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ABSTRACT: In the past decade, carbon dots (CDs) have "
attracted considerable attention due to their excellent properties é i ‘ 1
such as low toxicity, good biocompatibility, good fluorescence 7% —

imaging, etc. Here, glutathione and L-tryptophan were used as 1y

carbon sources to hydrothermally synthesize CDs for sensitive and e ’ -‘ Ltisst @
selective off/on detection of Fe** ions. The CDs are spherical \ & — o
nanoparticles with an average particle size of 3.8 nm and the j )] o ‘

presence of organic groups such as hydroxyl, carboxyl, sulthydryl, [t | \ W

and amino groups on their surface. The experiment results display

that Fe*" ions can be selectively and sensitively detected by

quenching the fluorescence of CDs. Moreover, the fluorescence of 5 :

the CDs+Fe®" system can be restored after adding ascorbic acid.

Thus, an off/on fluorescent probe for the determination of Fe’* can be formed using the as-synthesized CDs solution. The CDs
show a good linear range of 0—13.89 mM and a 0.0331 1M limit of detection for Fe*", and the most probable mechanism concluded
from ultraviolet—visible spectroscopy, electrospray ionization—mass spectrometry, and fluorescence spectrophotometry is a mixed
static and dynamic quenching. Furthermore, the cytotoxicity experiment results show that CDs have low toxicity and can be used for
intracellular imaging.

0, s

1. INTRODUCTION dispersed spherical carbon particles with a dimension of less
than 10 nm and possess excellent fluorescence, photochemical,
and chemiluminescent properties.'> Carbon nanodots,"
graphene quantum dots,"> and polymer dots'” are all CDs.

Iron is an essential element for all living organisms including
humans, and it is also very important in diverse metabolic
processes, such as its combination with hemoglobln to

participate in oxygen transfer, electron transport,” and as a Additionally, CDs also present several unique properties, such as
catalyst for DNA synthesis.” However, a high iron concentration low preparation'® cost, environmental friendliness, outstanding
can cause serious damage to several vital organs and tissues (due photobleaching resistance,'” adjustable fluorescence wave-
to the formation of free radicals). Therefore, it is significant to lengths,”® good dispersion, large-scale production, good
develop a high- performance system for the detection of iron and biocompatibility, and low toxicity. Therefore, they have been
its ions in different media.* Various analytlcal techniques such as widely used in biosensors,”' bioimaging,”” drug loading,*
atomic absorptlon spectroscopy, electrochemical analys1s improved microluminescent diodes, tumor-targeted therapy,24
methods,” inductively coupled plasma atomic emlssmn, atomic catalysis, secondary batteries, and supercapacitors,”® and

fluorescence spectrometry,” UV—vis spectroscopy,” high-
pressure ion chromatography,'® and X-ray spectrometry

have been applied for the detection of iron ions. Nonetheless,
most of these techniques have certain disadvantages, such as
expensive equipment needed, vulnerability to common
interference, long time consumption, the use of toxic organic
reagents, and low sensitivity, which limit their practical
application.'”'? However, compared with the above mentioned
techniques, fluorescence spectrometry has been considered to
be arapid, simple, sensitive, and selective technique for metal ion
detection."® On the other hand, carbon dots (CDs) are

agriculture.26
CDs are usually composed of surface groups and carbon
cores.”” The organic groups on their surface include —OH,
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—COOH, NH,, —SH, etc.,”® which can be greatly changed and
modified by varying the precursors and the doping agents. The
diversity of surface groups makes it possible for CDs to become
fluorescent probes for the detection of many metal ions.”” For
instance, Liu et al. reported extraordinarily sensitive CDs
synthesized by a hydrothermal method for the detection of Cu*”,
with a wide linear range (0—50 #M) and a low detection limit (1
nM).”* Chen et al. proposed the synthesis of CDs with high
sensitivity toward Fe®* by a microwave-assisted method with
glutamine and acetamide as raw materials. The as-prepared CDs
show a good linear range of 8—80 M, and the limit of detection
(LOD) is 3.8 uM for Fe**." Li et al. synthesized carbazide-based
CDs using citric acid as a precursor, and the prepared fluorescent
sensor has a good linear range for the detection of Fe** (0.4—100
uM), Pb** (100—600 M), and Hg?* (20—200 uM).**

Tryptophan is an important nutrient in the body. As an
essential amino acid, it can participate in the synthesis of
proteins, and it is also an important prerequisite for auxin
biosynthesis in some plants. Tryptophan is very important in
organism biosynthesis. Because there are carboxyl, amino, and
indole groups on its surface, it can be modified into different
structural units. Therefore, tryptophan is a kind of carbon-
containing material with good biological properties, low price,
and easy availability. Many studies have shown that the doping
of heteroatoms such as nitrogen, sulfur, phosphorus, boron, and
other elements can significantly improve the optical properties
of CDs.”’~*” Glutathione is a tripeptide compound containing
amide bonds and sulthydryl and carboxyl groups, so the
properties of CDs can be further optimized and their application
range can be broadened by doping sulfur and other heteroatoms
with glutathione.

Therefore, based on the above advantages, in the present
work, nitrogen- and sulfur-doped CDs were synthesized with a
hydrothermal method using L-tryptophan and glutathione as raw
materials. The prepared CDs emit strong blue fluorescent light
near to 440 nm. The structure of CDs was characterized by X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR), powder X-ray diffraction (PXRD), and
UV—vis spectroscopy, and their fluorescence properties were
investigated in the presence of Fe®". It was found that the CDs
demonstrated a good linearity to Fe** in the concentration range
of 0—13.89 mM, and the LOD was 0.0331 M. The quenched
fluorescence of CDs by Fe®" can be restored by adding ascorbic
acid (AA), forming a fluorescence “off/on” system to detect
Fe’. The cytotoxicity test and intracellular imaging results
proved that CDs have a promising application prospect in
biological fields.

2. MATERIALS AND METHODS

2.1. Materials and Instruments. All used chemicals were
of analytical grade. L-Tryptophan, glutathione, ascorbic acid, and
ferric chloride were obtained from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. (Shanghai, China). Hydro-
chloric acid (HCl), sodium hydroxide, dopamine hydrochloride,
and potassium chloride were purchased from Tianjin Deen
Chemical Reagent Co., Ltd. (Tianjin, China). The serum was
from a local hospital. Ultrapure water was used throughout.

The chemical composition of the CDs was analyzed with an
AXIS ULTRA X-ray photoelectron spectrometer (XPS)
(Shimadzu/Kratos, Japan). The fluorescence measurements
were carried out on an FL§920 fluorescence spectrophotometer
(Edinburgh, Britain). The Fourier transform infrared (FTIR)
spectrum of the CDs was recorded using a Nicolet 170sx
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(Brooke, Germany). Powder X-ray diffraction (PXRD)
diagrams were acquired with a Philips X-ray diffractometer
with Cu Ka radiation field emission (A = 1.54178 A, continuous,
30 kV, 30 mA). Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
pictures were taken with a JEOL JEM-2010 microscope with an
accelerating voltage of 200 kV. Mass spectrometry (MS) was
performed using a Bruker Amazon SL instrument. Ultraviolet—
visible (UV—vis) absorption spectra were measured by a TU-
1900 spectrophotometer (Beijing, China). An inductively
coupled plasma atomic emission (ICP-AES) spectrometer
(Varian, USA) was used to test iron ions.

2.2. Synthesis of Carbon Dots (CDs). For CDs synthesis,
glutathione (0.3010 g) and L-tryptophan (0.1022 g) were
dissolved in 10 mL of ultrapure water. The mixed solution was
then transferred to a high-pressure kettle (30 mL) lined with
Teflon and heated at 200 °C for a certain time; then, the reactor
was automatically cooled to room temperature. The solution
was centrifuged at 16000 r/min for 5 min, the precipitate was
washed with ultrapure water three times, and the washing
solution was combined with the supernatant to obtain black
solid CDs by freeze-drying.*

2.3. Determination of Fe®*' lons and AA. The
fluorescence emission spectra were recorded at 364 nm. The
slit widths of emission and excitation were both 1 nm. The
fluorescence analysis of Fe*" and AA was carried out according
to the following procedure. First, 30 uL of CDs solution was
diluted to 3 mL with ultrapure water to give a concentration of 1
ug/mL; then, different volumes of Fe’* ions were added to
investigate the fluorescence variation of the system. Then,
different volumes of AA solution (0.1 M) were injected into the
system, and the fluorescence emission spectra were recorded
after incubating for 5 min. Thus, Fe®" ions and AA were
determined by the fluorescence variation of the system.

2.4. Serum Sample Analysis. To validate the practical
application of CDs, Fe** in serum was tested. Fresh blood was
obtained from local hospitals and pretreated according to the
methods reported in the literature.’ The procedure was as
follows: S mL of nitric acid (8 M) was added into 1.0 mL of a
serum sample and kept for 0.5 h. Then, it was evaporated and
heated until carbonized. After that, it was ashed at 500 °C for 1 h
and cooled to room temperature. Then, the ash was soaked into
1 mL of nitric acid (8 M) and evaporated again. Then, it was
ashed again at 500 °C for 0.5 h. After cooling, the residue was
dissolved four times with 1 mL of nitric acid (3 M), and the
solution was transferred into a volumetric flask and diluted with
water to 10 mL. The solution was reserved as a sample for the
following test.

2.5. Cytotoxicity Test and Cell Imaging. The cytotoxicity
of CDs in vitro was investigated by standard MTT assay. The
3T3-L1 cells were cultured in a 96-well plate with a density of
5000 cells/mL at 37 °C for 24 h. Then, the CDs with different
concentrations (0, 100, 200, and 400 pg/mL) were added to
each well and incubated at 37 °C under an atmosphere
humidified with 5% CO, for another 24 h. Subsequently, 10 mL
of MTT (S mg/mL) was added to each well. After incubation at
37 °C for another 4 h, the medium was removed, and 100 uL of
dimethyl sulfoxide (DMSO) was added into each well and
shaken for 2 min. After further incubation for 3 h, the absorbance
was measured at 570 nm using a microplate reader
(CLARIOstar, BMG Labtech, Offenburg, Germany).

For cell imaging, the 3T3-L1 cells were first cultured
overnight at 37 °C in a DMEM medium supplemented with

https://doi.org/10.1021/acsomega.1c06757
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Figure 1. Effects of (A) molar ratios of glutathione to L-tryptophan and (B) reaction temperature on the fluorescence intensity (4., = 441 nm) of CDs.
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Figure 2. TEM/HRTEM image (A/inset), particle size distribution (B), XRD pattern (C), and FT-IR spectrum (D) of CDs.

10% FBS and 5% CO, and then incubated with 0, 200, 400, and
800 pug/mL CDs for 24 h. After that, the supernatant was
discarded, and cells were washed three times with PBS buffer to
eliminate free CDs. Finally, cell imaging of the treated cells was
conducted on a LEICA TCS SPB+ STED confocal microscope
(Leica Instruments, Germany).

3. RESULTS AND DISCUSSION

3.1. Characterization of CDs. The ratio of glutathione to L-
tryptophan affected the fluorescence of CDs. Thus, the effects of
different molar ratios of glutathione to L-tryptophan (1:3, 1:2,
1:1,2:1, and 3:1) on the fluorescence of CDs were investigated.
The results showed that the ratio of glutathione to L-tryptophan
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had no obvious effect on the fluorescence intensity of CDs.
When the ratio of glutathione to L-tryptophan was 2:1, the
fluorescence intensity was relatively higher (Figure 1A).
Therefore, 2:1 was chosen as the optimum molar ratio. In
addition, the influence of hydrothermal synthesis temperature
(100, 150, and 200 °C) on the fluorescence intensity of CDs was
also studied. The results demonstrated that the fluorescence
intensity of the product increased with the increase in heating
temperature, indicating that the higher the temperature, the
more thorough the carbonization of raw materials, which was
beneficial to the formation of carbon dots (Figure 1B).
Therefore, the optimal synthesis temperature was selected to
be 200 °C. The reaction time (4, 6, 8, 10, and 12 h) was also

https://doi.org/10.1021/acsomega.1c06757
ACS Omega 2022, 7, 7853—-7864
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Figure 4. UV—vis absorption spectrum of CDs.

optimized. The fluorescence intensity of carbon dots increased
during the reaction time increasing from 4 to 8 h, indicating that
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increasing the reaction time can make the reaction of glutathione
and L-tryptophan with water more sufficient. However, the
fluorescence intensity remained almost the same after 8 h.
Considering energy consumption, the optimal reaction time was
finally selected to be 8 h. Under the optimum synthetic
conditions (glutathione to L-tryptophan was 2:1, synthesis
temperature was 200 °C, and reaction time was 8 h), CDs were
synthesized and characterized.

The morphology of the CDs was characterized by TEM.
Figure 2A shows that the CDs are well-dispersed spherical
nanoparticles with an average particle size of about 3.8 nm
(Figure 2B). The XRD graph of CDs (Figure 2C) shows three
diffraction peaks, which are similar to typical diffraction peaks of
graphite oxide. For specification, the (001) plane is located at
15.5° (dgo; = 0.58 nm) near the diffraction peak 26 = 10.61°, and
this difference is probably due to the increase in the sp® layer
spacing” of the synthesized CDs. The second XRD peak
appears at 27° (dy, = 0.32 nm), which corresponds to the

https://doi.org/10.1021/acsomega.1c06757
ACS Omega 2022, 7, 7853—-7864


https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06757?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

W Ex
W Em|

A=
1000004 | I 100000
.
\ )
n
| i - 80000
| & &
= F =
Y
s0000+ = g . - 60000
1 )
i v o B
i - Iy
1 I 40000
a
I 20000
04
Lo
T T T T T T T
300 350 400 450 500 550 600
M nm
1000 o
100 o
5 1005:
-] H
=
i=3
o
10 4
1]

T T T
60 80 100

Time (ns)

20 40

Figure S. (A) Fluorescence spectra of CDs, the insets are the
photographs of CDs under natural light (left) and UV light at 365 nm
(right). (B) Fluorescence lifetime spectra of CDs.

1000 —

900

800

FL intensiy (a.u)

700

u.)

6004

FL Intensity (a.
W E (51

& & 8

s 8 8

1 1 1

200

100

Y T
0.2

T T T T T
06 08 1.0 12 14
Concentration of KCI (M)

T
0.4

1000

900

800+

700

FL Intensity (a.u)

600 -

500

w0

50 00
Wavelength (nm)

400

3004

FL Intensity (a.u.)

200

100 o

pH

Figure 6. Influence of ionic concentration (KCl) (A) and pH (B) on
the fluorescence intensity of CDs.

7857

CDs Cr'Ni*'Co” zn* Cd* Mn”'Ba” Fe™ Al Ca®Hg Cu®* Fe'

B
332 uM (b)

18000

)
N
=3
=3
S

1

3
&
2
‘@
=4
[}
£ 6000
P}
w
0
T T T T
400 450 500 550
Wavelength (nm)
C
18000 { 100 M (b) a
1 I3
. 13.89 ;M (i) i
]
@ 12000
2
‘@
g
g 8000 —
e
o
6000 -
0 —

T T
500 550

Wavelength (nm)

T T
400 450

Figure 7. (A) Influence of different metal ions (3.23 mM) on the
fluorescence intensity of CDs (Ao, = 441 nm, A, = 364 nm). (B,C)
Fluorescence emission spectra of CDs solution (a, 0.001 mg/mL) at
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graphite-like stacking of conjugated aromatic structures.*® While
the third diffraction peak of CDs is located at 20 = 41° (dy;o =
0.225 nm), which is similar to the hexagonal structure of
graphite, indicating that the CDs have poor crystallinity and
have multilayered structures with nonhomogeneous phases.””
FT-IR spectroscopy was performed to analyze the functional
groups of CDs (Figure 2D). As it is shown, the characteristic
absorption bands located at 3430 cm™ correspond to the O—
H/N—H stretching vibrations, and the symmetric and
asymmetric stretching vibrations of the C—H absorption
bands can be observed at 2916 and 1408 cm ™', respectively.
Meanwhile, the absorption bands located at 1629 and 1105
cm™' are assigned to —C=ONH and —C—O stretching
vibrations, respectively.””>*** The XPS spectrum of CDs
consists of four peaks, which corresponds to S 2p (164 eV), C
1s (286 eV), N 1s (401 eV), and Ols (533 eV), as shown in
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Figure 3A. The high-resolution spectrum of C 1s can be
deconvoluted into four peaks, which are located at 284.2, 285.2,
286.1, and 287.2 eV, which are attributed to C=C, C-S§, C—
O—H/C—N, and C=0, respectively (Figure 3B).”>*’ The N 1s
spectrum confirmed the presence of NH, at 399.4 eV, O=C—-N
at 400.05 eV,"" and N—C, at 401.07 eV (Figure 3C). The
deconvoluted O 1s spectrum has three peaks, which are located
around 531.06, 531.84, and 532.73 eV. The peak around 531.06
eV corresponds to O—C, the O=C peak s located at 531.84 eV,
while the peak around 532.73 eV can be assigned to O in C—O—
C and C—OH bonds""** (Figure 3D). Finally, Figure 3E shows
the spectrum of S 2p, which can be deconvoluted into four peaks
located at 168.43, 165.35, 163.95, and 161.7 eV, corresponding
to sulfate oxide, C—S—C, C—S—H, and thiol groups,
respectively.**

The above results demonstrate that there are abundant
organic groups including —OH, —COOH, —NH,, —SH, etc. on
the surface of the synthesized CDs, which provides the
possibility for its subsequent application.

The fluorescence and UV—vis absorption spectra were
investigated for the synthesized CDs. The UV—vis absorption
spectrum of CDs is illustrated in Figure 4. As can be seen, the
absorption peak at 237 nm is attributed to the 7—7z* transition of
the aromatic sp* domain, while the peaks at 271 and 349 nm
correspond to the p—p*of C—C and the n—p*of C-O
absorption, respectively. The absorption peak at 300 nm is
related to the 7—7* and n—7z* transitions of C=O0. For the
fluorescence spectrum (Figure SA), the optimum excitation and
emission wavelengths of CDs are 364 and 441 nm, respectively.
The aqueous solution of CDs shows blue fluorescence under
irradiation of a 360 nm UV lamp; however, the transparent
solution can be seen under sunlight. Its absolute fluorescence
quantum yield is 35.54% measured by an absolute PLQY
measurement system (FluoroLog-3) with an integrating sphere.
The fluorescence lifetime can be defined as the time elapsed
between the activation of the fluorophore and the emission of
photons by the fluorophore.”> By measuring the fluorescence
lifetime, we can get information about its molecular structure
and kinetics. The average fluorescence lifetime of CDs was
investigated to be 18.2 ns (Figure SB). The relatively long
fluorescence lifetime of the CDs prompts us to further study
their application in living organism imaging.

3.2. Stability Research of CDs. The fluorescence stability
of CDs solutions with different concentrations of KCI (0, 0.5,
0.75, 1.5, and 2 mol/L) and different pH values (1—13) was
investigated. From the results of Figure 6A, it can be concluded
that the spectral characteristics and fluorescence intensity of
CDs solution are almost unchanged under the effect of different
KCl concentrations, indicating that CDs can be applied to salt-
rich solutions including body fluids.** With regard to the
influence of pH, CDs solution presents good fluorescence
stability in an acidic medium and has an optimum intensity at
pH 3. However, the fluorescence intensity decreases with the
increase in alkalinity (Figure 6B); especially, the fluorescence
intensity decreases dramatically from pH 6 to 12. This behavior
can be explained by the protonation and deprotonation of
carboxyl and amino cations on the surface of CDs.”” This may be
because the carboxyl, amino, and hydroxyl groups on the surface
of CDs are prone to form hydrogen bonds under alkaline
conditions, and the aggregation of CDs will quench some
fluorescence, resulting in the lower fluorescence intensity.
Under acidic conditions, CDs are protonated, so hydroxyl or
carboxyl groups are positively charged and CDs are more

Table 1. Comparison of the Performance of CDs for Fe** Detection with Other Reported CDs Methods

materials used for synthesizing CDs
rice
citric acid and phenylalanine
medium—low-temperature coal tar pitch
pineapple
p-aminosalicylic acid and ethylene glycol dimethacrylate
glutamic acid and ethylenediamine
citric acid
PEG-diamine and citric acid

tryptophan and glutathione

methods

fluorescence off/on
fluorescence quenching
fluorescence off/on
fluorescence quenching
fluorescence off/on
fluorescence quenching
fluorescence quenching
fluorescence quenching

fluorescence off/on
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linear range (uM) LOD (uM) reference
0-50 0.078 44
5.0—-500 0.720 46
0-50 0.173 47
0.05—-500 0.03 48
0.05—-10.0 0.0137 49
8—-80 3.8 31
0.4—100 2.8 32
0.01-500 0.0025 18
0-100 0.0331 present work

100-1.39 x 10*
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Figure 9. (A) Fluorescence lifetime of CDs in the presence of Fe** and Fe>*+AA. (B) UV—vis spectra of CDs, CDs+Fe**, and CDs+Fe**+AA solutions.
(C) UV—vis absorption spectrum of Fe** and the fluorescence excitation spectrum of CDs. (D) Mass spectrum of CDs+Fe** solution after addition of
AA. (E) UV—vis spectra of CDs+Fe**+phen solution before (a) and after treatment with AA (b). Inset: photograph of CDs+Fe**+phen (right) and

CDs+Fe* +phen+AA (left) under visible light.

Table 2. Determination Results of Fe3* in Serum and
Recovery Results

added found recovery RSD

sample  detected (uM) (uM) (uM) (%) (%)
28.04 (9.51%)" 64.10 90.21 96.88 222

serum 93.72 120.58 98.72 241
2625 (0.997)" 1274 150.94 96.06 3.89

“The data in brackets is the RSD, n = 5. “The data was obtained by
the ICP-AES method.

dispersed due to electrostatic charge repulsion, resulting in a
higher fluorescence intensity. CDs synthesized by different
carbon sources and different methods may have different
responses to acids and alkalis due to the different functional
groups and the number of functional groups on the surface of
CDs, resulting in different influences of pH on CDs.

3.3. Off/On Fluorescence Detection of Fe** lons. In
order to evaluate their potential application in metal ion
detection, the selectivity of CDs was investigated. First, the
effects of different cations such as Na*, K¥, Ni, Cd*, Cu*,
Hg*', Zn®*, Fe*’, Co**, Mn?*, Fe*', Cr**, and AI** with the same
concentration on the fluorescence response of CDs in water
were tested. As shown in Figure 7A, certain metal ions such as
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Figure 10. Viability of 3T3-L1 cells after incubation with different
concentrations of CDs for 24 h by MTT assay.

AP*, Fe**, and Ca® can slightly enhance the fluorescence
intensity of CDs, while Ba®*, Cr’*, Mn**, and Zn>" have no
obvious effect on the fluorescence of CDs. The other ions such
as Cd**, Ni*, Co*, Cu**, and Hg*" can partially quench the
fluorescence of CDs; however, the quenching effect is not
distinct enough for application, and only Fe®* has a distinct
quenching effect on the fluorescence of CDs. Therefore, the
CDs can selectively respond to Fe’" in a complex environment.
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Figure 11. Fluorescence microscopy images of 3T3-L1 cells coincubated with 800 (A), 400 (B), 200 (C), and 0 ug/mL (D) CDs. 1’s are obtained
under an excitation of 405 nm, 2’s are the images under merging, and 3’s are the images under a bright field.

As displayed in Figure 7B,C, the fluorescence emission intensity
of CDs decreased drastically with the increase in the Fe®*
concentration from 3.32 yM to 13.89 mM. Compared with
the fluorescence spectrum of the original CDs, the maximum
emission wavelength of the system is slightly redshifted after
adding different concentrations of Fe**, indicating that iron(III)
ions interact with CDs to form new complexes. Thus, the
microenvironment of CDs is changed, and the fluorescence of
CDs is quenched. This quenching effect can be approximately
quantitatively evaluated by the Benesi—Hildebrand equation:*”

Cc? 1 1
CDs — X
E) - F K(chscFe - 6'CDs) Cge3+
P
(écpsere = €cps) (1)
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wherein Fj and F are the fluorescence intensities of CDs before
and after Fe** ion incorporation, C&p, and Cp s are the initial
concentrations of CDs and Fe**, ecp.and &cpy o pe are the molar
absorption coefficients of CDs and the complex formed by CDs
and Fe**, and K is the equilibrium constant of the composite
formed by CDs and Fe’".

The results show that there is a good linear relationship
between 1/(F, — F) and the reciprocal of Fe>* concentration. In
the concentration range of 0—100 xM, the linear regression
equation is y = 5.99 X 10 % + 3.17 X 107* (r = 0.9939), and K is
calculated from the intercept and the slope to be 5.29 X 10%.
Meanwhile, in the concentration range of 100 uM to 13.89 mM,
the linear regression equation is y = 4.84 X 1078 +3.73 X 1075,
the relation coefficient r is 0.9967, and K is calculated to be 7.71
X 10% The LOD calculated for Fe** is 0.0331 M deriving from
3S/N of the blank solution.”® From the results, it can be seen
that Fe** with a lower concentration can rapidly quench the
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fluorescence of CDs by forming the composite. The quantity of
CDs is constant (0.001 mg/L); initially, with the addition of
Fe®', they quickly react with the active centers of CDs, and the
fluorescence is quenched quickly. As more and more Fe®* is
added, the active centers of CDs are gradually consumed, and
the reaction speed becomes slower with the slower forming
speed of the complex, which can be proven by the lower
equilibrium constant. These results further illustrate the
sensitivity of this method to detecting Fe’*.

In order to further exploit the feasibility of the above formed
CDs+Fe®" for the detection of other compounds of biological
interest, CDs+Fe** was handled with various aqueous solutions
such as dopamine, H,0O,, glycine, and seven other kinds of
biomolecules with a concentration of 100 mM (100 xL). Upon
mixing for 5 min, only AA was observed to restore the
fluorescence of the CDs+Fe®" system accordingly (Figure 8A).
The fluorescence of the CDs can be quenched by Fe**, and the
quenched fluorescence can be restored by adding a certain
concentration of AA. Thus, an off/on system for the
determination of Fe** and AA was easily established. The
fluorescence emission spectra of CDs+Fe’* after adding AA
were recorded. When the concentration of AA is lower than 3.23
mM,, the fluorescence intensity at 441 nm of CDs+Fe*"+AA
gradually increases with increasing of the AA concentration
(Figure 8B). The fluorescence intensity of the system increased
significantly with a continuous increase in the AA concentration
to 6.0 mM and remained unchanged with the further increase in
the AA concentration. The fluorescence intensity of the system
can be restored to 83.04% of the original fluorescence intensity
of CDs without considering the dilution effect. However, for the
above interfering ions of Cd**, Ni**, Co**, Cu**, and Hg**, which
can partially quench the fluorescence of CDs, the quenched
fluorescence cannot be restored by adding AA. Therefore, CDs
+AA is a fluorescence system with on/off performance and can
be used for selective and sensitive determination of Fe’'.
Comparing these properties of our proposed CDs system with
other methods reported in references (Table 1), it is confirmed
that the CDs are more effective in the determination of Fe** than
the previously reported fluorescence method because they
provide a wide linear range and a better detection limit (Table
1). Furthermore, the off/on system provides the possibility of
the cyclic use of CDs.

3.4. Possible Fluorescence Off/On Mechanism. Gen-
erally, there are two types of fluorescence quenching of CDs:
static quenching or dynamic quenching.”” Dynamic quenching
reduces the fluorescence intensity due to energy transfer or
charge transfer between the fluorescent material and the
quenching substance, while static quenching is the combination
of the fluorescent material and the quenching substance into a
nonluminescent complex.”® The fluorescence lifetime is often
applied to distinguish between dynamic and static annihilation
paths. Therefore, fluorescence lifetimes of CDs with and without
Fe>" were tested, and the results show that the fluorescence
lifetime of CDs has no change before and after the addition of
Fe’" (Figure 9A). Even when AA was added to the system to
restore the quenched fluorescence, the fluorescence lifetime of
this system almost had no change. This phenomenon indicates
that the quenching process of fluorescence is static quenching.”’
Furthermore, the changes in the fluorescence intensities were
exploited using the Benesi—Hildebrand equation to determine
the stoichiometric ratio and the association constant of CDs/
Fe’* interaction.”” It can be seen from Figure 7B,C that 1/(F, —
F) linearly varies with the reciprocal of Fe’* concentration
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(Benesi—Hildebrand method), affirming that the stoichiometric
ratio of CDs:Fe®* is 1:1. Moreover, the equilibrium constant (log
K) estimated from the Benesi—Hildebrand equation was 3.72 in
the lower concentration and 2.89 in the higher concentration.

In the UV absorption spectrum, the absorption peak at 300
nm increases after the addition of Fe** (Figure 9B). In addition,
it also leads the absorption peak to shift to a longer wavelength,
indicating that Fe*" is in coordination with CDs. Therefore, Fe®*
and CDs have a synergetic effect. The absorption band of Fe** is
between 300 and 400 nm, while the excitation spectrum of CDs
is around 364 nm (Figure 9C), and the absorption band of Fe**
partly overlaps with the excitation spectrum of CDs, revealing
that the excitation energy of CDs can be competitively absorbed
by Fe*, resulting in the quenching of the fluorescence of CDs.
After the addition of AA, the absorption peak of CDs/Fe®" at
300 nm decreases significantly with a certain blueshift (Figure
9B). This observation indicates that the restoring of fluorescence
can be attributed to the redox reaction between Fe’* and AA,
where Fe** is reduced to Fe*. It is speculated that the enediol
groups of AA are oxidized to ortho-diones to produce dehydro-
ascorbic acid (DHAA); meanwhile, Fe?* is reduced to Fe?*. To
verify such a hypothesis, AA was added into the CDs+Fe®
solution and reacted for 2 min, and the supernatant was analyzed
by electrospray ionization—mass spectrometry (ESI-MS). As
shown in Figure 9D, the peak at m/z = 176.62"" (caled. =
175.12) can be assigned to [DHAA+H]", and the observation
proves our previous speculation. In order to validate the
formation of Fe** during the process, the UV absorption
spectrum of CDs+Fe*"+1,10-phenanthroline (phen) solution
with and without AA was also compared. When phen was added
to the CDs+Fe® solution, a colorless clear solution was
observed (Figure 9E). When AA was added to the solution,
the color of the solution changed to orange, which can confirm
that Fe?* was generated and formed a complex with phen. From
the UV absorption spectra, it can be observed that curve b has an
obvious absorption band around 510 nm, which can be
attributed to the generation of the [Fe(phen);]**.>> These
results indicate that the Fe" is restored to Fe>* when the CDs
+Fe* is treated with AA.

3.5. Real Sample Analysis. We concluded that Fe** can
quench the fluorescence of CDs solution without interference
from other ions, and there is a linear relationship between the
reciprocal of Fe** concentration and 1/(F, — F), indicating that
CDs can selectively detect Fe**. Thus, in order to evaluate their
application in biological samples, CDs were applied to detect
Fe®" in serum. As shown in Table 2, after disposal, the Fe*" in
serum detected is 28.04 yM, which is in accordance with the
result determined by the ICP-AES method (26.25 uM). Then,
different concentrations of Fe®* were added to the samples, and
the fluorescence spectra at an excitation wavelength of 364 nm
were recorded to investigate the recovery results. It was
calculated that the recoveries of Fe’* were in the range of
96.06—98.72%, and the RSD (n = 4) was below 3.89%. The
results demonstrate that the CDs synthesized from glutathione
and L-tryptophan can sensitively and selectively detect Fe** in
biological samples.

3.6. Cytotoxicity and Fluorescence Marker Applica-
tion of CDs. Because CDs have good stability and
biocompatibility, human muscle cells 3T3-L1 were used to
investigate the cytotoxic effect of CDs using the MTT method.
Figure 10 shows the MTT results of cells cultured after 24 h with
the increasing concentration of S,N-doped CDs. The cell
viability is still above 85% when the concentration of CDs is 400
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ug/mL. Further increasing the concentration of CDs to 800 pg/
mL, the cell viability can still reach about 80%. In order to further
validate the imaging application potential of CDs in biological
samples, the bright and fluorescence fields of 3T3-L1 cells in the
presence of CDs after 24 h were initially observed by a
fluorescence inverted microscope. Figure 11 shows images of
bright and fluorescence fields of human muscle cells cultured
with CDs. When the excitation wavelength is 405 nm, the cells
emit bright blue fluorescence with a low concentration. Laser
confocal microscope observation found that S,N-doped CDs
could easily pass through the cell membrane and were mainly
distributed in the cytoplasm (Figure 11). The prepared CDs
have excellent photostability, indicating that the probe has
potential applications in the fields of biomedicine and
biochemistry.

4. CONCLUSIONS

To sum up, we have successfully prepared novel CDs with a high
photoluminescence quantum yield of 35.54% and long lifetimes
of 18.2 ns, as well as high stability in high-concentration salt
solutions. Moreover, it can be used as a probe for detecting metal
ions and biomolecules. The aqueous solution of the CDs
exhibits a fluorescence “turn off” phenomenon for Fe**, which is
caused by the formation of compounds between oxygen-
containing ions on the surface of CDs. At the same time, AA
makes the fluorescence of CDs have the role of “turn on” due to
the reaction with Fe**. This switch for AA and Fe®* has potential
applications in disease diagnosis and bioimaging fields.
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