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Abstract: Highly stable and facile one-pot copper nanoclusters (Cu NCs) coated with poly(allylamine
hydrochloride) (PAH) have been synthesized for selectively sensing deferasirox (DFX) in β-thalassemia
plasma. DFX is an important drug used for treating iron overloading in β-thalassemia, but needs to be
monitored due to certain toxicity. In this study, the PAH-Cu NCs showed highly stable fluorescence
with emission wavelengths at 450 nm. The DFX specifically interacted with the copper nanocluster
to turn off the fluorescence of the PAH-Cu NCs, and could be selectively quantified through the
fluorescence quenching effect. The linear range of DFX in plasma analyzed by PAH-Cu NCs was
1.0–100.0 µg/mL (r = 0.985). The relative standard deviation (RSD) and relative error (RE) were
lower than 6.51% and 7.57%, respectively, showing excellent reproducibility of PAH-Cu NCs for
sensing DFX in plasma. This method was also successfully applied for an analysis of three clinical
plasma samples from β-thalassemia patients taking DFX. The data presented high similarity with
that obtained through a capillary electrophoresis method. According to the results, the PAH-Cu NCs
could be used as a tool for clinically sensing DFX in human plasma for clinical surveys.

Keywords: PAH-Cu NCs; sensing; deferasirox; DFX; β-thalassemia; plasma

1. Introduction

Recently, sensing technology for fast detection has become a major field in detection
strategies, such as the detection of COVID-19. Most studies have utilized nanomaterials that
have been widely developed in the past decade as the detection system [1,2]. Among the
metal nanomaterials, copper nanomaterials are cheaper and more stable than gold or silver.
Therefore, recently, several studies have developed methods for synthesizing different
types of copper nanoclusters (Cu NCs), including template-based [3], electrochemical [4],
microemulsion [5], microwave [6], and modified Brust–Schiffrin [7] methods. Cu NCs show
good fluorescent properties, electronic properties, and utilization for catalytic activities [7].
Although Cu NCs exhibit many advantages, they are unstable without the protection
of certain materials. For this reason, many studies have developed and used various
materials to increase the stability of Cu NCs, such as protein [8–10], DNA [11,12], amino
acid [13], polymer [14], or thiols [15–17] components. Here, we propose a one-pot method
for synthesis of highly stable Cu NCs by using poly(allylamine hydrochloride) (PAH) as a
protecting agent and L-ascrobic acid (LAA) as a reducing agent. In previous studies, PAH
has been used as the reducing agent [18], protecting agent [19], and coating material [20,21]
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for nanoparticles, but never utilized for formation of Cu NCs. In this study, PAH-coated
Cu NCs were synthesized and hypothesized to serve as a sensor for specific detection of an
iron chelating agent, i.e., deferasirox (DFX and Exjade®), in β-thalassemia patients.

β-Thalassemia, a highly prevalent hereditary disease, is caused by the absence of
beta-globin chains. Three types of β-thalassemia have been identified according to severity,
including major, intermediate, and minor types [22]. Two major therapeutic strategies,
i.e., bone marrow transplantation and long-term blood transfusion, have been proposed
for treating β-thalassemia. Clinical rejection reaction often occurs in the transplantation
of bone marrow, and thus blood transfusion is a safe therapy for treating β-thalassemia.
However, iron ions can accumulate in the body due to a continuous blood transfusion and
can induce syndromes such as hemochromatosis and peroxidative tissue damage [23–25] as
a result of iron overloading. Iron overloading results in high mortality of blood-transfusion
β-thalassemia patients without effectively controlling the level of iron. To prevent iron
overloading, iron chelating agents are administrated to transfusion patients to remove
excess iron from the human body.

Deferasirox (DFX, Exjade®), 4-[3,5-bis-(hydroxyphenyl)-1,2,4-triazol-1-yl]-benzoic
acid, is a tridentate iron chelator (Figure S1) that forms a complex of two molecules of
DFX with a ferric ion (Fe3+) in a neutral condition [26]. DFX is an oral iron chelator and
was approved by FDA and EU in 2005 and 2006, respectively. It can eliminate overloaded
iron ions by forming water-soluble iron-DFX excreted from feces [27–29]. In clinical
practice, DFX has been introduced as the first-line therapy for β-thalassemia patients who
have accepted blood transfusions over 2 years. Although DFX has been shown to be
excellent for treating iron overloading, more attention should be given to some severe
adverse effects, including gastrointestinal bleeding, acute liver necrosis [30], and renal
dysfunction [30–32], especially in children. Due to these adverse effects, it is very important
to establish an easy-operating method for monitoring the DFX concentration in a patient’s
plasma. Until now, a lot of analytical methods have been developed for determining
DFX in plasma, and most of them have utilized HPLC coupled with UV, fluorescence, or
MS/MS [33–37]. Recently, a stacking CE technique [38] was proposed for measuring DFX
in biological fluid. Although these techniques are robust, they require highly expensive
instruments, complex operating procedures, and skills for separation. Sensing is a simple,
convenient, and quick strategy for detecting certain analytes, and is widely applied in
clinical practice. Wang et al. even utilized the dopamine-conjugated carbon dots for sensing
DFX in plasma [39]. In this study, a facile and economical one-pot synthesis method was
proposed for synthesizing PAH-coated Cu NCs to be used as a sensor for detection of DFX
in plasma. The mechanism is shown in Scheme 1. The specific binding of DFX with PAH-
coated Cu NCs induced aggregation of PAH-coated Cu NCs, and then the fluorescence of
the PAH-coated Cu NCs was decreased. Therefore, the PAH-coated Cu NCs could be used
for specifically sensing DFX. The method was successfully applied for detecting DFX in the
plasma of β-thalassemia patients and it is feasible that it could serve as a tool for routine
determination of DFX in clinical practice.
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Scheme 1. Schematic illustration of PAH-Cu NCs for sensing DFX in plasma.

2. Results and Discussion
2.1. Optimization of PAH-Cu NCs Synthesis

To obtain the optimal PAH-Cu NCs, the effect of each factor in the synthesis of PAH-
Cu NCs was investigated. Reaction time and temperature are two factors that affect the
synthesis efficiency of PAH-Cu NCs. The data (Figure 1A) indicated that the fluorescence of
PAH-Cu NCs was stable during the reaction time from 2 to 7 h and at a reaction temperature
of 60 ◦C. However, because different morphological nanomaterials were produced with
increasing temperature [40], the fluorescent intensity declined dramatically at 70 ◦C and
80 ◦C, at 2 h. To obtain highly stable fluorescence of PAH-Cu NCs and to shorten the
reaction time, the reaction time and temperature were set at 2 h and 60 ◦C, respectively.

Because the pH value of the reaction buffer would affect ionization and, furthermore,
the fluorescent intensity of as-prepared PAH-Cu NCs, the range of pH value from 2.0 to
7.0 was explored. As shown in Figure 1B, the as-prepared PAH-Cu NCs had the strongest
fluorescent intensity at a pH value of 3.0 with uniform particle size distribution. The
particle size at pH values from 5.0 to 7.0 was larger or irregular as compared with that
at pH 3.0. Park [41] described that PAH would become flocculation at higher pH values,
and this phenomenon was also observed at pH values of 5.0, 6.0, and 7.0 in this study.
Therefore, the PAH-Cu NCs solution was observed to become turbid at pH values from 5.0
to 7.0. Taking into consideration the stability and fluorescent intensity of PAH-Cu NCs, the
as-prepared PAH-Cu NCs were synthesized at a pH value of 3.

In previous research, polymeric amine has been used as a reducing agent to synthesize
nanoparticles [18]. Herein, PAH was utilized as the reducing agent and also the protecting
agent for synthesis of Cu NCs. To obtain the highly stable and fluorescent PAH-Cu NCs,
different amounts of PAH from 2% to 12% were evaluated (Figure 1C). The PAH-Cu NCs
had the highest fluorescent intensity by using 10% PAH, where the particle size and shape
were also regular and uniform. Therefore, the optimal condition for synthesizing PAH-Cu
NCs was controlled by using 10% PAH.
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Figure 1. The effects of several conditions, including (A) reaction temperature and reaction time; (B) pH values; (C) PAH
percentage; (D) LAA concentration, for the synthesis of PAH-Cu NCs.

LAA, a mild reducing agent, is frequently used as the reducing metal ion to form
nanoparticles [42]. As compared with other reducing agents [43–46], LAA is environ-
mentally friendly and easier for operation. The Cu2+ could be encapsulated by LAA
and reduced into Cu(0). Because the size of Cu NCs is regulated by the concentration
of LAA [47], the concentration of LAA was evaluated to obtain stable PAH-Cu NCs
(Figure 1D). By increasing the LAA concentrations, the fluorescent intensity of the PAH-Cu
NCs was increased. When the concentration of LAA reached 1.0 M, the PAH-Cu NCs
had the highest fluorescence. However, the fluorescence of PAH-Cu NCs decreased by
using higher than 1.0 M LAA, which supported the fact that a higher concentration of LAA
induced smaller Cu NCs which were unstable under the protection of PAH. Therefore, the
LAA concentration for synthesis of PAH-Cu NCs was set at 1.0 M.

2.2. Characterization of the PAH-Cu NCs

In a previous study [42], PAH was used as a protecting and reducing agent to form
other metal nanoparticles. In this study, PAH was utilized as a protecting agent to form
PAH-Cu NCs. The fluorescence of Cu NCs can be reduced completely within several
minutes without adding PAH, which supported using PAH to coil the Cu NCs with
presenting amine groups to increase the stability of Cu NCs. The amount of PAH was
optimized, as shown in Figure 1C. At different excitation wavelengths from 300 to 400 nm,
the fluorescent spectra of the as-prepared PAH-Cu NCs varied (as shown in Figure 2A).
The maximum fluorescence of the PAH-Cu NCs was emitted at 450 nm when the excitation
wavelength was set at 360 nm (Figure 2B). When imaged by the high-resolution TEM,
the particle size distribution of the PAH-Cu NCs was very uniform without aggregation
(Figure 2C) in the range of 2.32 ± 0.53 nm. In the data of FT-IR spectrum (Figure 2D), N-H
absorption bands at 1509 and 1603 cm−1 were both observed on PAH and the as-prepared
PAH-Cu NCs. The peaks at 3036 and 3426 cm−1 originated from a broad NH3+ band
and N-H stretching band in PAH [48], and both of the two peaks were observed on the
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as-prepared PAH-Cu NCs. According to the data of XPS (Figure 2E), the PAH-Cu NCs were
composed of C1s, N1s, O1s, and Cu2p. The data demonstrated the binding of PAH and Cu
NCs in the as-prepared PAH-Cu NCs. The XPS data were utilized to further evaluate the
reduction type of copper in PAH-Cu NCs (Figure 2F). The two major peaks, i.e., 932.2 eV
and 952.4 eV, which were stand for Cu 2p3/2 and Cu 2p1/2 presented in the binding energies
of Cu 2p, respectively. The binding energy of 934 eV was not observed, indicating the
absence of Cu2+ in the as-prepared Cu NCs [10,49]. However, Cu+ could not be excluded
from the Cu NCs, because the binding energy at Cu 2p3/2 was only ~0.1 eV different from
Cu [7]; therefore, supporting that the as-prepared PAH-Cu NCs were probably composed
of Cu and Cu+.
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Figure 2. The properties of the PAH-Cu NCs of (A) fluorescence emission spectra of PAH-Cu NCs at different excitation
wavelengths; (B) excitation (360 nm) and emission (450 nm) wavelength of PAH-Cu NCs; (C) TEM image of PAH-Cu NCs;
(D) FT-IR spectra of PAH and PAH-Cu NCs; (E) XPS spectra of PAH-Cu NCs; (F) XPS Cu 2p spectrum of Cu NCs.

To realize the composition of Cu NCs, the as-prepared PAH-Cu NCs were analyzed
by matrix-assisted laser-desorption ionization mass spectrum (MALDI-MS). As shown in
Figure S2, the major m/z peak was observed at 421.208 standing for [Cu6+K+H]+ adducts,
and the second m/z peak at 381.204 originating from [Cu6]. On the basis of the results of
the MALDI-TOF MS, the composition of six copper atoms of the as-prepared PAH-Cu NCs
was supported, which was similar to the results from a previous study [5] that reported the
amount of copper in Cu NCs showed fluorescence lower than 13.
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2.3. Fluorescent Stability of PAH-Cu NCs

To evaluate the fluorescent stability of PAH-Cu NCs, the as-prepared PAH-Cu NCs
were continuously exposed to excitation light for a period of time. The fluorescent intensity
of the PAH-Cu NCs was recorded within 60 min, and this was repeated three times. The
fluorescent intensity was reduced by about 7.3% within 10 min during the continuous
exposure of excitation light, which supported that the decreased fluorescence within 10 min
resulted from the ligand-induced fluorescence change [50]. The ligand binding with Cu
NCs directly led to a change in initial fluorescence as soon as it was exposed to excitation
light. However, the fluorescent intensity was stable between 10 and 60 min (Figure S3,
about a decrease of 1.5% fluorescence), indicating highly stable fluorescence of PAH-Cu
NCs during long-time exposure of excitation wavelength.

2.4. Selectivity of PAH-Cu NCs for Sensing DFX

To prevent the interference in plasma affecting sensing and to investigate the selec-
tivity of PAH-Cu NCs for detecting DFX, several metal ions and amino acids, including
Ca2+, Mg2+, K+, Na+, Zn2+, Ni2+, Pb2+, Co2+, Hg2+, Cd2+, Cr3.+, alanine, arginine, cysteine,
glutamine, glycine, lysine, phenylalanine, and serine were tested for selectivity evalua-
tion. All of the reagents for the selective test were used at a concentration of 100 µg/mL.
Additionally, EDTA and glycerol, which are similar to DFX having multiple carboxylic
groups or hydroxyl groups, were also used to test the selectivity of PAH-Cu NCs. The
analytes did not all affect the fluorescent intensity of the PAH-Cu NCs for detecting DFX
in standard solution, except for EDTA (Figure 3A). This was due to the fact that EDTA
was able to chelate the copper of PAH-Cu NCs resulting in decreased fluorescence of
PAH-Cu NCs. However, when the selectivity test was accomplished in the real plasma
samples, there was good selectivity of PAH-Cu NCs for sensing DFX, because the real
plasma samples were pretreated to prevent interference affecting the detection of DFX.
After pretreatment of the plasma samples, only DFX showed a decrease in the fluorescent
intensity of PAH-Cu NCs (Figure 3B). The data demonstrated that the PAH-Cu NCs had
good selectivity for sensing DFX in plasma. In a previous study [39], DFX which could
specifically bind with copper ions was demonstrated, although DFX was used for therapy
of iron overloading in β-thalassemia patients. This explains why the DFX could specifically
quench the fluorescence of the PAH-Cu NCs due to binding of the copper ions, and induce
the aggregation of the PAH-Cu NCs (the data are shown in Figure 4A).
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2.5. Validation of PAH-Cu NCs for Sensing DFX in Plasma

In this study, different concentrations of DFX spiked in plasma were used to react with
PAH-Cu NCs to identify the fluorescent quenching effect between DFX and PAH-Cu NCs.
The TEM images demonstrate the interaction between DFX and PAH-Cu NCs, as shown in
Figure 4A, and a remarkable aggregation was observed after 50 µg/mL of DFX was reacted
with PAH-Cu NCs. This supports that DFX can effectively chelate copper from PAH-Cu
NCs. The loss of copper resulted in aggregation of the PAH-Cu NCs, and further decreased
the fluorescent intensity. The aggregation of the PAH-Cu NCs could also be observed
using the FT-IR data (Figure 4B). The absorption bands of 3036 and 3426 cm−1 belonging to
broad NH3+ and the N-H band in PAH decreased by adding higher concentrations of DFX
(Figure 4B). A similar mechanism was also found with EDTA, a common chelating agent.
Therefore, EDTA can decrease the fluorescence of PAH-Cu NCs (Figure 3A). However, in
plasma samples, these chelating agents that affect the detection of DFX using PAH-Cu NCs
could be excluded through the pretreatment of samples (Figure 3B). The stable fluorescence
of the PAH-Cu NCs could be specifically utilized for determination of DFX in plasma.

The calibration curve of DFX in this sensing method was established by spiking different
concentrations of DFX into plasma. The regression equation of DFX is Y = (0.0173 ± 0.0001)
X + (1.0166 ± 0.0123) with a suitable detection range for clinical practice and high linearity
(r ≥0.9925). The linear range of DFX is from 1 µg/mL (2.68 µM) to 100 µg/mL (268 µM)
(Figure 5). The detection limit of DFX is 0.1 µg/mL with a signal-to-noise ratio of three. The
assays for precision and accuracy of the regression equation were investigated using three
different concentrations of DFX (5, 15, and 75 µg/mL) spiked into plasma and detected by
PAH-Cu NCs, for three replications, and calculated using relative standard deviation (RSD)
and relative error (RE), respectively. The results are shown in Table 1. The RSD and RE values
for the intra-day and inter-day assays were all between 1.40 and 6.51% and between 1.08 and
7.57%, respectively. The results indicated good precision and accuracy of the as-prepared
PAH-Cu NCs for the detection of DFX in plasma.
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Table 1. Precision and accuracy for the determination of DFX in the intra-day and inter-day analyses.

Concentration
Spiked (µg/mL)

Concentration
Detected (µg/mL) RSD (%) RE (%)

Intra-day (n = 3)
DFX 5.0 5.38 (±0.34) 6.38 7.57

15.0 15.91 (±0.40) 2.52 6.07
75.0 73.60(±1.87) 2.54 −1.87

Inter-day (n = 5)
DFX 5.0 4.85 (±0.32) 6.51 −2.98

15.0 15.16 (±0.97) 6.41 1.08
75.0 76.81 (±1.08) 1.40 2.42

2.6. Application for Real β-Thalassemia Patient Plasmas

The application of PAH-Cu NCs for real plasma samples from three patients who
suffered β-thalassemia and were treated with DFX at the Kaohsiung Medical University
Chung-Ho Memorial Hospital were completed in this study. The ethics approval was
examined and approved by the Institutional Review Board at Kaohsiung Medical Univer-
sity Hospital. The participants all signed informed consents, after the content and risk
of the study were explained. The plasma samples from the β-thalassemia patients were
pretreated according to the procedure in Section 3.4 and detected by using PAH-Cu NCs,
for three replications. Meanwhile, the patients’ DFX data detected using the CE method [38]
which has been established by our lab were used to compare with the data using PAH-Cu
NCs. Table 2 shows the concentrations of DFX for the three patients analyzed by the CE
method and the PAH-Cu NCs. The concentrations of DFX by the CE method ranged from
15.33 to 33.63, and using PAH-Cu NCs the concentrations of DFX ranged from 15.76 to
37.24 µg/mL. In comparison of the data from the two methods showed that the relative
error (RE) of the three samples was less than 10.73%, indicating the data obtained from
PAH-Cu NCs was similar to our previous CE data [38]. The results supported that the
PAH-Cu NC fluorescent method has potential for clinical application to sense DFX in
β-thalassemia patients.

Table 2. Determination of DFX in patient plasma using PAH-Cu NCs.

CE-UV (µg/mL) PAH-Cu NCs
(µg/mL) RE (%)

P1 15.33 15.76 (±3.29) −2.82%
P2 17.05 18.40 (±0.15) 7.92%
P3 33.63 37.24 (±2.19) 10.73%
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3. Materials and Methods
3.1. Materials

All chemicals and reagents were analytical grade and purchased from commercial
suppliers. CuSO4 (≥99.0%), poly(allylamine hydrochloride) (PAH, Mw~17500), L-ascorbic
acid (LAA), hydrochloric acid (HCl), amino acids, and EDTA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). DFX (98%) was purchased from Toronto Research Chemicals
(North York, Canada). Other metal ions (Ca2+, Cd2+, Cr3+, Pb2+, Mg2+, K+, Na+, Ni2+, Zn2+,
Hg2+, and Co2+) were kindly provided from Prof. Yen-Ling Chen at Kaohsiung Medical
University. Methanol, acetonitrile (ACN), glycerol, and diisopropyl ether were obtained
from E. Merck (Darmstadt, Germany). Ultrapure water was manufactured from a Millipore
system and was used for synthesis of the PAH-Cu NCs and preparation of the reagents.

3.2. Apparatus

The fluorescent intensity of PAH-Cu NCs was measured by using a Hitachi F-4500
Fluorescence spectrometer (Tokyo, Japan). The excitation and emission wavelengths were
set at 360 and 450 nm, respectively. The slits were set at 10 nm. The UV-visible spectra of
each material were measured using a Hitachi U-5100 UV-Visible spectrophotometer (Tokyo,
Japan). The pH value of buffer was adjusted using a DKK-TOA pH meter HM-25R (Tokyo,
Japan). The X-ray photoelectron spectroscopy (XPS) was determined by ULVAC-PHI PHI
5000 VersaProbe. The transmission electron microscopy (TEM) images of PAH-Cu NCs
were obtained by using a JEOL JEM-2100 transmission electron microscopy at a voltage
of 200 kV. Fourier transform infrared spectroscopy (FT-IR) spectra of PAH-Cu NCs were
measured using a Perkin-Elmer system 2000.

3.3. Synthesis of PAH-Cu NCs

CuSO4 (0.1 M), PAH (10%), and LAA (1.0 M) were all dissolved in ultrapure water.
A total of 20 mL solution containing CuSO4 (0.2 mL, 0.1 M) and PAH (0.1 mL, 10%) were
mixed with water and stirred for 2 min. Then, LAA (0.2 mL, 1 M) was added to the solution
and gently stirred at 60 ◦C for 2 h. When the LAA was added into solution, the color of
solution changed from yellowish to chrome yellow. The as-prepared PAH-Cu NCs solution
was stored at 4 ◦C until analysis.

3.4. Sample Pretreatment and Sensing

The stock solution of DFX was prepared in methanol (5 mg/mL) and stored at −20 ◦C,
and then diluted to identical concentrations using the plasma from healthy volunteers.
Plasma (200 µL, with/without DFX) was deproteinized by 400 µL ACN and centrifuged
at 12,000 rpm for 2 min. After centrifugation, 550 µL supernatant was reclaimed and
dried in vacuum for 2 h at 40 ◦C. The residues were redissolved in 20 µL HCl (0.1 M),
and then 500 µL diisopropyl ether was added into the solution to perform the liquid–
liquid extraction. After vigorous shaking and centrifugation, 950 µL organic solvent was
reclaimed and dried again for 5–10 min at room temperature. The dry residual was
reconstituted with a solution containing 50 µL methanol and 150 µL PAH-Cu NCs, and
then equilibrated for 5 min. Finally, the fluorescence of the solution was measured using
the fluorescent spectrometer (λex/λem = 360/450 nm).

3.5. Selectivity for Measurement of DFX

The selectivity of the PAH-Cu NCs was evaluated using various essential trace ele-
ments and amino acids in the human body, including Ca2+, Mg2+, K+, Na+, Zn2+, Ni2+,
Pb2+, Co2+, Hg2+, Cd2+, Cr3.+, alanine, arginine, cysteine, glutamine, glycine, lysine, pheny-
lalanine, and serine. EDTA and glycerol were also used to evaluate the interaction of
PAH-Cu NCs. In experimental practice, all the reagents for the selective testing were used
in the concentration of 100 µg/mL.
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3.6. Determination of DFX in Real Samples

The real plasma samples were recruited from β-thalassemia patients, who had been
taking DFX regularly for more than a year, in the department of Pediatrics, Kaohsiung
Medical University hospital. The recruited healthy volunteers and patients were all in-
formed about the experiment and signed consent forms. The real plasma samples were
obtained from the β-thalassemia patients, following the sample pretreatment procedure
described in Section 3.4.

4. Conclusions

To prevent the adverse effects and evaluate the efficacy of DFX, development of a
method for fast and easy detection of the concentration of DFX is useful and absolutely
necessary. In this study, a facile and environmentally friendly sensor, PAH-Cu NCs, was
developed for monitoring DFX in the plasma of β-thalassemia patients. The PAH-Cu
NCs showed rapid reaction and good response to DFX, and exhibited good selectivity for
distinguishing deferoxamine, deferiprone, and other chelating agents after pretreatment
of the plasma samples. The calibration curve was also shown an excellent linearity for
detecting DFX in plasma. When compared with previous methods for determination
of DFX, this PAH-Cu NCs also exhibited the good linear range (Table 3). Furthermore,
this PAH-Cu NCs fluorescent method was successfully applied for clinical β-thalassemia
patients, and the results were similar with that obtained by using previous CE method
which was developed by our lab. Additionally, the fluorescence of PAH-Cu NCs was
stable for the long time of exposing excitation wavelength indicating the high stability of
the fluorescence of PAH-Cu NCs. All of the data demonstrated the applicability of this
PAH-Cu NCs fluorescent sensor for determination of DFX in clinical, and the simple and
novel sensors could be served as a tool for a clinical survey.

Table 3. The comparison of PAH-Cu NCs with previous methods for analysis of DFX in
biological fluid.

Sample
Volume (µL)

Calibration Curve
Range (µg/mL) Reference

LC-MS/MS 100 0.5–40 [33]
HPLC-UV 500 0.15625–40 [34]
HPLC-UV 50 0.1–50 [37]

HILIC-ESI-MS 50 0.2–120 [51]
HPLC-UV 100 0.25–20 [52]
HPLC-UV 200 0.004–0.8 [53]

CE-UV 100 1–20 [38]
PAH-Cu NCs 200 1–100 This method

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14121314/s1, Figure S1: Chemical structure of deferasirox, Figure S2: The MALDI-MS
spectrum of PAH-Cu NCs, Figure S3: Fluorescent stability of the PAH-Cu NCs was evaluated for
60 min with continuously exposing at excitation source (360 nm).
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40. Biçer, M.; Şişman, İ. Controlled synthesis of copper nano/microstructures using ascorbic acid in aqueous CTAB solution. Powder
Technol. 2010, 198, 279–284. [CrossRef]

41. Park, J.; Choi, Y.W.; Kim, K.; Chung, H.; Sohn, D. Aggregation Processes of a Weak Polyelectrolyte, Poly (allylamine) Hydrochlo-
ride. Bull. Korean Chem. Soc. 2008, 29, 104–110.

42. Wu, H.Y.; Liu, M.; Huang, M.H. Direct synthesis of branched gold nanocrystals and their transformation into spherical nanoparti-
cles. J. Phys. Chem. B 2006, 110, 19291–19294. [CrossRef] [PubMed]

43. Capek, I. Preparation of metal nanoparticles in water-in-oil (w/o) microemulsions. Adv. Colloid Interface Sci. 2004, 110, 49–74.
[CrossRef] [PubMed]

44. Lee, C.L.; Wan, C.C.; Wang, Y.Y. Synthesis of Metal Nanoparticles via Self-Regulated Reduction by an Alcohol Surfactant. Adv.
Funct. Mater. 2001, 11, 344–347. [CrossRef]

45. Yin, B.S.; Ma, H.Y.; Wang, S.Y.; Chen, S.H. Electrochemical Synthesis of Silver Nanoparticles under Protection of Poly(N-
vinylpyrrolidone). J. Phys. Chem. B 2003, 107, 8898–8904. [CrossRef]

46. Zhu, J.J.; Liu, S.W.; Palchik, O.; Koltypin, Y.; Gedanken, A. Shape-Controlled Synthesis of Silver Nanoparticles by Pulse
Sonoelectrochemical Methods. Langmuir 2000, 16, 6396–6399. [CrossRef]

47. Xiong, J.; Wang, Y.; Xue, Q.J.; Wu, X.D. Synthesis of highly stable dispersions of nanosized copper particles using L-ascorbic acid.
Green Chem. 2011, 13, 900–904. [CrossRef]

48. Abebe, D.G.; Farhat, T.R. Self-assembly of Nafion®/poly(vinyl alcohol) at pH = 1.2 and Nafion®/poly(allyl amine) at pH = 11.
Soft Matter 2010, 6, 1325–1335. [CrossRef]

49. Yang, X.M.; Feng, Y.J.; Zhu, S.S.; Luo, Y.W.; Zhuo, Y.; Dou, Y. One-step synthesis and applications of fluorescent Cu nanoclusters
stabilized by L-cysteine in aqueous solution. Anal. Chim. Acta 2014, 847, 49–54. [CrossRef]

http://doi.org/10.1182/blood-2003-09-3167
http://doi.org/10.1182/blood.V88.9.3608.bloodjournal8893608
http://doi.org/10.1002/ejic.200400363
http://doi.org/10.1124/dmd.108.022962
http://doi.org/10.1182/blood-2005-08-3430
http://www.ncbi.nlm.nih.gov/pubmed/16352812
http://doi.org/10.1124/dmd.109.030833
http://doi.org/10.1002/pds.3657
http://doi.org/10.1111/nep.12523
http://www.ncbi.nlm.nih.gov/pubmed/26016559
http://doi.org/10.1111/bjh.13002
http://www.ncbi.nlm.nih.gov/pubmed/24989901
http://doi.org/10.1097/FTD.0b013e3181d8b37f
http://doi.org/10.1016/j.jchromb.2012.02.047
http://www.ncbi.nlm.nih.gov/pubmed/22436824
http://doi.org/10.1002/bio.1218
http://doi.org/10.1016/j.jchromb.2012.08.036
http://doi.org/10.1016/S0378-4347(00)00576-4
http://doi.org/10.1016/j.jpba.2016.06.042
http://doi.org/10.1016/j.snb.2020.127916
http://doi.org/10.1016/j.powtec.2009.11.022
http://doi.org/10.1021/jp063711d
http://www.ncbi.nlm.nih.gov/pubmed/17004782
http://doi.org/10.1016/j.cis.2004.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15142823
http://doi.org/10.1002/1616-3028(200110)11:5&lt;344::AID-ADFM344&gt;3.0.CO;2-7
http://doi.org/10.1021/jp0349031
http://doi.org/10.1021/la991507u
http://doi.org/10.1039/c0gc00772b
http://doi.org/10.1039/b922653b
http://doi.org/10.1016/j.aca.2014.07.019


Pharmaceuticals 2021, 14, 1314 13 of 13

50. Breen, C.J.; Raverdeau, M.; Voorheis, H.P. Development of a quantitative fluorescence-based ligand-binding assay. Sci. Rep. 2016,
6, 25769. [CrossRef]

51. Pligoropoulou, H.; Vonaparti, A.; Panderi, I. Hydrophilic interaction liquid chromatography/positive ion electrospray mass
spectrometry for the quantification of deferasirox, an oral iron chelator, in human plasma. J. Chromatogr. B 2012, 893–894, 114–120.
[CrossRef] [PubMed]

52. Rouan, M.C.; Marfil, F.; Mangoni, P.; Séchaud, R.; Humbert, H.; Maurer, G. Determination of a new oral iron chelator, ICL670, and
its iron complex in plasma by high-performance liquid chromatography and ultraviolet detection. J. Chromatogr. B 2001, 755,
203–213. [CrossRef]

53. Lu, M.Y.; Wang, N.; Wu, W.H.; Lai, C.W.; Kuo, P.H.; Chiang, P.H.; Lin, K.H.; Wu, T.H. Simultaneous Determination of Plasma
Deferasirox and Deferasirox-Iron Complex Using an HPLC-UV System and Pharmacokinetics of Deferasirox in Patients With
β-Thalassemia Major: Once-daily Versus Twice-daily Administration. Clin. Ther. 2015, 37, 1751–1760. [CrossRef] [PubMed]

http://doi.org/10.1038/srep25769
http://doi.org/10.1016/j.jchromb.2012.02.044
http://www.ncbi.nlm.nih.gov/pubmed/22436822
http://doi.org/10.1016/S0378-4347(01)00079-2
http://doi.org/10.1016/j.clinthera.2015.05.506
http://www.ncbi.nlm.nih.gov/pubmed/26093827

	Introduction 
	Results and Discussion 
	Optimization of PAH-Cu NCs Synthesis 
	Characterization of the PAH-Cu NCs 
	Fluorescent Stability of PAH-Cu NCs 
	Selectivity of PAH-Cu NCs for Sensing DFX 
	Validation of PAH-Cu NCs for Sensing DFX in Plasma 
	Application for Real -Thalassemia Patient Plasmas 

	Materials and Methods 
	Materials 
	Apparatus 
	Synthesis of PAH-Cu NCs 
	Sample Pretreatment and Sensing 
	Selectivity for Measurement of DFX 
	Determination of DFX in Real Samples 

	Conclusions 
	References

