Influence of pH value on the fluorescence intensity of CDs alone, the fluorescence intensity of
CDs-EB system, and the difference between the CDs alone and CDs-EB system. CDs: 20 uL; EB: 80 uM. (B)
The control experiment. CDs alone (a); CDs-EB system (b); EB alone (c). CDs: 20 uL; EB: 150 uM.
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Fig. 5. (A) The fluorescence spectra of CDs alone (a), CDs-DNA (b), CDs-EB (c, d) and CDs-EB-DNA (e).
CDs: 20 uL; EB: 100 uM (c) and 300 uM (d, €); DNA: 10 uM (b, e). (B) Influence of pH value on the
fluorescence intensities of CDs and EB in CDs—-EB-DNA system. CDs: 20 pL; EB: 100 uM; DNA: 50 uM. (C)
Influence of pH value on the ratio of the fluorescence intensity of CDs to the fluorescence intensity of EB in
CDs-EB-DNA system. CDs: 20 pL; EB: 100 uM; DNA: 50 pyM.
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CDs: 20 uL; EB: 30 uM. (B) UV-vis absorption spectra of DNA, EB and EB-DNA system, and the difference

absorption spectra between EB-DNA system and DNA, respectively. DNA: 10 uM; EB: 30 pM.
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7,(ms) (b) 7, (ms) (b)) <> (ns)

CDs (a) 2.28 (36.53%) 8.97(63.47%) 6.53
CDs (b) 1.62(33.28%) 7.61 (66.72%)  5.62
CDs (c) 1.94(43.21%) 8.20 (56.79%) 5.49

Fig. 8. Fluorescence decay traces of CDs alone (a), CDs-EB system (b), and CDs-EB-DNA system (c). All
measurements were made at Aem = 447 nm. T is the fluorescence decay time of CDs, a is the fractional
contribution and b is the normalized preexponential factor, respectively. CDs: 20 yL; EB: 300 uM; DNA: 100

MM.
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Table 1. Effect of coexisting foreign substances for DNA determination “.

Foreign Concel.ltr.ation Change (?f Foreign Concet.ltr.ation Change (?f

substances coexisting FL Intensity substances coexisting FL Intensity
(uM) (%) (uM) (%)
CaCl, 1000 +2.0 L-Tyrosine 500 +3.2
ZnCl, 300 +1.6 L-Glycine 1000 +2.7
MgCl, 1000 +0.8 L-Glutamine 500 +2.0
FeSO, 200 +4.1 L-Cysteine 200 +2.3
GSSG 300 +0.9 L-Methionine 80 +2.6
GSH 300 +0.4 L-Serine 700 +3.5
L-Asparagine 300 +3.7 L-Valine 200 -0.6
L-Throenine 1000 +2.1 L-Histidine 1000 -0.8
L-Arginine 1000 +2.0 L-Glutamic acid 70 +4.1
L-Proline 1000 -0.3 L-Alanine 1000 +1.5
L-Aspartic acid 900 +2.5 L-Lysine 500 +0.1
L-Phenylalanine 1000 +2.0 AA 1000 -0.5
Trypsin 90 +2.3 Lysozyme 100 +0.4
Guannine 900 +4.0 Adenine 1000 +1.4
Cytosine 900 +2.4 Thymine 1000 +3.2
BSA 30 +2.5 HSA 30 +3.1

RNA 40 +5.0

“ CDs: 20 puL; EB: 300 uM; DNA: 10 pM.
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Table 2. Detection of DNA in synthetic samples (n = 5).

Sample Added (uM) Found (uM) Recovery (%) R.S.D. (%)
S 5 495-501 99.0 - 100.2 15
ample
P 10 9.84—9.98 98.4-99.8 23
Sl 2 5 4.88—4.95 97.6-99.0 1.1
ample
P 10 9.83—9.94 98.3-99.4 12
oo 3¢ 5 493 —4.96 98.6—99.2 15
am
pe 10 9.96—10.03 99.6 — 100.3 09
Sarnnfe 47 5 495-5.03 99.0 — 100.6 09
amplie
P 10 9.92-10.18 99.2-101.8 12
— 5 497505 99.4—101.0 12
ample
P 10 9.97-10.06 99.7 - 100.6 14
Samole 67 5 486493 97.2-98.6 03
amplie
P 10 9.93-10.01 99.3 - 100.1 12
Sl 7 5 5.03-5.07 100.1—101.4 08
amplie
P 10 10.02 - 1021 1002 — 102.1 26
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“500 uM CaCly, 500 pM MgCl,, 100 uM FeSOy, and 100 uM ZnCl,.

300 uM AA, 300 uM GSSH, 300 uM GSH, 500 uM L-Tyrosine, and 500 uM L-Aspartic acid.
©500 uM L-Asparagine, 500 uM L-Arginine, 500 pM L-Throenine, 500 uM L-Phenylalanine, and
500 uM L-Proline.

4500 uM L-Glycine, 500 uM L-Glutamine, 500 uM L-Cysteine, 500 uM L-Serine, and 80 uM
L-Methionine.

¢500 uM L-Valine, 500 uM L-Histidine, 500 uM L-Lysine, 500 uM L-Alanine, and 70 pM
L-Glutamic acid.

1500 UM Guannine, 500 uM Adenine, 500 pM Cytosine, and 500 uM Thymine.

£50 uM Trypsin, 50 uM Lysozyme, 10 pM BSA, and 10 pM HSA.
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Highlight

A ratiometric nanosensor based on fluorescent carbon dots for label-free and highly selective
recognition of DNA.



