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The monitoring of deferasirox (DEF) has important clinical roles in patients who need iron excretion.
However, analytical methods with practicability and simplicity are limited. Moreover, ratiometric
fluorescence strategies based on Foérster resonance energy transfer (FRET) from carbon dots (CDs) as
a donor are rarely reported as a drug monitor. In this work, CDs with an appropriate emitting wavelength
at 480 nm and excitation around 370 nm were prepared by hydrothermal approach and HCl post-
treatment. O-Phenylenediamine (OPD) can be oxidized by Cu®" to produce yellow fluorescent 2,3-
diaminophenazine (0xOPD) in the system of Cu?* and OPD (Cu—OPD). Correspondingly, a remarkable
FRET from CDs to oxOPD in the system of CDs, Cu?* and OPD (CDs—Cu—-OPD) was fabricated with the
quenching illustration of CDs, but emitting property of oxOPD. Attributed to the chelation ability of DEF
on Cu?*, the inhibitory effects of DEF on the Cu?*-triggered oxidative capability reduced the FRET
system by the decreased oxOPD. Thus, the recovered CDs at F4g0 and decreased oxOPD at Fsgo were
found through a ratiometric mode by the addition of DEF in CDs—Cu—-OPD for the DEF assay. The FRET

behavior of CDs and oxOPD in CDs—Cu—-OPD was proved clearly through the calculation of the
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Accepted 11th October 2021 association constant, binding constant, number of binding sites, and the distance between the donor

and acceptor. Furthermore, this ratiometric method exhibited promising analytical performance for DEF
with the application in real samples. The implementation of this work expands the application field of
CDs and OPD oxidation in drug monitoring, and even other biological analyses through ratiometric strategy.

DOI: 10.1039/d1ra07078a

rsc.li/rsc-advances

effects of gastrointestinal diseases, hepatorenal toxicity

(elevated creatinine), and even proteinuria.® Therefore, in order

Introduction

In clinic, patients with severe PB-thalassemia or sickle cell
disease, which demand chronic blood transfusion treatment,
need iron chelating agents for a long time to promote iron
excretion."” Correspondingly, deferasirox (DEF), a new oral iron
chelator with long half-life and good tolerance, has been used as
a first-line drug for the treatment of patients who need iron
excretion.>® Although DEF has greatly improved the tolerance
and compliance of patients with medication, it still has the side
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to improve the therapeutic effect with reduced side effects, it is
necessary to monitor the concentration of DEF to optimize the
dosage. Until now, several techniques, such as capillary elec-
trophoresis ultraviolet (CE-UV),* electrochemical analysis,” high
performance liquid chromatography (HPLC),*® and liquid
chromatography mass spectrometry (LC-MS/MS)," have been
developed for DEF detection. However, one or several coexisting
defects of time-consuming, complex sample pre-treatment,
high instrument cost, and the need of professional and tech-
nical personnel operation restrict the wide application of the
abovementioned methods.

Fluorescence technology has attracted extensive interests in
drug monitoring ascribed to its sensitivity, facile operation, fast
analysis and controllable sample pre-treatment."*> Using the
copper ion or terbium ion as a ligand, fluorescence strategies
through single changed intensity have been fabricated on the
basis of a formed DEF-copper chelator’>* or DEF-terbium
complex"** at the specific testing conditions, such as incubation
under alkaline conditions.”® In general, most fluorescence
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sensing systems containing the fluorescence assay for DEF rely
on the change of the fluorescence intensity from a single
emission centre through a “switch-off” or “signal-on” strategy.'®
Although the reported fluorescence methods exhibit acceptable
performance for DEF, this single signal sensing strategy is
susceptible to the photobleaching defects of the probe, instru-
ments and environmental factors.”** Correspondingly, by
measuring the ratio of two or more fluorescence emission
intensities, ratiometric strategies with self-calibration function
have been gradually developed in recent years.” In general,
ratiometric methods can effectively reduce or eliminate the
interference of environmental factors on the sensing system,
and then significantly improve the reproducibility and accuracy
for targets, like ions,*** biological components,**** and even
genes.>»* Meanwhile, the construction of ratiometric fluores-
cence methods for the monitoring of DEF or other drugs is
worth ongoing examination and discussion.

For the establishment of the ratiometric method through
fluorescence signals, the preparation of a probe with effective
and appropriate fluorescent properties is the chief consider-
ation.”® Carbon dots (CDs), a new type of fluorescent carbon
nanomaterials in analytical applications,”*®* possess the
advantages of controllable optical properties, water solubility,
simple preparation, and facile surface functionalization."
Meanwhile, for specific detection applications, synthetic
designs of CDs are needed with particular excitation/emission
properties,** enhanced fluorescence quantum yield (QY),* and
other surface properties.”* Correspondingly, with variable
sources available, several strategies including the microwave-
assisted method, melting procedure, and solvothermal
approach have been developed for CDs preparation with
modulated physicochemical properties.**** Besides the exploi-
tation of the preparation methods of CDs for detection need,
the surface modification™** and controllable integration®-* of
CDs are also significant strategies for the construction of CDs-
based assays. Recently, using CDs as a carrier or aggregate
unit, ratiometric fluorescent assays were gradually developed
through a specific preparation procedure for testing.>*?*3¢
Therefore, it is promising to exploit a ratiometric fluorescence
method based on controllable CDs for drug monitoring.

Forster resonance energy transfer (FRET) is an important
interaction mechanism of fluorescence modulation caused by
the energy transfer from the emitting probe (energy donor) to
the receptor. The factors for FRET are that the emission spec-
trum of the donor (fluorescent probe) overlaps the UV absorp-
tion of the receptor (quencher or another emitter) with the
appropriate binding action and interacting distance.**?®
Combined with fluorescent probes with different emission
wavelengths and confinement effect of some agents, several
ratiometric fluorescent strategies based on the FRET principle
are developed.®®** O-Phenylenediamine (OPD) can be con-
trollably oxidized to yellow fluorescent 2,3-diaminophenazine
(oxOPD) by various oxidants, such as Cu®",** Ag",* MnO, (ref.
46) and H,0,.” The modulated contents of the oxidants will
quantitatively regulate the produced oxOPD for the detection of
variable targets.**™*” As a metal chelating agent, DEF can chelate
with Cu** to form a stable complex (DEF-Cu)."* Inspired by the
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fact that Cu®* can play dual functions of the oxidant for OPD to
produce oxOPD and the chelation with DEF to form a complex,
a ratiometric sensing strategy for DEF with Cu®" as a medium is
designed for DEF detection based on the competitive role of
Cu**, as shown in Scheme 1. Taking m-phenylenediamine as
a source, a green luminescent CDs was prepared through a two-step
process of hydrothermal synthesis and the post-treatment of HCL
The CDs are stable to most common metal ions containing Cu>".
With the catalytic oxidation of Cu**, OPD produces oxOPD, whose
excitation spectrum overlaps and acts as the energy receptor of CDs
to form a FRET system between CDs and oxOPD in the system of
CDs, Cu** and OPD (CDs-Cu-OPD). The CDs-Cu-OPD with
a simple mixing procedure can be developed as a facile ratiometric
fluorescent method for the sensitive detection of DEF, in which DEF
plays a significant factor for the FRET between CDs and oxOPD from
Cu®* and OPD (Cu-OPD) on the basis of the chelation of DEF and
Cu®" to be DEF-Cu. It has been successfully used for DEF detection
with potential real applications. It is worth noting that this FRET
system is fabricated without any external confinement effect* or any
integrated approach*® for the monitoring of important drugs. It
opens up new insight into drug monitoring based on a controlled
reaction and new applied CDs through a ratiometric strategy.

Experimental
Chemicals and materials

O-Phenylenediamine (OPD), m-phenylenediamine (MPD),
deferasirox (DEF), CuCl,-5H,0, AICl;, KCl, NiCl,, ZnCl,, MnCl,,
CoS0O,, CaCl,, CdCl,, MgCl,, AgNO;, FeCl;, FeCl,, NaCl, r-
cysteine (Cys), L-ascorbic acid (AA), argininic acid (Arg), proline
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Scheme 1 |llustration of the preparation of CDs and the ratiometric

fluorescence strategy in response to deferasirox (DEF) via the dual-
signal from CDs and Cu®"-catalyzed oxidation of OPD.
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(Pro), and dopamine hydrochloride (DA) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Trypsin (Try) and
hyaluronic acid (HA) were supplied by Shanghai Macleans
Biochemical Technology Co., Ltd. Fructose (Fru), glucose (Glu),
disodium edetate dehydrate (EDTA), 4-aminobutyric acid,
acetone (GABA), methanol, sodium dihydrogen phosphate
dihydrate, and disodium phosphate dodecahydrate were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. All reagents
were used directly in this work.

Apparatus

The fluorescence spectra were recorded by a Cary Eclipse fluores-
cence spectrophotometer (Agilent Technologies, USA). UV-Vis
absorption spectra were measured in a UV-2450 spectrophotom-
eter (Shimadzu Corporation, Japan). Transmission electron
microscopy (TEM) images were obtained from FEI Talos F200S
(Thermo Fisher Scientific, USA). The fluorescence lifetime decay
curves of CDs were recorded by a FS5 fluorescence spectrometer
(Edinburgh Instruments, Britain). Fourier transform infrared spec-
troscopy (FTIR) was obtained from a NICOLET iS50 Infrared Spec-
trometer (Thermo Fisher Scientific, USA).

Synthesis of CDs

A quantity of 0.1 g m-phenylenediamine (MPD) was dissolved in
10 mL acetone using ultrasound to obtain a homogeneous
solution. The solution was transferred to a 50 mL hydrothermal
reactor and heated at 160 °C for 10 h. After cooling, 2.5%
hydrochloric acid solution and the reacting solution were mixed
with a ratio of 9 : 1. Then, the mixture was filtered by 0.22 pm
filter membrane. The filtrate was purified through dialysis for
24 h with water changed every 4 h. After lyophilization, the
obtained CDs were stored at 4 °C.

Evaluating the relative fluorescence quantum yields of CDs
(QYCDS)

The QYcps (Ex = 374 nm) was evaluated by using quinine sulfate
(QS, Ex = 350 nm) as reference. The absorbance of CDs (aqueous
solution) and quinine sulfate (dissolved in 0.1 M H,SO,, QYqs =
54.6%) at 374 nm were determined, respectively. The emission
spectra of the above solutions were measured at 374 nm exci-
tation. Finally, the slope ratio of CDs to quinine sulfate (K¢ps/
Kqs) was obtained by taking the absorbance as the X-axis and
integral area of the fluorescence spectrum as the Y-axis. Then,
the QYcps was calculated according to formula (1):

QYCDS _ KCDS (nCDs)z

QYQS KQS (1)

an

Among them, QY¢ps and QYqs, Kcps and Ko and neps and
Nqs are the QY, curve slope and solvent refractive index of CDs
and quinine sulfate, respectively (7cps = 71qs = 1.33).

Detection of DEF

In 200 pL pH 8.0 phosphate buffered saline (PBS), CDs, OPD
and Cu®* were mixed to a final concentration of 50 pg mL ™",

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2 mM and 100 pM (CDs-Cu-OPD), respectively. Then, different
DEF standard solutions of different concentrations (0, 0.5, 1, 2,
4,6,8,10,12, 14, 16, 18, 20, 22, 24 pg mL~ ') were added to CDs-
Cu-OPD and reacted for 30 min at 37 °C. The fluorescence
spectra were recorded in the 400-700 nm range with 370 nm
excitation.

Real application

This method was applied to test the content of DEF in defer-
asirox disperse tablets and the recovery of DEF in serum.

Deferasirox disperse tablets were refined, weighed and
added to methanol solvent, then diluted with pH 8.0 PBS as
a stock solution. A specific volume of the stock solution was
added to CDs-Cu-OPD containing 50 g mL~"' CDs, 2 mM OPD
and 100 pM Cu®>", and its fluorescence intensity was measured
in the 400-700 nm range. The content of DEF of the added stock
solution was calculated using the measured intensity on the
basis of the testing result of section “Detection of DEF”.

Similarly, the recovery of DEF in a diluted serum (1%) with PBS
was tested in accordance with the section “Detection of DEF”.

Results and discussion
Characterization of CDs

The morphology and optical property of CDs were investigated.
As shown in Fig. 1A, the prepared CDs were relatively uniform
with the monodisperse spherical structures in the range of 2.3-
6.0 nm and an average diameter of 4.5 nm. The UV-vis
absorption of CDs (Fig. 1B) exhibited the two absorption
bands at 221 nm and 280 nm, ascribed to the -7 * transition of
the conjugated sp® core (conjugated C=C units) of CDs.*>*°
With the excitation wavelength ranging from 300 to 400 nm, the
CDs exhibited stable emission fluorescent wavelength centered
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Fig. 1 TEM and size distribution (inset) of CDs (A), UV-Vis absorption
spectrum of CDs and fluorescence emission spectra of CDs excited by
300-400 nm (B). The maximum excitation and emission fluorescence
spectra (C) and relative quantum yield with quinine sulfate as the
reference (D) of CDs. The inset of (C) shows the images of CDs under
white light (left) and ultraviolet light (right).
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at 480 nm with the modulated intensities, suggesting the
excitation-independent luminescence ability of CDs. In addi-
tion, CDs had a maximum excitation wavelength of 374 nm with
the maximum intensity at the specific emission wavelength of
480 nm (Fig. 1C). The inset showed that CDs appeared as pale
yellow under sunlight and green fluorescence under ultraviolet
lamps. It is necessary to point out that the CDs were obtained
from a two-step reaction containing a hydrothermal reaction
and HCI post-treatment. Another kind of carbon dots (b-CDs)
was prepared from the same procedure of CDs, except for the
HCI post-treatment (shown in ESIT). The maximum excitation
and emission wavelengths of b-CDs (Fig. S1t) were 350 nm and
456 nm, respectively. Moreover, b-CDs exhibited the excitation-
dependent emission behavior. Compared with the blue lumi-
nescence of b-CDs, the HCI post-treatment was the significant
process for the preparation of CDs with the red-shift emission
behaviour. Furthermore, taking quinine sulfate as the reference
(quantum yield of 54.6%), the relative quantum yield of CDs was
calculated to be 21.2% (Fig. 1D), implying the favourable
luminescent property of the obtained CDs.

The chemical structure of CDs was characterized by XPS and
FTIR. In the XPS survey (Fig. 2A) of CDs, there were four main
elemental peaks in CDs, which were attributed to C 1s (284.8
eV), N 1s (399.1 eV), O 1s (532.3 eV) and Cl 2p (197.5 eV). The
elemental atomic contents of the corresponding four energy
spectrum peaks were 77.34% (C), 10.95% (N), 7.44% (O), and
4.26% (Cl). The high-resolution XPS spectrum of C 1s (Fig. 2B)
yielded three fitting bands, which were assigned to C=C/C-C
(284.2 eV), C-O/C-N (285.1 eV) and C-Cl (286.2 eV).** The XPS
spectrum of N 1s (Fig. 2C) could be deconvoluted into the
binding energies of 399.1 eV (pyridine N) and 401.3 eV (N-CI),*
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Fig.2 XPS survey (A), XPS high-resolution surveys of C 1s (B), N 1s (C),
O 1s (D) and Cl 2p (E), and FTIR spectrum (F) of CDs.
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suggesting the doping effect of N and Cl in CDs. Moreover, the
two fitting bands in the high-resolution XPS spectrum of O1s
(Fig. 2D) corresponded to 532.3 eV (C=0) and 533.0 eV (C-OH/
C-0-C).** Furthermore, the high-resolution XPS spectrum of
Cl2p (Fig. 2E) revealed the peaks of 197.5 eV (C-Cl) and 199.1 eV
(N-Cl), suggesting the covalent bond of elemental Cl in CDs.*
In addition, the FTIR spectrum (Fig. 2F) showed that the strong
absorption band at 3415 cm ™' belonged to the overlapping of
the stretching vibration of O-H and N-H. The peaks at
1600 cm ™" and 1446 cm™ "' were the stretching vibrations of
C=0 and C=C on the aromatic ring, respectively. The peaks at
1075 em ! and 631 cm™ " were caused by the stretching vibra-
tion of C-N/C-O and C-Cl, respectively. The FTIR results were
consistent with the XPS characterization, confirming the
molecular structure of CDs. Furthermore, XPS and FTIR proved
the doping effect of N and Cl in CDs with the coexistence of the
hydrophilic functional groups of -NH,/-OH and ~COOH.

The stability of CDs in different environments was investi-
gated, as shown in Fig. S2.1 At variable temperatures, the CDs
retained relatively stable intensities (Fig. S2At). In the range of
salt concentrations, the CDs retained intensities of more than
94.0% even at 1 M NaCl (Fig. S2BY}). At the same time, the
potential response of CDs in different pH environments was
studied. CDs retained unchanged luminescence properties in
the pH 3-8 range. When the pH was higher than 9, the fluo-
rescence intensities gradually decreased with increased pH,
showing that CDs were sensitive to alkaline environments
(Fig. S2Ct). More importantly, by evaluating the fluorescence
stability of CDs stored at room temperature for 90 days, it was
found that the fluorescence value of CDs was still higher than
92.8% (Fig. S2Dt). The long-term stability of CDs will provide
a guarantee for real application. In addition, CDs kept the stable
emission strength with the continuous 60 min excitation at
370 nm (Fig. S2E). Moreover, the anti-photobleaching ability of
CDs was evaluated compared with common dyes. As shown in
Fig. S2F,T compared with commercial dyes (ROX and FAM), the
fluorescence intensity of CDs was higher than 68.0% with the
continuous excitation for 90 min under 300 W xenon lamp at
365 nm, while the fluorescence intensity of ROX and FAM
decreased to 31.7% and 29.0%, respectively, indicating the
much stronger anti-photobleaching ability of CDs than that of
ROX and FAM. In general, the response of CDs to common
metal ions, like Fe**, Ag" and Cu”", is the main focus of the
research on CDs in detection application.> Thus, the possible
effects of different metal ions on CDs were also investigated.
Most of the metal ions (including Cu®") posed negligible
quenching effects on CDs (Fig. S31), while only Ag*, Fe*" and
Fe’* had a slight quenching effect on CDs. The fluorescent
stability of CDs on metal ions will induce some new application
insight in biological condition.

The feasibility and the mechanism of the detection strategy

The feasibility of the ratiometric system based on CDs-Cu-OPD
for DEF detection was evaluated. As shown in Fig. 3A, the
addition of simple Cu®** or OPD affected the emission property
of CDs weakly, suggesting the negligible quenching effect of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The fluorescence emission spectra and corresponding
photographs under ultraviolet light (inset in right) of CDs (a), the
system of CDs and Cu?* (b), the system of CDs and OPD (c), and CDs—
Cu-OPD (d) (A); the system of CDs and DEF (e), the system of CDs, DEF
and Cu?* (f), the system of CDs, OPD and DEF (g), CDs—Cu—OPD with
DEF (h) (B). The final concentrations of the OPD, Cu?* and DEF were
2mM, 50 pM, 25 ng mL™%, respectively. Excitation wavelength: 370 nm.

Cu** or OPD on CDs. Meanwhile, the CDs-Cu-OPD exhibited
significantly different emission from that of pure CDs (Fig. 3A).
The emission of CDs at 480 nm was significantly reduced with
a new increased fluorescence signal at 560 nm, which was
ascribed to oxOPD from the Cu**-triggered oxidation of OPD.
Corresponding images (inset of Fig. 3A) illustrates the new
yellowish luminescence phenomenon with a little green lumi-
nescence of CDs that was formed from the originally green
image of CDs. Considering the imposed excitation at 370 nm,
which is very different from the appropriate excitation wave-
length of oxOPD,* the changed fluorescence phenomenon
suggested that some interaction happened between CDs and
Cu-OPD in CDs-Cu-OPD. Furthermore, the influence of DEF
on CDs-Cu-OPD was evaluated, as shown in Fig. 3B. Simple
DEF, mixture of DEF and Cu®" (DEF-Cu), and the coexistence of
OPD and DEF posed a negligible effect on the fluorescence
emission of CDs. Correspondingly, when DEF was added to
CDs-Cu-OPD, compared with CDs-Cu-OPD in Fig. 3A, the
intensity at 480 nm recovered significantly, while the fluores-
cence signal at 560 nm clearly decreased (Fig. 3B). In addition,
the yellow luminescence in tube h (inset of Fig. 3B) was
significantly weaker than that in tube d (inset of Fig. 3A), while
the green luminescence was somewhat recovered. It is known
that DEF can chelate with Cu® to form DEF-Cu.' The formed
DEF-Cu would decrease the free copper ion, and then the Cu®'-
triggered oxidation of OPD was inhibited by the addition of
DEF. The reduced oxOPD caused by DEF addition weakened the
interaction and quenching effect of oxOPD on CDs with the
excitation at 370 nm. The controlled fluorescence spectrum by
DEF was also feasible for DEF detection using the modulated
ratios of Fugy and Fseg (Fis0/Fs60) through ratiometric mode.
The mechanism of the ratiometric strategy was investigated
in detail. First, the principle of the changed fluorescence spec-
trum of CDs-Cu-OPD from that of CDs was investigated. As
shown in Fig. 4A, DEF and OPD had no UV absorption at 350-
700 nm, while the formed DEF-Cu produced a new UV
absorption peak at 332 nm. These absorbance behaviours
cannot interact with the emission behaviour of CDs at 480 nm.
However, OPD could be selectively oxidized by Cu** to produce
oxOPD with the maximum absorption at 416 nm, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The UV-Vis absorption spectra of DEF, OPD, Cu-OPD and
DEF-Cu, and the fluorescence emission spectrum of CDs. (B) The UV-
Vis absorption spectra of CDs—Cu—-OPD with different concentrations

(0.1,0.2,0.3,0.4,0.5, 0.6, 0.8, 1.0 mM) of OPD. (C) The plot and linear
1

relation of & versus W C is the concentration of CDs, AA is the
change of the absorbance of CDs with and without oxOPD at A416 nm.
[OPD] is the concentration of OPD. (D) The plot and linear relation of
log((Fo — F)/F) versus log|OPD]. (E) The fluorescence decay curves of
CDs with or without Cu-OPD. (F) Stern—Volmer plot for the
quenching of CDs in CDs—Cu—-OPD at various concentrations of OPD.
The F and Fy were the fluorescence intensity of CDs in CDs—Cu-OPD

with and without OPD, respectively.

overlapped the emission spectrum of CDs at 480 nm to a certain
degree. This coverage will induce the interaction between CDs
and oxOPD. In addition, the increased OPD induced enhanced
the absorbance at 416 nm with the fixed Cu®" in CDs-Cu-OPD
(Fig. 4B). Moreover, according to the Benesi-Hildebrand equa-
tion (shown as formula (S1) in ESIf), the relationship between
C/(AA) and 1/(JOPD]) was investigated to evaluate the interac-
tion of CDs and oxOPD.***” As shown in Fig. 4C, there was
a good linear relationship between C/(A4) and 1/([OPD]) (R* =
0.9925), and the association constant (K,) for CDs and oxOPD is
7.25 x 10> M, indicating the strong interaction between CDs
and oxOPD.*”*® To further evaluate the degree of the combina-
tion of oxOPD and CDs, the binding constant (K},) and the
number of binding sites () of oxOPD with CDs were calculated
by formula (S2) (shown in ESI{).*® As shown in Fig. 4D, log(F, —
F)/F and log[OPD] showed a good linear relationship (R* =
0.9969); that is, the K}, and the binding site (n) were calculated to
be 1.067 x 10* M~" and 1.105, respectively. It can be concluded
that there was one binding site of oxOPD on the surface of CDs
in CDs-Cu-OPD.

The fluorescence lifetime decays of CDs without or with Cu-
OPD were further compared. As shown in Fig. 4E, the lifetime of
CDs decreases from 10.49 ns to 8.64 ns with the addition of Cu-
OPD, suggesting the possible presence of FRET. Moreover, the
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quenching rate constant K, of CDs is 4.84 x 10'°M ' s~ (>10"°
M~! s7') according to the Stern-Volmer curve (Fig. 4F)* and
formula (S3) (shown in ESI}).* Furthermore, the distance
between the CDs (donor) and oxOPD (acceptor) was evaluated.
According to formula (S4),T an energy transfer efficiency (E) of
0.165 was obtained. Moreover, the critical transfer distance (R,)
between CDs and oxOPD in CDs-Cu-OPD was calculated to be
3.19 nm on the basis of formula (S5) and formula (56).1* Thus,
according to formula (S7),t the distance (r,) between CDs
(donor) and oxOPD (acceptor) was 4.18 nm, which was among
the optimal donor-acceptor distance for FRET of 2-9 nm.*
Combined with the overlapped spectra of the emission of CDs
and the absorbance of oxOPD, the proved strong interaction,
calculated binding constant with one binding site, and the
appropriate donor-acceptor distance, we can sum up that the
FRET effect between CDs and oxOPD from Cu-OPD occurs in
CDs-Cu-OPD.

Second, the mechanism of the addition of DEF in CDs-Cu-
OPD to modulate the FRET behavior and then fluorescence
spectra was evaluated. As shown in Fig. 54, it was worth noting
that when DEF was added to the CDs-Cu-OPD, the absorption
peak of oxOPD at 416 nm disappeared with the new absorbance
peak of DEF-Cu at 332 nm. Moreover, the inset of Fig. 5A shows
that the absorption of DEF-Cu (332 nm) gradually increased
with the increased DEF at fixed Cu®'. Moreover, the absorption
of CDs-Cu-OPD with increased DEF exhibited weakened
absorbance at 416 nm with enhanced DEF, as shown in Fig. 5B.
Therefore, the higher the concentration of DEF, the more DEF-
Cu formed at the fixed Cu®*, and then a lower amount of oxXOPD
was produced by the Cu®*-catalyzed OPD. This meant that DEF
impeded the generation of oxOPD, thereby reducing the
occurrence of FRET between CDs and oxOPD and promoting
the recovery of CDs fluorescence, but reducing the fluorescence
intensity of oxOPD in CDs-Cu-OPD.

Optimization of the experimental conditions

Several possible factors for the detection were optimized. The
concentrations of Cu®" and OPD for the optimal quenching of
CDs in CDs-Cu-OPD were evaluated. As shown in Fig. S4 and
S5,1 the fluorescence quenching efficiency of CDs ascribed to
FRET increased with increasing Cu®>" and OPD concentrations,

- CDs-Cu-0PD

% % 3 N0 W w0
Wavelength(nm)
— con

Absorbance(a.u.)

oro
coseopD

Absorbance(a.u.)

“300 400 500 600 700
Wavelength(nm)

200 300 400 500 600
Wavelength(nm)

Fig. 5 UV-Vis absorption spectra of (A) CDs, OPD, the system of CDs
and OPD, the system of CDs and Cu?*, Cu-OPD, and CDs-Cu—OPD
with or without DEF; and (B) CDs—Cu-OPD with different concen-
trations (1, 2, 4, 6, 8, 10, 12, 14, 16 ug mL™%) of DEF. Inset of (A) is the
absorption spectra of the mixture of DEF and Cu (DEF-Cu) with
various concentrations (1, 5, 10, 15, 20, 25, 30 ug mL™?Y) of DEF.
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reaching the maximum and then plateaued at 100 pM and
2 mM, respectively. Some reaction conditions, like the reaction
time, incubation temperature and pH, were optimized. The
fluorescence ratios at 480 nm and 560 nm (Fyg0/Fse0) Were
applied as the evaluating indicator. F,g0/Fs6o remained relatively
stable with a little fluctuation as the reaction time was extended
(Fig. S6AT), the temperature increased (Fig. S6Bf) and the pH
increased (Fig. S6Ct). In general, the reaction conditions of
30 min at 37 °C and pH 8.0 promote the highest F,g¢/Fse0 for the
detection. Thus, these above-mentioned reacting conditions
were selected as the appropriate factors for the ratiometric
method for DEF.

Analytical performance of DEF

Under the optimal conditions, for CDs-Cu-OPD, the fluores-
cence intensities increased gradually at 480 nm, but decreased
gradually at 560 nm with the increased DEF (Fig. 6A). Fyg0/Fse0
increased and then reached a plateau with the increase of Cpgr
(Fig. 6B). In the range of 0.5-8 pg mL™", Fy50/Fseo presented
a good linear relationship with Cpgr with the fitting equation of
Y = 0.08004Cpgr + 1.02884, R* = 0.99576 (Fig. 6C). The limit of
detection (LOD) was 0.38 ug mL ™" based on S/N = 3. Moreover,
the selectivity of this method was evaluated. The possible
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Fig. 6 (A) Fluorescence spectra of CDs-Cu-OPD with variable
concentrations of DEF. (B) The ratios of F4g0 and Fseo (F4g0/Fse0) Versus
the various concentrations of DEF. (C) The linear range of F4g0/Fseo
and DEF in the range of 0.5-8 ug mL™*. (D) The variable fluorescence
intensities of CDs of the system of CDs and OPD in the presence of
100 pM Cu?*, AB*, K, Ni2*, Zn?*, Mn?*, Co?*, Ca?*, Cd®*, Mg?*, Ag™,
Fe®* and Fe?*, respectively. (E) The response of F4g0/Fsgo of CDs—Cu—
OPD in the presence of various 5 pg mL~! substances, including DEF,
Try, Fru, HA, Glu, Cys, AA, Arg, Pro, DA, EDTA, and GABA. (F) The black
histogram represents the F4g80/Fs60 Of 30 independent measurements
of DEF at 3 ug mL™%; red bars and red error bars represent the mean
value and SD of the F4g0/Fsg0 Of the 30 tests, respectively.
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catalytic oxidation of OPD by different metal ions was investi-
gated to assess the potential interfering effect of common metal
ions. As shown in Fig. 6D, compared with the excellent catalytic
oxidation of Cu** on OPD, the common metal ions (AI’*, K",
Ni**, Zn**, Mn**, Co*, Ca**, Cd**, Mg**, Ag", Fe’" and Fe*")
exhibited a negligible effect on the signal modulation of the
system containing CDs and OPD. Some substances that may
exist in real samples were applied to evaluate the possible
interference to the DEF detection. As shown in Fig. 6E,
compared with the response of DEF to Fyg0/Fs69, COMmMon
interfering substances containing proteins, amino acids and
small molecular compounds had little effect on Fyg0/Fs60 Of
CDs-Cu-OPD, indicating the good selectivity of this method for
DEF. The reproducibility of this sensing strategy for DEF was
evaluated. The 3 pg mL ™" DEF was selected for 30 independent
measurements at different time points. As shown in Fig. 6F, the
standard deviation (SD) and relative standard deviation (RSD) of
the testing results were 0.024 and 1.88%, respectively. The result
of the multiple determinations showed that the developed CDs-
Cu-OPD possessed good reproducibility and reliability for DEF
detection.

The practicability of the developed strategy in real samples
was investigated. The method was used to monitor the DEF
content in deferasirox dispersible tablets and human serum
samples. As shown in Table S1,1 the labeled amount of DEF in
the deferasirox dispersible tablet was tested to be 103.6% with
the RSD of 4.34%. This result satisfied the requirement of the
Chinese Pharmacopoeia (Ch.P 2020) for the quality control of
the marked amount (90-110%). The recovery of DEF in serum
was further detected. As shown in Table S2,T the recoveries of
DEF in human serum samples ranged from 96.50% to 109.5%
with the RSD at less than 2.82%. It is expected that this method
can be applied to detect DEF accurately in real samples for
clinical drug monitoring. Moreover, the analytical performance
of the proposed method for DEF was compared with that of
reported different analytical methods (Table S3t). The results
showed that the ratiometric fluorescence sensing method
exhibited an acceptable performance in terms of the linear
range and LOD. Considering the fact that the therapeutic
concentration of DEF is tens of ug mL~",° the linear range, LOD,
simple mixing procedure and easy operation of this strategy
suggested the expanded application possibility in real samples
for blood drug concentration monitoring.

Conclusions

In summary, using m-phenylenediamine as a carbon source,
luminescence CDs with specific emission and excitation prop-
erties were obtained by sequential processing of the sol-
vothermal reaction and HCI post-treatment. The mixture of CDs
and the Cu**-triggered oxidation of OPD led to a remarkable
FRET from CDs to oxidized OPD (oxOPD). Ascribed to the
chelation of DEF and Cu®", the presence of DEF modulated the
free Cu®", followed by the fluorescent intensities of CDs and
oxOPD for ratiometric assay. The method exhibited a wide
linear range and acceptable LOD for DEF with high reproduc-
ibility. Such ratiometric method based on CDs and OPD

© 2021 The Author(s). Published by the Royal Society of Chemistry
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possessed the following advantages: (1) the facile procedure of
the simple mixing step of commercial OPD, Cu®" and controlled
prepared CDs made the bioanalytical system time-saving and
cost effective; (2) the elaborate and clarified investigation of the
testing mechanism of the FRET from CDs to oxOPD in CDs-Cu-
OPD and the inhibition effect of DEF on the FRET; (3) inspiring
the importance of the appropriate design of CDs with the
specific fluorescent properties of suitable excitation/emission
wavelength and response to environmental media for biolog-
ical applications.
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