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Adenosine triphosphate (ATP) and Fe* are important “signaling molecules” in living organisms, and their
abnormal concentrations can be used for the early diagnosis of degenerative diseases. Therefore, the
development of a sensitive and accurate fluorescent sensor is essential for detecting these signaling
molecules in biological matrices. Herein, nitrogen-doped graphene quantum dots (N-GQDs) with cyan
fluorescence emission were prepared by thermal cleavage of graphene oxide (GO) with N,N-
dimethylformamide (DMF) as a solvent. The synergistic effect of static quenching and internal filtration
enabled the selective quenching of N-GQD fluorescence by Fe®*. With the introduction of ATP, Fe** in
the N-GQDs-Fe®* system formed a more stable complex with ATP via the Fe—O—P bond, thus restoring
the fluorescence of the N-GQDs. Fe** and ATP were detected in the linear ranges of 0-34 uM and 0—
10 uM with the limits of detection (LOD) of 2.38 nM and 1.16 nM, respectively. In addition to monitoring
Fe** and ATP in mouse serum and urine, the proposed method was also successfully applied for cyto-

Received 15th February 2023, plasmic imaging of 4T1 cells and in vivo imaging of freshwater shrimps. Moreover, the fluorescence and

Accepted 22nd May 2023 solution color change-based “AND" logic gate was successfully demonstrated in the biological matrix.
Importantly, a complete sensing system was constructed by combining the N-GQDs with hydrogel kits

and fluorescent flexible films. Thus, the prepared N-GQDs can be expected to serve as a valuable
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Introduction

Adenosine triphosphate (ATP) is an important signaling mole-
cule of intracellular metabolites in biological systems." Large
amounts of intracellular ATP are released into the extracellular
matrix when cells are exposed to physiological or chemical
stress conditions, such as mechanical injury, hypoxia and
apoptosis.”> Many neurological diseases such as Parkinson’s
disease are associated with abnormal levels of ATP in the
biological matrix.> Another vital signaling molecule, Fe** is
one of the most important metal ions involved in the composi-
tion of various key enzymes and proteins in biological
matrices.? Several diseases such as neurological dysfunction,
heart failure, mental decline, and immune deficiency can be
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analytical tool for monitoring Fe** and ATP concentrations in biological matrices.

prevented by maintaining the balance of Fe*" ions in the body.’
Moreover, iron metabolism is dependent on Fe*" transfer
between small molecule ligands and transferrin.® ATP is an
in vivo Fe** compound that can facilitate the binding and
release of transferrin to Fe**. Thus, disruption of the concen-
tration balance of Fe’" and ATP can lead to metabolic disorders
in organisms. Developing a novel sensor for monitoring ATP
and Fe** concentrations in biological matrices has potential
significance for early disease detection.

Currently, various sensing techniques have been established
for ATP analysis, such as high-performance liquid chromato-
graphy (HPLC),” electrochemical methods® and capillary
electrophoresis.” In addition, various Fe®" sensing strategies
have been developed, such as atomic absorption spectrometry
(AAS),' inductively coupled plasma mass spectrometry (ICP-MS),"
and atomic emission spectrometry (AES).'”> However, these tradi-
tional methods typically suffer from significant shortcomings,
such as complicated instruments, long sample preprocessing
time, cumbersome operations, and the inability to perform
on-site testing.'® Electrochemical sensors had lower detection
limits for Fe®" and ATP sensing. However, the long reaction

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-2407-0508
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tb00327b&domain=pdf&date_stamp=2023-06-17
https://doi.org/10.1039/d3tb00327b
https://doi.org/10.1039/d3tb00327b
https://rsc.li/materials-b
https://doi.org/10.1039/d3tb00327b
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB011026

Published on 26 May 2023. Downloaded on 6/22/2024 7:11:20 AM.

Paper

time and the possible interference by temperature or other
interfering substances limited their applications.’® Recently,
optical sensing has received extensive attention due to its
advantages of rapid response, simplicity, and low cost.'®
Among the optical sensing methods, fluorescence sensing has
gained wide acceptance on account of its excellent selectivity,
high sensitivity, wide linear range, and real-time monitoring
ability,"® Furthermore, the fluorescent sensor has broad appli-
cation prospects in portable sensing due to its visual detection
signal and high sensitivity.'” Therefore, developing a portable
fluorescent sensor that can accurately detect Fe** and ATP in
biological matrices is of great importance.

In the development of portable sensors, the sensing unit is
the most important part. Organic dyes and colloidal semi-
conductor quantum dots (CdSe, ZnS, etc.)'®'® can be used as
sensing units to improve the performance of portable sensors.
However, their potential toxicity and high market costs due to
the presence of heavy metals have raised concerns. In contrast,
graphene quantum dots (GQDs), as a new class of carbon-based
materials, are widely applied in biological imaging and fluores-
cence sensing due to their advantages of photoluminescence,
low toxicity and good biocompatibility.”® Thus, they can be
attractive substitutes for organic dyes and inorganic quantum
dots. In biosensing, great efforts have been made in the GQD-
based detection of various targets such as metal ions, bio-
molecules,”" etc. For example, Chen et al. successfully synthesized
blue fluorescent N, P-GQDs from ATP for cellular imaging and
real-time monitoring of transferrin in living cells.”> A GQD: C-dot
system was constructed to detect Ag* in water by the fluorescence
resonance energy transfer mechanism.*® Li and coworkers pre-
pared a serine- and histidine-functionalized dual-fluorescence-
emitting GQD (Ser-GQD-His) for the detection of carbendazim in
tomatoes.>® Hence, the development of a portable sensor to
detect Fe®" and ATP selectively in biological matrix samples is
very important and encouraging.

‘AND’
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Herein, a nitrogen-doped graphene quantum dots (N-GQDs)
fluorescent sensor was designed and fabricated by cracking
graphene oxide (GO) with N,N-dimethylformamide (DMF)
(Scheme 1). Fe** quenched N-GQD fluorescence through the
synergistic effect of static quenching and the inner-filter effect
(IFE). After the addition of ATP to the system, the quenching
effect was effectively suppressed owing to the strong coordina-
tion of Fe**-ATP. As expected, these prepared N-GQDs were able
to sense Fe** and ATP in mouse serum and urine samples.
Additionally, flexible sensors were constructed by anchoring
N-GQDs in non-emitting polymers. Interestingly, a complete set
of “AND” logic gate multi-signal output system was successfully
implemented. Therefore, this work suggests that the proposed
novel sensor with unique properties has excellent potential in
future biosensing applications.

Experimental section

Material and reagent sections, instrument details and prepara-
tion procedure of graphene oxide are provided in the ESL

2.1 Preparation of N-GQDs

In a typical procedure, 250 mg of GO was dispersed in 15 mL of
DMF. Then, the stirred solution was transferred into a Teflon
lined autoclave and heated at 200 °C for 5 h. After cooling to
room temperature, the black precipitate was centrifuged and the
N-GQD solution was filtered through a 0.22 um nylon film filter.
A vacuum rotary evaporator was used to remove the solvent from
the N-GQD solid. Finally, 3 mL of ultrapure water was added to
obtain a yellow N-GQD solution, which was stored at 4 °C.

2.2 Detection of Fe*" and ATP

Fluorescence emission spectra (4ex = 360 nm, slit width: 5 nm)
of N-GQDs were collected between 350 nm and 650 nm,
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Scheme 1 N-GQDs as a fluorescent sensor for Fe>* and ATP sensing with logic gate operation.
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respectively. For the detection of Fe*", 100 uL of Fe** solutions
with various concentrations of Fe** (0-34 uM) were added into
100 pL of N-GQDs (500 pg mL~*). Next, the mixture was diluted
with ultrapure water to 3 mL and reacted for 1 minute.

To detect ATP, the N-GQD solution was mixed with Fe*"
solution (34 pM) to prepare N-GQDs-Fe*" system solution.
Subsequently, 100 pL of ATP solutions with different concen-
trations (0-10 pM) were added to the above mixture and the
volume was adjusted to 3 mL. After the solution was thorou-
ghly mixed, the fluorescence spectrum was recorded at room
temperature.

In aqueous solutions, the selectivity of N-GQDs and N-GQDs-
Fe** systems was investigated by fluorescence spectroscopy
using active molecules containing Li*, Na, K', Ag®, Ca®",
Zn**, Mn**, Ba®*, Pb*>", Cd*", Lys, Tyr, His, ADP, AMP, UTP,
GTP, CTP and Arg.

2.3 Analysis of real samples

In order to evaluate the feasibility of the N-GQD fluorescent
sensor in practical application, Fe*" and ATP in mouse serum
and urine were analyzed using the standard addition method.
Urine samples were collected from healthy individuals, centri-
fuged at 10 000 rpm for 5 min, and filtered through a 0.22 pm
nylon film filter. Finally, ultrapure water was used to dilute the
urine 100 times. Mouse serum was obtained from mouse
fundus blood and centrifuged at 15000 rpm for 10 min at
3 °C. The supernatant was diluted 100-fold with ultrapure water
and mixed with N-GQDs under the same conditions. Then, the
prepared Fe** (0-34 pM) and ATP (0-10 uM) solutions were
added to the pretreated samples. Finally, based on the linear
equation of the standard solution, Fe*" and ATP contents and
relative standard deviations (RSDs) of the actual sample were
calculated.

2.4 Cytotoxicity assessment of live cells and in vitro imaging

The in vitro cytotoxicity of N-GQDs was assessed by the standard
MTT assay. 4T1 cells were placed in DMEM containing 10%
fetal bovine serum and 1.0% anti-mycoplasma antibiotics and
cultured in an incubator at 37 °C (5.0% CO,) for 24 hours.
Then, cells were cultured in DMEM containing various doses
(0-1 mg mL™") of N-GQDs for 24 hours. After that, the MTT
solution (10 pL, 5 mg mL ™) was added, which resulted in the
formation of purple formazan crystals after 4 hours of incuba-
tion. After the supernatant was removed, 200 pL of DMSO was
added to each well and shaken in a microshaker for 10 minutes
to dissolve the formazan crystals.>® Finally, optical density at
490 nm was measured by enzymatic labeling, and cytotoxicity
was evaluated as follows (eqn (1)):

cellviability (%)

[(theabsorbance of samples — theabsorbance of blank)]

= )\ O)

(theabsorbance of control group — theabsorbance of blank

1)

To assess the cellular imaging capabilities of N-GQDs,
4T1 cells treated with N-GQDs were imaged using inverted
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fluorescence microscopy. In a typical procedure, 4T1 cells
cultured at the bottom of the cell culture flask were placed in
DMEM, 10% fetal bovine serum (FBS) and 1% anti-mycoplasma
antibiotics were added, and cultured at 37 °C for 24 hours. The
cells were then rinsed three times in PBS before being treated
with 100 ug mL~" N-GQD solution. Images of 4T1 cells were
obtained under an inverted fluorescence microscope at an
excitation wavelength of 458 nm and the emission collection
of 475-575 nm. Fluorescence color photographs of freshwater
shrimps were recorded with a smartphone after incubation
with N-GQDs in PBS buffer solution for different times (3, 6 and
9 days) at room temperature under 365 nm UV light excitation.

2.5 Preparation of portable hydrogel kits and fluorescent
flexible films

The hydrogel kit was prepared by blending PVA in 90 °C water
for 10 min until it completely dissolved into a gel-like solution
and then adding 200 pL of N-GQD solution. A certain amount of
the above solution was taken into a centrifuge tube and placed
in a refrigerator for gelation. The preparation of fluorescent
flexible films was similar to the previous steps. The PVA gel
solution with N-GQDs was dried at 80 °C to obtain flexible films
with strong ductility.

Results and discussion

3.1 Characterization of N-doped graphene quantum dots
(N-GQDs)

N-GQDs were prepared via a facile solvothermal strategy invol-
ving the splitting decomposition of GO using DMF. During the
formation process of N-GQDs, GO formed graphitic structures
through dehydration condensation between carboxyl groups.
DMF was pyrolyzed to dimethylamine at a high temperature
and further to methylamine and ammonia.”® These pyrolysis
products acted as effective dopants of N atoms, and were easily
attached to the graphene lattice through the alkylation reaction
with the oxygen-containing groups in GO.*”

The morphology and particle size of N-GQDs were charac-
terized by TEM and AFM. The TEM image (Fig. 1a) showed that
these N-GQDs were nearly globular and uniform with an
average size of 3.17 + 0.70 nm (Fig. 1b). The lattice stripe
spacing of 0.17 nm in the HR-TEM image was well consistent
with that of the (002) plane of graphene (inset of Fig. 1a).>® The
AFM image revealed that N-GQDs had morphological heights
between 0.55 and 2.00 nm (Fig. 1c and 1d), which corresponded
to graphene stacks of 2-5 layers.*

XRD was conducted to characterize the graphitic structure of
the synthesized N-GQDs. The distinct peak at 20 = 30° corre-
sponded to the (002) plane of the graphitic material with a
hexagonal lattice structure (Fig. S1, ESIT).”” Raman spectra of
N-GQDs were studied under a 532 nm laser on a Au substrate.
As illustrated in Fig. 2a, the disordered (D) band at 1321 cm ™!
was associated with sp® defects, whereas the crystalline (G)
band at 1573 ecm~ " corresponded to the in-plane vibration of
sp> carbon.?® To better understand the boundary states and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) TEM image and the size distribution of N-GQDs, inset: HR-TEM image; (b) diameter distribution of N-GQDs in aqueous solution, and the black
line is a Gaussian fit curve; (c) AFM 3D images of N-GQDs; (d) height profile image of N-GQDs.

defects of N-GQD functional groups, Raman spectra in the
range of 1100-1800 cm ™" were deconvoluted. The Raman peak
at 1174 cm ™' (D1) was the result of carbon atoms bound to sp®
and sp® edges in N-GQDs (Fig. S2, ESIt). The peak at 1246 cm ™"
(D2) was attributed to -COOH or ring-type -C-OH edge func-
tional groups. N-GQDs exhibited a D3 (1493 cm ') band
corresponding to the C=0/C-0 structure.*' The surface func-
tional groups of N-GQDs were investigated by the FT-IR tech-
nique (Fig. 2b). A broad absorption band near 3393 cm™ " was
attributed to the O-H/N-H stretching vibration. The two peaks
at 1690 cm ™' and 1088 cm ' were attributed to the in-plane
stretching vibrations of C—O and stretching vibrations of
C-0, respectively. Moreover, the three absorption bands at
2832 cm™ ', 1615 cm ' and 1394 cm ™' corresponded to the
stretching vibrations of -N(CHj3),, C=N and C-N, respectively,
which confirmed the successful doping of N in N-GQDs.***?
The XPS full spectrum showed three peaks at 285.9 eV,
400.8 eV, and 530.7 eV, which were assigned to C1s, N1s, and
O1s, respectively (Fig. 2c). The high-resolution C1s XPS spec-
trum was deconvoluted into four peaks (Fig. 2d).** The two
peaks at 284.6 eV and 285.8 eV were related to sp® hybrid
carbons in the graphitic structure (C=C and C-C) and sp®
carbons (C-C, C-O, and C-N), respectively.>> The other two
peaks at 286.4 eV and 289.2 eV corresponded to the carbonyl
(C=0) and carboxylate C(0)-O functional groups.>® The high-
resolution N 1s signal could be divided into three different peaks

This journal is © The Royal Society of Chemistry 2023

at 399.7 eV, 401.2 eV, and 402.1 eV, which corresponded to pyridine
nitrogen (C—=N-C), pyrrole nitrogen (C-N-C) and graphitic nitrogen
(N—(C),), respectively (Fig. 2e). According to these findings, part of
the pyrrole N in the C-N configuration was formed by dehydration
of the carboxyl and amide groups while another component was
graphitic N that was bound to three adjacent C atoms during high-
temperature synthesis.>*® The high-resolution O 1s spectrum was
fitted into three peaks at 531.1 eV, 531.9 eV and 532.7 eV, which
were consistent with the C—O0 of quinone formed via dehydration
of adjacent carboxyl groups of GO at high temperature, C—=0O of
carbonyl, and C-OH/C-O-C, respectively (Fig. 2f).>” These results
indicate that the prepared N-GQDs possessed multiple functional
groups such as dimethylamido, carboxyl, hydroxyl groups on the
surface. As a result, they exhibited good water solubility, which
would be beneficial for sensing applications.*®

3.2 Optical properties of N-GQDs

UV-Vis and fluorescence excitation and emission spectra of
N-GQDs in aqueous solution were recorded to investigate the
optical properties. The UV-Vis spectrum exhibited a shoulder
peak at 200-400 nm due to the n— m* transition of C—=C and
the n — 7* transition of the C—=0/C=N bond (Fig. 3a).>° The
maximum emission wavelength was around 525 nm when
the N-GQDs were illuminated at an excitation wavelength of
360 nm. The yellowish solution of N-GQDs emitted cyan
fluorescence under UV-Vis light irradiation at 365 nm

J. Mater. Chem. B, 2023, 11, 6082-6094 | 6085
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Fig. 2 (a) FT-IR spectrum and (b) Raman spectrum of N-GQDs. Excitation wavelength of laser: 532 nm; (c) survey scanning XPS spectrum of N-GQDs

and high-resolution spectra of (d) C 1s, (e) N 1s, and (f) Ols.

(inset in Fig. 3a). As described in Fig. 3b the location of the
maximum emission peak unchanged, indicating that these
N-GQDs exhibited a typical excitation-independent-emission
behavior. The fluorescence behavior of N-GQDs can be
explained by the relatively homogeneous surface state and
size distribution. Finally, the absolute quantum yield (QY) of
N-GQDs was calculated to be 14.32%.

The stability of N-GQDs was investigated before using them
to detect Fe** and ATP in biological matrices. The fluorescence
intensity of N-GQDs in aqueous solutions with different pH
values was studied to understand the effect of pH on the
fluorescence of N-GQDs (Fig. 3c). The fluorescence signal of
N-GQDs was unstable under highly acidic (pH = 1,2) and basic
(pH > 10) conditions owing to the protonation and deprotona-
tion of carboxyl and dimethylamino groups on the surface of

6086 | J Mater. Chem. B, 2023, 11, 6082-6094

N-GQDs.*® However, the intensity did not obviously change
when the pH was regulated from weak acid to weak base (3.0-
10.0). Due to the neutral pH of biological samples, these
N-GQDs were suitable for the detection of physiological
environment samples. Furthermore, the fluorescence intensity
of N-GQDs remained virtually unchanged in NaCl solution
(0-1.0 M) (Fig. 3d), indicating that they were highly resistant
to sodium ions. In addition, N-GQDs performed well at both
20 °C and 60 °C with no significant fluorescence fluctuation,
which suggested that their structure was very stable and not
easily affected by temperature changes (Fig. 3e).’ Subse-
quently, the N-GQD solution was subjected to UV radiation
for bleaching resistance testing (Fig. 3f). The fluorescence
output of the N-GQD solution still retained over 90% intensity
after 240 minutes, indicating that these N-GQDs had good

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Excitation, emission, and absorption spectra of N-GQDs, inset: pictures of N-GQDs under sunlight (left) and UV lamp (right); (b) emission
spectra at various excitation wavelengths (340—-450 nm); effects of the fluorescence intensity on different (c) pH values, (d) NaCl concentrations,

(e) temperature, and (f) UV irradiation times.

anti-light bleaching ability. Not only that, the N-GQDs stored
for 6 months had not been found to precipitate, and still
maintained bright cyan fluorescence (Fig. S3, ESIt). Therefore,
the prepared N-GQDs are potentially suitable for Fe** and ATP
detection in complex physiological environments.

3.3 Detection of Fe**

To further understand the sensing characteristics of N-GQDs,
the selectivity of this sensor was evaluated by its fluorescence
response behavior towards various metal cation interfering
substances (Na®, Li*, K', Ag®, Ca*', Pb*, Zn®>", Mn**, Ba*,
Cd**, and AI**, 0.1 M), which may be present in blood and
urine samples. As illustrated in Fig. 4a, the fluorescence
intensity (F/F,) of N-GQDs decreased sharply in the presence
of Fe*'. Generally, Fe*" quenched the fluorescence of GQDs

This journal is © The Royal Society of Chemistry 2023

mainly due to the hydroxyl groups and the dimethylamine
groups on the surface of GQDs. However, the nitrogen atoms
of the dimethylamine groups were more sterically hindered
than nitrogen atoms in amino groups, and thus they probably
had less coordinating effects with Fe®". Therefore, the hydroxyl
groups on the N-GQD surfaces could serve as efficient and main
ligands for Fe*" to achieve high selectivity for Fe** sensing.*?
N-GQDs also had low pH interference in the pH range of 3.0-9.0
for the detection of Fe®* (Fig. S4, ESIf). Since the pH of
biological samples is neutral, 7.0 was chosen as the optimal
pH. The maximum emission intensity at 525 nm gradually
decreased with an increase in Fe*" concentration in the range
of 0-34 pM (Fig. 4c). More importantly, a good linear relation-
ship was obtained between the fluorescence intensity ratio
((Fo — F)/Fo) and Fe** concentration (Fig. 4e). The limit of

J. Mater. Chem. B, 2023, 11, 6082-6094 | 6087
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Fig. 4 (a) lon selectivity for N-GQDs; (b) small molecule selectivity of N-GQDs-Fe®* system; (c) fluorescence spectra of N-GQDs in the presence of Fe**
(0-34 pM); (d) fluorescence spectra of the N-GQDs-Fe®* system in the presence of different concentrations of ATP (0—10 uM); (e) linearity of (Fo — F)/Fo
versus Fe>* (0-7.5 pM) concentration, inset: the fluorescence values versus Fe>* concentration in the range of 7.5-34 uM; (f) the fitted linear relationship
between the fluorescence intensity ratio of the N-GQDs-Fe®* system and the ATP concentration.

detection (LOD) was estimated to be 2.38 nM using the formula
LOD = 30/K (where K is the slope of the linear fit and ¢ is the
standard deviation of the background). Compared with the
reported methods for Fe*" detection (Table S1, ESIf), this
sensor not only exhibited good selectivity and high sensitivity
but also avoided tedious operations for Fe** detection.

3.4 Detection of ATP

The feasibility of ATP detection by the N-GQDs-Fe®* system was
verified by measuring the fluorescence response (Fig. S5, ESIt).
To evaluate the selectivity of the developed method for ATP,
small biomolecules (Lys, Tyr, His, Arg, Glu, UTP, GTP, CTP,
AMP, ADP) were selected as interfering controls. As shown
in Fig. 4b, the N-GQDs-Fe** system did not exhibit obvious
fluorescence enhancement when the competing small

6088 | J Mater. Chem. B, 2023, 11, 6082-6094

biomolecules were added at concentrations as high as 0.1 M
because ATP had more binding sites and a stronger electro-
static interaction with Fe**.** Compared to the fluorescence
intensity quenched by 34 uM Fe®*, the fluorescence intensity
increased by more than 300% after the addition of 10 uM ATP.
Moreover, the recovery of ATP exhibited high stability over a
wide pH range (3.0-9.0), which was beneficial for the applications
of biological matrix detection (Fig. S6, ESIf).** Satisfyingly, a
positive linear relationship was obtained between the fluores-
cence ratio ((F — Fy)/F,) and the ATP concentration value (Fig. 4d).
The LOD was calculated to be 1.16 nM on the basis of the 35/K
rule (Fig. 4f). Compared to other detection methods, the proposed
system exhibited excellent analytical performances, including the
advantages of rapid response and high sensitivity (Table S2, ESI).
However, it was limited by the lack of accurate information about

This journal is © The Royal Society of Chemistry 2023
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the chemical structure and the controversy over the exact origin
of fluorescence in N-GQDs. In addition, since the excitation
wavelength of N-GQDs was in the ultraviolet region, there may
be interference of ultraviolet absorbers in the tested biological
matrices.

3.5 Possible sensing mechanism for the detection of Fe** ions
and ATP

The sensing mechanism of N-GQDs for Fe** and ATP was
investigated. In general, fluorescence quenching mechanisms
involve dynamic quenching, static quenching, and dynamic-
static combined quenching.”’ Fluorescence lifetime is a
powerful tool to distinguish quenching mechanisms. The time-
resolved fluorescence (TRPL) decay curves in the absence and
presence of Fe*" were well fitted to a single exponential func-
tion. The lifetimes were close to 6 ns and the ratio of Tn.gqps
(6.52 ns)/tngopsre . (5.50 ns) was 1.12 (Fig. S7, ESIf), which
confirmed the occurrence of static quenching.*® Furthermore,
the fluorescence quenching mechanism of N-GQDs can also be
evaluated using the Stern-Volmer equation (eqn (2) and (3)).
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here, F and F, represent the intensity of fluorescence in the
absence and presence of Fe**, [C] is the equilibrium concen-
tration of the quencher, and Kj, is the Stern-Volmer’s quench-
ing constant. Fe*" was introduced into the N-GQD solution,
and the quenching constant (Ky) of the system was 3.68 X
10'° L mol " s~ " according to the Stern-Volmer equation, larger
than the dynamic quenching constant (2 x 10" L mol™' s™).
Furthermore, as the temperature increased to 40 °C, K, decreased
from 2.64 x 10° L mol " to 2.11 x 10° L mol " (Fig. S8, ESI¥),
confirming that this quenching process involved static
quenching.*”

In addition, the broad absorption band from 257 nm to
380 nm in the absorption spectrum after the addition of Fe*"
could be attributed to the coordination bonding of Fe** with
oxygen-containing groups and nitrogen atoms in dimethyla-
mino groups on the surface of N-GQDs (Fig. 5a).*% After ATP
addition, a new absorption peak at 230-334 nm generated.*’
After dialyzing the samples, zeta potential measurements were
made to study the interaction mechanism of N-GQDs-Fe** and
N-GQDs-Fe*"-ATP. When the Fe*" ions were introduced into
N-GQD solution, the zeta potential increased from —21.79 mV
to —12.14 mV due to the association of Fe** with the dimethyl-
amino groups and hydroxyl groups of N-GQDs. However,
the zeta potential changed to —16.69 mV when ATP was added
into the N-GQDs-Fe** system, suggesting that Fe** ions were
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Fig. 5 (a) UV absorption spectra of N-GQDs, the N-GQDs-Fe**system, and N-GQDs-Fe**-ATP system; (b) the N 1s spectra of the N-GQDs-Fe** system
and the N-GQDs-Fe3*-ATP system, pyridine nitrogen as brown, pyrrole nitrogen as pink, metal coordination nitrogen as black, and graphitic nitrogen as
green:; (c) Fe** absorption (blue line), corrected fluorescence spectrum of N-GQDs (pink line); (d) schematic diagram of the fluorescence quenching and

recovery mechanism of this sensing system.
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detached from the surface of negatively charged N-GQDs due to
the coordination and electrostatic interaction with ATP (Fig. S9,
ESIY).>® In addition, the FT-IR spectra of the N-GQD-Fe*" system
showed a characteristic Fe-O-P absorption peak at 521 cm™*
after the addition of ATP (Fig. S10, ESIt),* further demonstrat-
ing the coordination of Fe**-ATP.

The XPS spectra clearly showed the variation of the nitrogen
environment between N-GQDs-Fe*" and N-GQDs-Fe**-ATP sys-
tems (Fig. S11a and b, ESIt). In the N-GQDs-Fe** system, the
metal-N, characteristic peak appeared at 399.79 eV owing to the
coordination of Fe** with ATP (Fig. 5b).”" The O1s peak of O-Fe
appeared at 532.45 eV in the spectrum of the N-GQDs-Fe®*
system, and there was a slight decrease in the binding energy
peak of C—O0 at 531.99 eV (Fig. S11e, ESIT). In the P2p spectrum
of the N-GQDs-Fe**-ATP system, a distinct Fe-P peak emerged
at 132.62 eV (Fig. S11f, ESIt), and the characteristic peak
of metal-N, disappeared,” validating that the N-GQDs-Fe®"*
complex dissociated due to the strong coordination of ATP
with Fe®*.>

The fluorescence recovery ability of ATP was investigated,
and it was found that the recovery efficiency of ATP did not
reach 100%. The maximum excitation of N-GQDs and the UV
absorption of Fe*" were found to overlap in the range of 318-
419 nm (Fig. 5¢). Hence, it can be conjectured that the internal
filtering effect (IFE) was another important factor contributing
to the fluorescence quenching. The Parker equation further
verified this conjecture (eqn (4)).

Feo _ 23dAex g,
Fobsd 1— IO’dAeX

235 Aem
1 — 10 5Aem

4)

Here, the observed intensity and corrected intensity are
expressed as Fopsg and Feo, respectively. A, is the intensity at
the excitation wavelength and A, is the intensity at the
emission wavelength. S is the thickness of the excitation beam.
G is the distance from the edge of the excitation beam to the
edge of the test tube, and d refers to the width of the cuvette.
Therefore, the effect of the IFE increased with the value of F../
Fopsd- With an increase in Fe*" concentration from 0 to 34 pM,
the F.o/Fobsa Value increased from 1.36 to 1.75, matching the
Parker equation.”® Therefore, static quenching and IFE inter-
acted synergistically in the quenching mechanism for Fe®*
sensing. After ATP was introduced into the N-GQDs-Fe** sys-
tem, Fe’" dissociated from the N-GQDs-Fe®* system due to the
high affinity of Fe-O-P bonds, thereby restoring the quenched
fluorescence (Fig. 5d).

3.6 Actual sample analysis

The performance of the proposed sensor for the detection of
Fe** and ATP in biological matrices was evaluated using a
standard addition method. The recoveries and relative stan-
dard deviations (RSDs) of Fe*" and ATP in human urine and
mouse serum were determined by bringing the measured
fluorescence intensities into the standard curve. As illustrated
in Table S3 (ESIt), the relative recoveries of Fe** and ATP in
human urine and mouse serum exceeded 96.90% with RSDs
between 0.12% and 2.71%. Furthermore, the feasibility of
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N-GQDs as fluorescent sensors and their high detection accu-
racy were confirmed using methodological validation. In the
intra-day precision and inter-day precision examinations, the
RSDs of both Fe*" and ATP were controlled below 5.55% for
inter-day precision, while the intra-day precision ranged from
0.41% to 2.79% (Table S4, ESIT). These results confirmed the
feasibility of N-GQDs as effective fluorescent sensors for Fe**
and ATP in biological matrix samples.

3.7 Preparation of portable hydrogel kits and fluorescent
flexible membranes for the detection of Fe*" ions and ATP

To achieve the desired portable and visual inspection, N-GQDs-
polymer fluorescent hydrogel kits and fluorescent films for
semi-quantitative analysis of Fe*" and ATP were constructed
by anchoring N-GQDs into PVA. The fluorescent hydrogel kit
showed intense cyan fluorescence and the fluorescence inten-
sity decreased with an increase in the Fe** concentration under
365 nm excitation (Fig. 6a). In contrast, the fluorescence of the
kit with the N-GQDs-Fe*" system recovered to a satisfactory
intensity by adding gradually increasing concentrations of ATP
into the kit (Fig. 6b). Moreover, the prepared flexible films also
showed a strong cyan fluorescence under 365 nm UV lamp
irradiation. The flexible film with N-GQDs had almost the same
transmittance compared the pure PVA film (Fig. S12, ESI}). Not
only that, the fluorescence stability of the hydrogel kit and the
flexible film stored in a sealed seal at 4 °C could be remained
at least 1 month. Fluorescence quenching was observed by
dipping one end of the flexible film into the Fe** solution.
Afterwards, the quenched part was immersed into the ATP
solution, and it was observed that the fluorescence almost
returned to its original brightness (Fig. 6¢). Notably, no obvious
folding marks appeared when the flexible film was folded
multiple times, indicating that the fluorescent film had good
flexibility. Based on the good portability and accurate color
display, these N-GQDs-polymer fluorescent hydrogel kits and
flexible fluorescent films could be used for the on-site visual
detection of Fe** and ATP in actual samples.

3.8 Logic operation of N-GQDs towards Fe** and ATP

Through fluorescent/colorimetric outputs, the portable sensor
can act as an “AND” logic gate and allow binary and multi-value
information to be transferred. Following the completion of
the sensing test, an “AND” logic gate operation was executed
on the basis of the fluorescence and solution color change of
N-GQDs, the N-GQDs-Fe** system, and the N-GQDs-Fe**-ATP
system.>?

The diagram of the logical scheme and the truth table are
shown in Fig. 6d. Fe*" and ATP were the input signals, and their
presence was indicated by “1”, whereas their absence was
indicated by a “0”. The two output signals consisted of the
fluorescence emission and the color change of the solution.
The output was set to “1” for the normal fluorescence intensity
and yellow offset. Fluorescence quenching and negligible
solution color change were set to “0”.>* In the presence of
only Fe** in the logic gate, the N-GQDs-Fe** complex formed.
Consequently, the fluorescence intensity at 525 nm decreased,
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Fig. 6 (a) Fluorescence quenching images of the hydrogel kit under 365 nm UV light after adding different concentrations of Fe**; (b) fluorescence
recovery images of the hydrogel kit with different concentrations of ATP added to the N-GQDs-Fe** system; (c) photographs of fluorescent membranes
in different variant forms under 365 nm UV irradiation, the right inset showed the “ON-OFF-ON" response of fluorescent membranes to Fe>* (34 uM)
and ATP (10 uM); (d) the truth table and diagram of the “AND" type logic gate.

the solution color turned to yellow, and a “0,1” output signal
generated. Upon the introduction of ATP, it coordinated with
Fe*" to induce the detachment of Fe** from the surface of
N-GQDs and the fluorescence of N-GQDs was recovered. Thus,
two signals of fluorescence emission and yellow solution were
observed. As a result, the two output signals were “1,1” and the
logic gate was activated.

3.9 Cytotoxicity test and imaging

To assess the cytotoxicity of N-GQDs, a standard MTT assay was
carried out by using 4T1 cells. The cell viability of 4T1 cells

s 3

Cell viability (%)
£

200 400 600 800 100D
Concentration (pg/mL)

Fig. 7

treated with N-GQDs at 1000 pg mL ™' remained above 87%
after co-culturing for 24 h (Fig. 7a). This result demonstrated
the low cytotoxicity of N-GQDs under the test conditions, which
inspired us to examine their capabilities in vitro and in vivo.>
The imaging ability of N-GQDs on 4T1 cells was investigated
using inverted fluorescence microscopy. A bright cyan fluores-
cence was observed in the 4T1 cytoplasm after 24 hours of
incubation with N-GQDs (Fig. 7b). The 4T1 cells still main-
tained their intact morphology because the small size of
N-GQDs allowed them to efficiently cross the cell membrane
into cells via endocytosis. Furthermore, the feasibility of this

Fluorescence

25

50 pm

(a) 4T1 Cell viability with different concentrations of N-GQDs for 24 h; (b) bright-field, fluorescence and merged images of 4T1 cells cultured with

N-GQDs (1000 pg mL™); (c) fluorescence images of freshwater shrimps at different incubation times.
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probe in live animal imaging was also investigated by using
freshwater shrimps with excellent optical transparency. Visual
fluorescence images of freshwater shrimps incubated with
N-GQDs in PBS buffer were recorded with a smartphone.
As shown in Fig. 7c, freshwater shrimps showed bright cyan
fluorescence after nine consecutive days of incubation in
N-GQDs. However, the external morphology and motility of
freshwater shrimps were not obviously affected, suggesting the
good biocompatibility and safety of these GQDs for in vivo
fluorescence imaging.

Conclusion

In summary, a novel fluorescent biosensor based on N-GQDs
was developed via a simple solvothermal strategy involving the
splitting decomposition of GO using DMF. This sensor exhib-
ited high selectivity and strong anti-interference properties for
the detection of Fe*" and ATP in biological matrices due to IFE
and static quenching. Moreover, the “AND” logic gate with a
fluorescence and colorimetric dual readout was correctly exe-
cuted through the reaction between Fe®*, ATP, and N-GQDs.
In addition, N-GQDs were exploited as fluorescent hydrogel kits
and flexible fluorescent films for portable fluorescent sensors.
The bioimaging of freshwater shrimps further demonstrated
the excellent biocompatibility of these N-GQDs. Therefore, this
study provided a portable and accurate sensing strategy for
detecting Fe®* and ATP in biological matrixes, which could
facilitate the further biological application of GQDs.
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