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ABSTRACT: Owing to their diverse properties, fluorescent carbon dots
(CDs) have attracted more attention and present enormous potential in
development of sensors, bioimaging, drug delivery, microfluidics, photo-
dynamic therapy, light emitting diode, and so forth. Herein, a multifunctional
sensing platform based on bright yellow fluorescent CDs (Y-CDs) was
designed for the label-free detection of fluoroquinolones (FQs) and histidine
(His). The Y-CDs with superior optical and biological merits including high
chemical stability, good biocompatibility, and low cytotoxicity were simply
synthesized via one-step hydrothermal treatment of o-phenylenediamine (o-
PD) and 4-aminobutyric acid (GABA). The Y-CDs can be utilized to directly
monitor the amount of FQs based on fluorescence static quenching owing to
the specific interaction between FQs and Y-CDs. Then, the fluorescence of
this system can be effectively recovered upon addition of His. The
multifunctional sensing platform exhibited high sensitivity and selectivity
toward three kinds of FQs and His with low detection limits of 17−67 and 35 nM, respectively. Benefiting from these
outstanding characters, the Y-CDs were successfully employed for trace detection of FQs in real samples such as antibiotic
tablets and milk products. Furthermore, the probe was also extended to cellular imaging. All of the above prove that this
multifunctional sensing platform presents great prospect in multiple applications such as biosensing, biomedicine, disease
diagnosis, and environmental monitoring.
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1. INTRODUCTION

Fluoroquinolones (FQs) are the third generation synthetic
quinolone antibiotic drugs and have been utilized for over 50
years since the development of the first fluoroquinolone
norfloxacin (NOR) was synthesized in the 1970s.1−3 As a
useful chemotherapeutic antibacterial, FQs have been generally
used in veterinary and human medicine in the treatment and
prevention of various pathogenic bacterial infections, for
instance lower respiratory tract infections, urinary tract
infections, and pulmonary and intraabdominal infections.4−7

They demonstrated broad-spectrum antibacterial activity
against both Gram-positive and Gram-negative bacteria by
the inhibition of DNA gyrase, which caused an irreversible
damage to bacterial DNA.8−10 In recent years, with the
widespread use of these antibacterial agents, the excess FQs
will remain in surface water, soil, and animal foods such as fish,
shrimp, and milk products. They reveal a potential public
health hazard even in low concentration, because of their

toxicity and allergy reactions, which can lead to liver damage,
thrombus, central nervous system (CNS) injury, and drug
resistance of microbial strains.11,12 Therefore, the European
Union (EU) has limited maximum residue of FQs in various
animal-produced foods.13 In addition, China’s Ministry of
Agriculture (CMA) has also forbidden the use of some FQs in
animal feed.14 Consequently, effective monitoring of FQ
residues has become a crucial issue.
To date, there are several analytical techniques that have

been developed to monitor FQ residues in real agri-food
samples, pharmaceutical formulations, and biological fluids,
which are divided into two categories: instrumental analytical
methods and immunoassays. The instrumental analytical
methods include high-performance liquid chromatography
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(HPLC),15 liquid chromatography−electrospray ionization−
tandem mass spectrometry (LC−ESI−MS/MS),16 capillary
electrophoresis (CE),17 surface-enhanced Raman spectrosco-
py,18 and electrochemistry.19 Immunoassays are used usually
based on antigen−antibody recognition including enzyme-
linked immunosorbent assay20 and immunochromatographic
assay.21 These methods show high-throughput screening, great
sensitivity, and accuracy. However, most of them usually
involve some unavoidable drawbacks such as requiring
expensive and sophisticated instruments, undergoing bad
reproducibility, and time-consuming sample pretreatment,
which limit their use in real-time field analysis of the samples.
Recently, to solve these problems, some scientists have
developed biosensors based on novel nanomaterials to detect
FQs for clinical diagnosis. For example, Tang et al.22

synthesized a core−shell upconversion particle-based probe
UCPs@Fe3O4@MIP combined with magnetism and molecular
recognition. They used this novel fluorescent probe to detect
multiple quinolones in fish samples. In addition, Mao et al.23

set up the Ag nanocluster−Cu2+ sensing system with the
fluorescence turn-on mode for the trace detection of
quinolones. However, a lot of these methods usually need to
bond with metal ions (e.g., Eu3+ and Cu2+) or molecularly
imprinted polymer,24,25 which causes the preparation process
complex. Hence, it is of considerable importance and very
desirable to develop a convenient, good sensitivity, outstanding
selectivity, and high-throughput method to trace the level of
FQs in the food and environmental samples.
Histidine (His) is an essential amino acid and is of great

importance in the function of many proteins for the growth
and repair of tissues and organs. It not only acts as a crucial
neurotransmitter or neuromodulator in human and other
mammalian CNSs but also controls the transmission of metal
elements in biological systems.26,27 The unbalance of histidine
expression is usually associated with numerous diseases such as
rheumatoid arthritis, liver failure, pulmonary disease, AIDS,
Alzheimer’s disease, and cancer.28−30 Owing to its vital
biological functions, multiple approaches have been built to
detect histidine. In addition to the traditional analytical
techniques such as CE,31 HPLC,32 spectrophotometry,33 and
electrochemistry,34 fluorescent biosensors have been exten-
sively employed to monitor histidine because of their simple
operation, excellent selectivity, and sensitivity. However, it is
worthy of attention that the detection mechanisms of many
reported His sensors are based on metal complexes. Especially,
the divalent metal ions are widely used (including Cu2+, Co2+,
and Ni2+) and selected by their good histidine affinity. For
instance, Cu2+-mediated DNA-templated silver nanoclusters,35

G-quadruplex-Cu(II) metalloenzyme,36 naphthalimide@Cu2+-
based fluorescent sensors,37 and Co2+-adsorbed Mn:ZnS
quantum dot probes38 have been exploited as a turn-on
fluorescent or phosphorescence sensor for tracing of His. Even
so, they still have some drawbacks such as complex synthesis
procedures, high toxicity, and the fact that they can be used
only in organic solution. As a result, it is imperative to design a
simple and high-efficiency analytical technique for the
assessment of histidine in aqueous solution especially in
biological systems, which has important research significance
to understand the pathogenesis for clinical therapy.39

As the newest generation of carbon nanomaterials in the past
decade, carbon dots (CDs) have presented tremendous
potential in various applications such as sensors, bioimaging,
drug delivery, microfluidics, photocatalysts, light emitting

diode (LED), and so forth40−42 owing to the characteristics
of a simple preparation process and excellent electrical or
optical properties. In many applications, CDs are widely used
as chemical sensors and biological sensors.43,44 The objects of
detection are very extensive and cover chemical, environ-
mental, and biological field, for instance pH, heavy metals,
amino acids, bioenzymes, free radicals, and so on.45−47

Meanwhile, CDs have become promising candidates as a
new generation of fluorescent reagents for bioimaging,
including in multiple living cells, even in vivo tissues of mice
and zebrafish.48 All these stem from the low toxicity and good
biocompatibility of CDs. With the researche studies of the CDs
gradually deepening, the properties of CDs can be attributed to
several factors including the size distribution, surface states,
and charge transfer.49−51 However, it is still hard to establish
sufficient theoretical conclusions to explain the properties of
CDs, and scientists design different methods to synthesize CDs
with different properties for diverse applications. In order to
achieve the specific requirements in practical applications, the
purposeful surface functionalization on the surface of CDs has
gained considerable attention.52−54 Nevertheless, this will
present many problems, for instance, the time-consuming
preparation processes due to the complicated chemical
modification steps, the instability caused by environmental
factors (such as solvents used and pH etc.), and the affected
luminescent properties.55,56 Besides, most of the currently
reported CDs’ emission is concentrated in blue to green light
regions, which restrict their further applications in biomedical
and optical optoelectronic devices. It is of profound
significance to achieve long wavelength emissive (such as
yellow or red light) CDs.57 Thus, it sorely needs to structure a
novel, simple, and controllable method to synthesize the self-
functional CDs with long emission wavelength for multi-
purpose applications.
Inspired by the above circumstances, we designed a

multifunctional sensing platform based on CDs for the label-
free detection of FQs and histidine (His) (Scheme 1). The

obtained CDs were synthesized through the one-step hydro-
thermal synthesis route by taking o-phenylenediamine (o-PD)
and 4-aminobutyric acid (GABA) as the precursors. Owing to
the effects of raw materials to the properties of CDs, the as-
prepared CDs (Y-CDs) emitted bright yellow fluorescence. On
account of their good tissue penetration, Y-CDs manifest more
application potential than the blue or green fluorescent CDs in

Scheme 1. Schematic Illustration of the Multifunctional
Sensor for the Direct Detection of FQs and His Based on
the Fluorescence Y-CDs
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the biomedical field. In addition, because the surface of Y-CDs
retained the relevant functional structures of the precursor
GABA, it could interact with FQs and disrupted the surface
states of Y-CDs, and the fluorescence of Y-CDs was
significantly decreased in the presence of FQs. Thus, the Y-
CDs can be utilized as a label-free fluorescence probe for the
trace detection of FQs without any complicated functionaliza-
tion, including norfloxacin (NOR), ciprofloxacin (CIP), and
ofloxacin (OFX). This probe is simple to prepare and easy to
operate. Interestingly, when adding histidine to the Y-CDs−
FQs system subsequently, the Y-CDs were preferably
exchanged for His to form a more stable FQs−His complex.
As a consequence, the fluorescence of the system was
observably recovered. Therefore, the Y-CDs−FQs system can
selectively sense histidine. This Y-CDs multifunctional sensing
platform used a simple operation process and exhibited good
selectivity and sensitivity. In addition, the present sensor has
realized the detection of FQs’ amount in real samples, such as
antibiotic tablets and milk samples. The results manifested that
the new sensing platform would be a promising tool for
monitoring of antibiotic residues and the drug quality control
analysis. Moreover, the Y-CDs−FQs system as a “turn-on”
probe was also successfully employed in intracellular imaging
for detection of His because of good biocompatibility and low
toxicity.

2. EXPERIMENTAL SECTION
2.1. Materials. O-phenylenediamine (o-PD), 4-aminobutyric acid

(GABA), erythromycin (ERY), and streptomycin sulfate (STR) were
obtained from Acros Organics (USA). Norfloxacin (NOR),
ciprofloxacin hydrochloride (CIP), ofloxacin (OFX), oxytetracycline
(OTC), ampicillin sodium salt (AMP), and chloramphenicol (CHL)
were obtained from Alfa Aesar (USA). Amino acids were purchased
from Sigma-Aldrich Chemical Co. (USA).
2.2. Synthesis of Y-CDs. The Y-CDs were synthesized by the

one-pot hydrothermal method. Typically, for the Y-CDs, o-PD
(0.3244 g) and GABA (0.3093 g) were first completely dissolved in
20 mL of ultrapure water under ultrasonic vibration for 15 min, and
the solution was transferred into a Teflon autoclave with heating at
160 °C for 8 h. Then, the autoclave was cooled down to room
temperature naturally. Subsequently, the product was diluted 5 times
by ultrapure water. The solution of produced Y-CDs was centrifuged
at 11 000 rpm for 15 min to remove any deposits. Next, the
supernatant was dialyzed through a dialysis membrane (MWCO 1/4

500−1000) for 72 h after filtering by a 0.22 μm pore diameter
microporous membrane. Last, the solid-state Y-CDs were collected by
freeze-drying.

2.3. Detection of FQs and His. The Y-CDs were mixed with
phosphate-buffered saline (PBS) solution (10 mM, pH 7.4) and put
into a solution with the final concentration of 0.2 mg mL−1. For the
detection of FQs, using NOR as the model, FL measurement of the Y-
CDs was collected by adding different concentrations of NOR. For
the titration of Y-CDs−NOR with His, different concentrations of His
were added into the Y-CDs−NOR (0.2 mg·mL−1 and 50 μM,
respectively) system and recording the fluorescence intensity was
recorded. The selectivity of the sensor toward FQs and His was
evaluated by adding other antibiotics, amino acids, biologically related
substances, or ions instead of FQs or His in a similar way as
mentioned above.

2.4. Detection of FQs in Antibiotic Tablets. The method was
used to detect NOR tablets, CIP tablets, and OFX tablets. Each
antibiotic tablets was ground to a fine powder after being weighed
accurately and diluted with ultrapure water to an appropriate
concentration. Finally, the solutions were analyzed by the Y−CDs.

2.5. Detection of FQs in Milk Samples. Cow’s milk samples
were purchased from local markets. The treatment method refers to
the literature.58 To precipitate proteins and extract residual drugs, 5.0
mL of the milk sample was transferred into a centrifuge tube and
heated to 80 °C in a water bath for 10 min. After cooling to room
temperature, 0.5 mL of acetonitrile was added slowly into the sample
with vigorous mixing. Next, the pH value of the supernatant was
adjusted to neutrality using NaOH. Then, the mixture was centrifuged
at 10 000 rpm for 10 min and filtered by using a 0.22 μm membrane.
Finally, the filtrate was collected and supplemented with three
different concentrations (0.5, 5, and 10 μM) of standard FQs
solutions. All of the samples were stored at 4 °C before used.

2.6. Cell Imaging. SMMC 7712 cells were incubated in the
RPMI1640 medium at 37 °C for 24 h. Subsequently, the SMMC 7712
cells were incubated with the fresh 0.2 mg mL−1 Y-CDs for 3 h. Next,
the excess medium was removed and each dish was washed three
times with 1.0 mL of PBS buffer (pH 7.4). Following that, cellular
fluorescence imaging was performed with an Airyscan LSM 880 laser
scanning confocal microscope. Then, to verify the actual applicability
of Y-CDs as a fluorescent probe for detection of NOR and His in
living cells, fluorescence images of the treated cells were acquired by
laser scanning confocal microscopy (LSCM). The treated cells were
sequentially added with 10 μL of NOR (5.0 mM) and 2.0 μL of His
(5.0 mM).

Figure 1. (a)TEM, HRTEM (inset) images, and the size distribution of the Y-CDs. (b) AFM image, (c) FTIR, (d) XPS survey, and (e) C 1s
spectra of the Y-CDs.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Y-CDs. The yellow fluorescence
carbon nanodots (Y-CDs) were prepared by the typical
hydrothermal route using o-PD and GABA. The synthesis of
Y-CDs has been recorded in detail in the previous
Experimental Section. First, the morphology and structure
were investigated. Transmission electron microscopy (TEM)
analysis proves that the Y-CDs appear uniform and form
monodisperse spheres. They have a narrow distribution in the
range of 2.75−6.25 nm and the average diameter is between
4.68 ± 0.25 nm (Figure 1a). In more detail, the high-resolution
TEM (HRTEM) image displays that Y-CDs present the
graphite-like crystalline structure with obvious interlayer lattice
fringes of 0.22 nm, which corresponds to the (100) plane of
graphite carbon.59 The atomic force microscopy (AFM)
imaging in Figure 1b displays that the height of Y-CDs is
found to be 4.38 nm, which is in line with the TEM results.
Then, the elemental analysis and surface composition of the

Y-CDs were explored. Elemental analysis in Table S1
represents the content of the elements which constitute Y-
CDs: % wt of C 60.30%, H 6.09%, N 22.94%, and O
(calculated) 10.67%. The Fourier transform infrared (FTIR)
spectrum (Figure 1c) shows the broad absorption band at
3100−3400 and 2890−2950 cm−1 which are attributed to the
stretching vibration of O−H/N−H and C−H, respectively.60
The sharp absorption peaks at 1671 and 1641 cm−1

corresponded to the amide carbonyl (CONH) and carboxyl
(COOH) groups, respectively.61 Moreover, the absorption
peaks at 1500 and 1400 cm−1 are assigned to CC and C−N
from stretching vibrations,62 respectively. In addition, Y-CDs
with absorption peaks at 1000−1300 cm−1 are ascribed to the
C−O, C−N, and N−H bonds.63 Also, X-ray photoelectron
spectra (XPS) (Figure 1d) showed that the C 1s, N 1s, and O
1s peaks of Y-CDs were observed at 285.0, 400.0, and 532.0
eV, respectively. The high-resolution C 1s XPS spectrum could
be decomposed into four peaks at 284.5 eV (C−C/CC),
285.3 eV (C−N), 286.5 eV (C−O), and 288.2 eV(CO),
respectively (Figure 1e). The N 1s spectrum was observed to
be divided into three components at 398.8, 399.7, and 401.4
eV, matched with pyridine C−NC, N−C, and graphitic N−
C3,

64 respectively (Figure S1a). The high-resolved O 1s XPS
spectrum exhibited the distinctive peaks of C−OH and CO
at 531.3 and 532.4 eV,62 respectively (Figure S1b). The XPS
spectra analysis further confirmed the results of FTIR.
3.2. Optical Properties of Y-CDs. Subsequently, UV−vis

absorption, fluorescence spectra, and quantum yield (QY)
were utilized to examine the optical properties and photo-
luminescence mechanism of Y-CDs. In UV−vis absorption
spectra (Figure 2a), Y-CDs exhibited two obvious absorption

peaks at 260 and 427 nm. The absorption peak at 260 nm was
considered as the core state accompanied by the highest energy
level, which was ascribed to the π−π* transition by sp2

domains. The wide absorption band at 427 nm could be
denoted as the surface state, which consists of a set of low-
energy absorption bands such as the functional groups
attached to the surface of Y-CDs.65 As shown inFigure 2a,
bright yellow fluorescence was observed for the as-prepared Y-
CDs upon the 365 nm UV light irradiation. In the fields of
bioimaging or biomedicine, the Y-CDs with yellow fluo-
rescence not only have good tissue penetration but also will
avoid the general blue-auto fluorescence of the biological
matrix. Therefore, they have favorable application potential.57

In fluorescence spectra, the Y-CDs manifested a maximum
emission wavelength centered at 564 nm when excited at 420
nm. The yellow fluorescence of Y-CDs possibly derives from
the conjugated aromatic π systems and surface states of
nitrogen-related speciation because the precursor o-PD has a
benzene ring structure and GABA is rich in amino. When
forming Y-CDs, the structures of two precursors and their
deformations will be connected to the surface of the carbon
core, which are conducive to formation of conjugated aromatic
π systems and doping nitrogen into the domains, eventually
forming the emission states on the surface of Y-CDs.
According to the numerous research studies, the conjugated
aromatic π systems result in the redshift of absorption and
emission wavelength. Meanwhile, as the XPS results showed,
part of N atoms will form pyridine N and graphitic N−C3 on
the surface of the Y-CDs, which can not only help Y-CDs to
form more efficient conjugated aromatic π systems but also
build up a number of nitrogen-related energy states and reduce
the energy gap. The energy level of these surface states was
under the LUMO of core states from π−π* transitions in Y-
CDs, resulting in a yellow fluorescent emission.65,66 Then, by
increasing λex from 300 to 520 nm, the Y-CDs showed an
excitation-independent character with λem at 564 nm, which
illustrated that a nearly uniform emission state consists in the
Y-CDs surface (Figure S2). The QY of the Y-CDs was
calculated to be 22.6%, by choosing rhodamine 6G in ethanol
as the reference. The average fluorescence lifetime of Y-CDs is
about 2.828 ns (Figure 2b).
The optical stability of Y-CDs was investigated. As shown in

(Figure S3a), the Y-CDs revealed great luminescence stability
under 120 min of continuous illumination by xenon arc light.
Furthermore, the relative fluorescence intensity of Y-CDs
decreased in a strong acidic or alkali solution but still remained
steady on broad pH ranges (4−12, in PBS solution) (Figure
S3b). Additionally, Figure S3c depicts that the Y-CDs
possessed excellent patience even in a high ionic strength

Figure 2. (a) UV−vis absorption and FL spectra of the Y-CDs. Insert: the pictures of Y-CDs under daylight (left) and 365 nm UV light (right). (b)
FL decay curves of Y-CDs. The concentration of Y-CDs samples is 0.20 mg mL−1.
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surrounding of 2 M NaCl solution. All the above evidences
properties indicate that Y-CDs as a fluorescence probe have
great potential for analysis of complex samples.
3.3. Label-Free FQ Sensing Based on Y-CDs. Because a

large number of active structures exist on the surface of the Y-
CDs, we explored the potential application in sensors.
Unexpectedly, Y-CDs as a fluorescent probe can directly
detect FQs. The introduction of FQs brings significant
fluorescence quenching of Y-CDs. For exploration of the
quenching mechanism, the fluorescence lifetime measurements
were employed to distinguish the quenching type of this
process. As indicated in Figure S4 and Table S2, the
fluorescence emission decay curves and the lifetime data of
the system before and after adding three kinds of FQs
(including NOR, CIP, and OFX Figure S5) shows no
significant changes. The results indicated a static quenching
process occurring between Y-CDs and FQs. Meanwhile, using
NOR as a model compound, we observed the UV−vis
absorption spectra in the sensing system. Figure S6a displays
that the peak of Y-CDs at 427 nm (originated in the surface
states) undergoes a significant disappearance, and a new
absorption peak arises at 451 nm after adding NOR. This
phenomenon may be caused by the complexation reaction
between NOR and Y-CDs to form a stable composite, which
changes the surface functional groups of Y-CDs and leads to
static fluorescence quenching. To verify this inference, the
effect of temperature on fluorescence quenching was explored
because the temperature rise may affect the stability of the
complex, thereby reducing the degree of static quenching. As
shown in Figure S6b, the system conforms to the static
quenching equation F0/F = 1 + K[Q]. When the temperature
of the system rises from 25 to 37 °C, the complexation
constant of the reaction decreases from 8.02 × 103 to 5.93 ×
103 L·mol−1. All of these prove that FQs can make the
fluorescence of Y-CDs static quench. According to the
literature, the position C7 side-chain substituents of the FQs
can inhibit the binding of neurotransmitter GABA to the
receptor, increasing the excitability of the CNS and leading to
epilepsy and other neurological diseases. Notably, the FQs

with nonsubstituted piperazine on the C7 position (such as
NOR and CIP) exhibit the strongest inhibition of GABA.67,68

In addition, the surface of the Y-CDs may have retained the
active structure of the precursor GABA during the synthesis
process. Therefore, these conditions provide the possibility for
FQs to interact strongly with Y-CDs and form a Y-CD−FQ
complex. To prove this, the FL and FTIR spectra of A-CDs
(performed by using alanine as a precursor to replace GABA)
and R-CDs (reduced Y-CDs by NaBH4) were recorded. No
fluorescence quenching occurred when NOR was introduced
to the two kinds of CDs (Figure S7), indicating the necessity
of raw material GABA. Moreover, as shown in FTIR spectra
(Figure S8), the Y-CDs retained most of the GABA structures
than the other two CDs. For example, the FTIR spectrum of Y-
CDs exhibits the same absorption peaks with GABA at 1428
and 1122 cm−1 attributed to the δH−C−H and ωH−N−H,
respectively.69 Hence, all evidence supports the efficacy of Y-
CDs as a fluorescence sensor for label-free detection of FQs.
When FQs are introduced to the Y-CD system, a strong
interaction occurs between the C7 position side-chain
substituents of the FQs and the active structure of GABA or
other surface groups on the Y-CD surface, which generates the
formation of the Y-CD−FQ complex and disrupts the surface
state of Y-CDs, thus causing the quenching phenomenon of Y-
CDs. Further mechanisms will be explored in future works. In
addition, owing to the significance of raw materials to the
properties of CDs, it is promising to prepare CDs with
excellent properties by the active structure preservation (ASP)
method.54

The selectivity of Y-CDs as a label-free probe for detection
of FQs was assessed by measurement of the FL spectra of Y-
CDs to other types of antibiotics, metal ions, and certain
anions. As shown in Figure 3a, compared with NOR, the effect
of five other types of antibiotics (ERY, STR, OTC, AMP, and
CHL) on the relative FL intensity of Y-CDs is negligible. Only
NOR could distinctly turn off the yellow fluorescence of the Y-
CDs. When introducing various ions to Y-CDs, the relative FL
intensity of Y-CDs has little significant change (Figure 3b).
This implies that this label-free sensor can recognize FQs from

Figure 3. Relative FL intensity of Y-CDs in the presence of different (a) antibiotics and (b) ions. Insert: the photographs of fluorescent Y-CDs
solution before and after adding NOR under 365 nm UV light. (c−e) Fluorescence spectra of Y-CDs upon adding different concentrations of NOR
(from top to bottom, 0−50 μM), CIP (0−25 μM), and OFX (0−10 μM). Insert: the linear relationship between ΔF and the concentrations of (c)
NOR, (d) CIP, and (e) OFX. The error bars represent standard deviations based on three independent measurements.
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other substances and displays outstanding selectivity. Also,
fluorescence titrations under optimal conditions were con-
ducted to evaluate the sensitivity of the label-free sensor for
three FQs including NOR, CIP, and OFX. As shown in Figure
3c−e, with the concentration of FQs rising, it was observed
that the FL intensity of Y-CDs declined gradually. ΔF (ΔF = F
− F0, where F and F0 represent the FL intensity of the Y-CDs
in the absence and presence of FQs) exhibited a good linear
response to the concentration of FQs (insert in Figure 3c−e).
The linear range was 0.05−50 μM for NOR, 0.2−25 μM for
CIP, and 0.4−10 μM for OFX. The limit of detections (LODs)
of NOR, CIP, and OFX were calculated to be 17, 35, and 67
nM, respectively (based on S/N = 3, Table 1). It should be

noted that NOR and CIP displayed better sensitivity and a
lower LOD than OFX. This result is probably because the
nonsubstituted piperazine on the C7 position of NOR and CIP
reveals a stronger interaction with the groups on the Y-CD
surface than methyl-substituted piperazine on the C7 position
of OFX. In summary, Y-CDs’ sensing capabilities have great
potential to be used for detecting FQs in the complex samples
with sensitivity comparable or superior to the previous works
(Table S3).
3.4. His-Sensing Platform with the Y-CDs−FQs

System in a“Turn-On” Mode. Surprisingly, we observed
that the quenched fluorescence of Y-CDs−NOR can be
recovered with the introduction of histidine (His). In addition,
Y-CDs−CIP and Y-CDs−OFX complexes shared the similar
property with Y-CDs−NOR of FL intensity recovery upon His
addition (Figure S9). The results showed that the Y-CDs−FQs
system has the potential to monitor levels of His in a “turn-on”
mode. To explain this phenomenon, the UV−vis absorption
spectra in this sensing system were recorded. Using Y-CDs−
NOR solution as an example, when adding His, the band at
451 nm disappeared immediately and the previous peak of Y-
CDs at 427 nm appeared again (Figure S10). These
phenomena can probably be attributed to FQs expressing a
stronger affinity toward His and formation of a more stable
complex FQs−His. The competitive coordination of His would
take FQs off the surface of Y-CDs, which causes the absorption
band and surface states of Y-CDs to return to its original level.
As a result, the electron transfer process of Y-CDs returns to its
original path and the fluorescence of the system is dramatically
restored. Besides, according to the literature,70 NOR could
induce the photooxidation decomposition of His, which
indicated a special interaction between NOR and His.
Therefore, we will continue to delineate the most likely
mechanism in future studies. Scheme 2 described a possible
sensing tactic.
We choose the Y-CD−NOR system for subsequent

experiments because of the superior sensitivity of Y-CD−
NOR detection of His. Then, we compared other amino acids
as control samples to demonstrate the selectivity of His to the
Y-CD−NOR system. Figure 4a demonstrates that only His

could lead to the significant increase of fluorescence intensity,
and the influence of other amino acids on the sensor was
negligible. Furthermore, we carried out the fluorescence
response of Y-CDs−NOR toward various potentially coexist-
ing substances in live cells, such as Na+, K+, Mg2+, Ca2+, Zn2+

(2.0 mM), glucose, GSH, human serum albumin, bovine
hemoglobin, urea, oxalic acid, ascorbic acid, and citric acid (1.0
mM). As displayed in Figure S11, the FL intensity of Y-CDs−
NOR shows no significant change (less than 10%) by the
introduction of common biologically related substances with
higher concentration. Moreover, the sensing platform is largely
unaffected by the pH of the surrounding environment (Figure
S12). All these reveal that the sensing platform displays
superior selectivity and meets the requirements for bioimaging
applications. Figure 4b shows the change of the FL intensity of
Y-CDs−NOR with the increase of His. Introducing His slowly
brought a remarkable fluorescence recovery of about 95% of
the original fluorescence intensity. The detection limit is
estimated to be 35 nM with a relative standard deviation
(RSD) of 3.75% and good linear range of 0.05−10 μM (Figure
4b insert). The Y-CD−NOR system displayed superior
sensitivity when compared to other sensors in the literature
(Table S4). The results above demonstrated that the Y-CD
system can act as a unique turn-on fluorescent sensor for
monitoring of His in biomedical analysis.

3.5. Detection of FQs in Real Sample Analysis. We
further studied the practicality of the Y-CD fluorescence probe
by detecting FQs in real sample analysis including antibiotic
tablets and milk samples. The antibiotics NOR, CIP, and OFX
were purchased from a local pharmacy and the milk was
acquired from the supermarket. Table 2 summarized the
results of fluorescence measurement before and after the
standard addition method. They showed that the method was
successful for the detection of antibiotics and free from
interference of excipients. The satisfactory recoveries of NOR,
CIP, and OFX in the proposed method were 95.8−102.4%,
with RSDs of 3.6−5.4%. In addition, when separately spiking
three FQs with three levels (0.5, 5, and 10 μM) in milk
samples, the average recoveries were achieved, such as 96−
101.2% for NOR, 92−98.8% for CIP, and 94−101.8% for
OFX, and all RSDs were found lower than 6.6% (Table 2).
Hence, the results suggest that the proposed method is
practicable and reliable.

3.6. Imaging of His in Living Cell Systems. These
results highlight that the Y-CDs are an excellent multifunc-
tional sensing platform and can also be utilized as a new
fluorescence tag for cell imaging applications. First, human
hepatoma SMMC 7721 cells were chosen as a model in vivo
system for appraising the potential of Y-CDs in cell imaging.
We used the standard MTT assay to explore the cytotoxicity of
Y-CDs. Figure S13 describes that the viability of SMMC 7721

Table 1. Analysis Parameter of the Sensor for Detection of
FQsa

analytes linear range μmol L−1 R2 LOD nmol L−1

NOR 0.05−50 0.9985 17
CIP 0.2−25 0.9973 35
OFX 0.4−10 0.9961 67

aThe detection limits were calculated by using S/N = 3.

Scheme 2. Schematic Illustrating the Sensing Mechanism of
Y-CDs to FQs and Y-CDs−FQs to His
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cell treatment with a wide concentration range of 50 to 1000
μg/mL of Y-CDs is more than 83% even exposure to a high
concentration of 1000 μg/mL, which manifests the low toxicity
of the Y-CDs and the promise of their exceptional potential for
intracellular imaging of living cell systems. As shown in Figure
5a−c, the cells incubated with Y-CDs show yellow
fluorescence. It can be concluded that Y-CDs demonstrate
good cell permeability and efficiently accumulate in the cell
membrane, cytoplasm and even inside the cell nucleus. Figure
5d shows obvious fluorescence quenching after adding 50 μM
NOR in cells. With further incubation of the cells with His, the
intracellular FL signal could be turned on gradually with an
increase of the concentration of His (Figure 5e,f), proving that
the process of fluorescence change in vivo was in accordance
with that in vitro. These results imply that the Y-CDs−NOR
sensing platform can be utilized to image the intracellular His
level in living cells.

4. CONCLUSIONS
In brief, we synthesized Y-CDs with yellow emission by the
one-pot hydrothermal method using o-PD and GABA as
precursors. The obtained Y-CDs displayed an excellent
multifunctional sensing capability for analysis of FQs and
His. In the presence of FQs, the fluorescence of Y-CDs can be
distinctly decreased by static quenching because of the specific
interaction between piperazine on the C7 position of FQs and
the active structures on the surface of Y-CDs. By adding His to

the Y-CDs−FQs system, FQs will combine with His and form
a more stable complex FQs−His, which recovers the surface
states of Y-CDs and enhances the fluorescence. Therefore,
based on the satisfactory selectivity and sensitivity, the method
has been validated for screening FQs in real samples and live
cell imaging for detection of His. Moreover, this sensing
platform has a great potential for widespread use in clinical
diagnostics and environmental analysis.
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Figure 4. (a) Relative FL intensity of Y-CDs in the presence of different amino acids. Inserts are the photographs of Y-CD−NOR solution before
and after adding His under 365 nm UV light. (b) FL recovery of Y-CDs−NOR (0.2 mg·mL−1 and 50 μM, respectively) in the presence of various
concentrations of His. Insert: linear curve of FL restorations of Y-CDs−NOR.

Table 2. Recoveries Test of Three FQs in the Tablets and
Milk Samples with the Standard Addition Method Based on
the Y-CD Probe (n = 3)

analytes
spiked level
(μmol L−1)

found
(μmol L−1)

recovery
(%)

RSD
(%)

Tablets
NOR 5 4.79 95.8 3.6
CIP 5 5.12 102.4 4.6
OFX 5 4.87 97.4 5.4

Milk Samples
NOR 0.5 0.48 96 4.9

5 5.08 101.6 5.6
10 10.12 101.2 3.4

CIP 0.5 0.46 92 6.6
5 4.85 97 4.5
10 9.88 98.8 4.7

OFX 0.5 0.47 94 5.3
5 5.04 101.8 6.1
10 9.75 97.5 4.2

Figure 5. LSCM images of SMMC 7721 cells (a) bright field, (b)
treated with 0.2 mg mL−1 Y-CDs, (c) overlay images of (a,b), (d)
with 0.2 mg mL−1 Y-CDs and 50 μM NOR, and (e,f) with Y-CDs−
NOR and His (5 and 10 μM).
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