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Tb doped carbon dots as a platform
for fluorescence ratiometric and
colorimetric sensor for deferasirox

Fatemeh Latifi', Mohammad Amjadi?, Tooba Hallaj?*’ & Seyyed Morteza Seyyed Alavi'

Tb doped carbon dots (Tb-CDs) were synthesized by a simple hydrothermal method and the existence
of Tb in the obtained CDs was confirmed by the several characterization methods. Th-CDs were
exploited to design a ratiometric fluorescence sensor for deferasirox (DFX) assay. CDs and Tb acted

as reference and sensing probs in the sensor. In the presence of DFX, the fluorescence intensity of

CDs remained unchanged, while Tb emission increased. The fluorescence ratio of Tb to CDs was
proportional to the DFX concentration at the range of 0.1 to 2.5 pM. Additionally, the fluorescence
color altered from blue (CDs emission) to green (Tb emission) with increasing DFX concentration. We
employed this color variation to establish a smartphone based sensor for the DFX detection. The linear
range of established sensor was 0.5-15 pM. The detection limit (3S) for the ratiometric and smartphone
based sensor was calculated to be 0.08 and 0.4 pM, respectively. Both sensors were applied to measure
DFX in human serum samples with satisfactory results.
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Carbon dots (CDs) are a class of carbon nanomaterials reported in 2004 for the first time!. They are spherical
nanoparticles with size less than 10 nm and amorphous carbon structure or in some cases, sp*>-hybridized
graphitic carbon. They exhibit unique physicochemical, optical, and electronic properties such as low toxicity,
outstanding brightness, high solubility in water, thermal stability, chemical ineffective, and ease of use®>. Despite
these unique properties, the limited number of functional groups in CDs (restricting the ability to interact
with various compound) and low luminescence quantum yield can limit their applicability especially in the
development of selective and sensitive luminescence sensors. Functionalizing the surface of CDs and doping
them with heteroatoms have been found as suitable ways to improve the properties and extend the applicability
of CDs. Chemical doping of CDs with heteroatoms and metal ions has attracted much attention due to economic
and easy synthesis methods to amend their fluorescence properties™®. Various metal atoms such as Cu, Fe, Mn,
Tb, Eu and so on have been doped into CDs for different purposes. The metal atoms doping procedure, resulting
in the band structure modulation of CDs, can improve the optical properties and create novel functionalities for
the doped CDs?.

Trivalent lanthanide ions (Ln*), especially Tb** and Eu®* have attracted great attention as luminescence
probes due to their unique spectroscopic properties, such as high Stokes shift, long luminescence lifetime, and
narrow emission bands. These properties make them suitable choices for designing various fluorescence probes®”.
However, Ln** suffer from low absorption coeflicients and luminescence efficiency due to forbidden Laporte {-f
transitions, restricting their application in luminescence probes. Various material and ligands have been applied
to facilitate f-f transitions based on antenna effect. Ln** ions have a high affinity to oxygen-containing ligands
or oxygen-nitrogen-containing organic compounds. When Ln** ions form complexes with suitable ligands that
have strong absorption bands, the luminescence intensity of the system increases due to intramolecular energy
transfer or antenna effect®. This phenomenon has been utilized for designing Ln** based florescence sensors to
analyze various compounds including drugs that can act as a ligand®!°.

On the other hand, concerning the exceptional optical properties of Eu ** and Tb 3*, they have been applied
as a dopant to design selective and sensitive CD based ratiometric fluorescence sensors!'!*13. Compared to the
traditional fluorescence sensors, more accurate and reliable results can be obtained by ratiometric sensors
because of the elimination of environmental and instrumental noises. Additionally, the ratiometric fluorescence
systems can be applied for establishing fluorescence color variation based sensors by smartphone or visual
detection!*!>. Smartphone based sensors have been applied in various domains for on-site analysis, using their
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built-in cameras as a detector to measure the concentrations of different analytes'®. For example, a ratiometric
fluorescent sensor based on Eu-MOFs encapsulated CDs were applied for visual detection of Ag* with naked
eyes!”. There are several reports about Tb and Eu doped CDs based ratiometric fluorescence sensors for visional
detection of tetracyclines'®®1°. Tb and Eu doped CDs were also used for the fluorescence ratiometric assay of
dipicolinic acid?%-23,

Deferasirox (DFX) is the FDA approved tridentate iron chelator for the remedy of iron overload caused by
blood transfusions, among individuals with thalassemia and myelodysplastic syndromes. The most common side
effects of DFX include digestive disorders, skin rash, high serum creatinine, increased liver transaminases®?*.
It is important to monitor DFX concentration in biological fluid to evaluate its therapeutic effects and control
its toxic effects. Various methods including chromatographic?, electrochemical?® and spectroscopic?” methods
have been reported for the determination of DFX. However, some of these methods experience shortages such
as complicated and expensive equipment or unsuitable sensitivity and selectivity. Fluorescence sensors based on
Tb® and CDs*-% have been individually applied for DFX sensing, but to the best of our knowledge there is no
report about the application of Tb-doped CDs for the determination of DFX. Herein, Tb-doped CDs was used
to design a ratiometric fluorescence sensor for DFX analysis. In this sensor, Tb acted as a sensing probe and CD
acted as a reference. In the presence of DFX, as an organic ligand, the fluorescence intensity of Tb increased
because of the energy transfer process from the ligand triplet state to Tb. The designed sensor was applied to
measure DFX in human serum samples.

Experimental

Apparatus

Tb-CD’s shape and size distribution were studied using a transmission electron microscope (TEM; Philips EM
208, Germany). The functional groups of Tb-CDs were investigated using Fourier transform infrared (FT-IR)
by Tensor 27 FI-IR spectrometer (Bruker, Germany). UV-Vis spectra were obtained using a spectrophotometer
Carry 100 (Varian, Australia). Fluorescence spectra were recorded using a spectrofluorimeter FP-8300 (Josco,
Japan). X-ray diffraction pattern of Tb-CDs was obtained using a diffractometer Siemens D500 (Germany).

Reagent
All materials were of analytical grade. Deionized (DI) water were applied for all experiments. DFX, Tris-HCl
buffer, Tb(NO,), and Folic acid were purchased from Sigma.

Synthesis of Tb-CDs

Tb-CDs were synthesized hydrothermally as the already reported process with a slight modification?!. 0.03 g
of folic acid and 0.078 g of Tb(NO,), were dissolved in DI water. After 20 min stirring, the pH of solution was
adjusted at 4 by IM NaOH and the final volume was reached to 30 ml. The solution was put inside the autoclave
and heated in the oven at 180 °C for 6 h. For purification and removal of unreacted raw materials, the synthesized
Tb-CDs were dialyzed against deionized water for three hours in a dialysis bag (2KD, Sigma).

Fluorescence ratiometric assay

For fluorescence analyses, 75 pl of Tb-CDs, 250 pl of Tris hydrochloride buffer (0.1 M, pH=7.5), and different
amounts of DFX or real samples were added to the test tube and reached 2 ml with DI water. Fluorescence
spectra were recorded with the excitation wavelength of 270 nm and the fluorescence intensities were measured
at the emission wavelengths of 440 and 546 nm.

Smartphone-based assay

Above-mentioned test solutions containing different amounts of DFX were transferred into a quartz cell and
placed on the cell holder inside the box designed for the fluorescence color measurement under 254 nm UV
light. A smartphone was placed on the top of the box (perpendicular to the light source) to monitor the color
variation of solutions. RGB color intensities were obtained by the Camera RGB Color Picker program installed
on the smartphone (Xiaomi Redmi Note 8, 48MP camera). The measurement was based on the changes in RGB
color intensity of the prepared solutions.

Serum samples preparation method

Human plasma samples were obtained from Blood Transfusion Center (Tabriz, Iran). 2 ml of acetonitrile was
added into a test tube containing 500 pl of serum sample for the precipitation of proteins. The mixture was
centrifuged for 15 min at 6000 rpm. The supernatant was transferred into a 5-ml volumetric flask and adjusted
to the final volume by DI water. At last, an appropriate volume of solution was put into the tube and measured
according to the general procedure.

Results and discussion
Characterization of Th-CDs
Tb-CDs were prepared by a simple hydrothermal method from Tb(NO,), and folic acid as sources of Tb and C.
TEM imaging (Fig. 1a) indicated the nanoparticles with sizes smaller than 10 nm?". In the presence of Tb(NO,),,
the polymerization of folate molecules was restricted because of the electrostatic repulsion caused by Tb** ions.
It leads to the formation of relatively small Tb-CD particles.

The structural features of Tb-CDs including the surface moieties and existing elements was studied by FT-
IR and EDS analyses. For comparison, undoped CDs were also synthesized by the same method using only
folic acid. FT-IR spectra confirm the existence of C=C, C=0, C-N, NH,, NH and OH on the surface of both
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Fig. 1. (a) TEM image, (b) FT-IR spectra, (c) EDS spectrum, and (d) XRD pattern of CDs and Tb-CDs.

CDs. As can be seen in Fig. 1b, the appeared peaks in FT-IR spectra of CDs and Tb-CDs are almost the same.
However, the intensity of some peaks such as C=0, C-N and NH, decreased in Tb-CDs which can be related to
the complex formation between Tb and these functional groupsﬁ. Furthermore, EDS results indicate that CDs
contain 26.24, 37.21, 36.55 W% of N, C, O elements (ESI, Fig. S1), and Tb-CDs include 28.64, 17.45, 15.91, 37.99
W% of N, C, O, Tb elements (Fig. 1c).

X-ray diffraction (XRD) pattern (Fig. 1d) was used to ensure the synthesis of Tb-CDs. A peak appeared
around 20 =25 is related to the amorphous structure of CDs*!. The characteristic peaks of Tb were appeared in
27.6° (222), 32° (400), 49° (440), 56.66° (622), confirming existence of Tb in the structure of Tb-CDs>>%,

The optical features of Tb-CDs and CDs were studied by recording fluorescence and UV-vis absorption
spectra (Fig. 2a). The fluorescence spectra of both CDs were independent of the excitation wavelength, and
the highest emission intensity for CDs (Fig. S1) and Tb-CDs (Fig. 2b) was observed at the 360 and 270 nm
excitation wavelength, respectively. The emission peaks appeared at 490, 546, 590 and 625 nm are related to Tb.
The appearance of these peaks indicated the successful synthesis of Tb-CDs. The quantum yield % (QD%) of
Tb-CDs was calculated to be 73.5%. Two obvious absorption peaks at 235 and 284 nm and a shoulder at 339
nm were appeared at the UV-Vis spectra of CDs. The mentioned peaks can be assigned to the m-m* transition
of the aromatic carbon ring, n-n* transition of C=C bond and n-n* transition of the C=0 or C=N bond,
respectively>*3. In the absorption spectrum of Tb-CDs (Fig. 2a) there is apparently a blue-shift for the peak
around 235 nm and it is no longer a distinct peakcompared to CDs?!. Above-mentioned characterizations were
confirmed that Tb was successfully doped in the structure of CDs.

Fluorescence sensor based on Th-CDs for DFX assay

We exploited the prepared Tb-CDs to develop a fluorescence ratiometric sensor for the determination of DFX.
In the absence of DFX (Fig. S2a), the fluorescence intensity of Tb at 546 nm is too low due to the low absorption
factor of Tb*", stemming from Laporte forbidden f-f transitions. After addition of DFX, no significant change
in the fluorescence intensity of Tb-CDs at 440 nm was observed, but Tb** fluorescence peaks at 546, 590, 625
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Fig. 2. (a) UV-vis absorption spectra of CDs and Tb-CDs, (b) Fluorescence spectrum of Tb-CD.
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Fig. 3. The sensing mechanism of DFX by Tb-CDs based on antenna effect.

nm were significantly intensified (Fig. S2b). It can be attributed to the antenna effect of DFX which acts as
an organic ligand and forms a complex with Tb**. The antenna effect is an intramolecular energy transfer
between oxygen-nitrogen-containing organic compounds such as DFX and terbium ions. In fact, the photons
were absorbed by DFX and then the energy transfer process occurs from the triplet state of the ligand (DFX)
to the terbium ion and its fluorescence signal increases (Fig. 3). This phenomenon inspires us to design the
DEFX ratiometric fluorescence sensor using CDs and Tb peaks as a reference and sensing probe, respectively.
Additionally, concerning the different emission color of Tb (green) and CDs (blue), we developed a fluorescence
colorimetric method to measure the DFX by a smartphone.

It is worth mentioning that the mixture of CDs and Tb with the same concentrations, applying in the synthesis
of Tb-CDs, was prepared and utilized for DFX measurement. As shown in Fig S3, the fluorescence intensity
variations of Tb in the presence of various concentration of DFX are too low, indicating low sensitivity of the
mixture of Tb and CDs for DFX measurement compared to the synthesized Tb-CDs. The results confirmed the
necessity of hydrothermal synthesis of Tb-CDs to achieve more sensitive sensor for DFX detection.

Analytical performance of fluorescence sensor

To obtain maximum sensitivity for DFX sensing, the influence of factors such as amount of Tb-CDs, pH, kind
and concentration of buffer, incubation time and temperature on the fluorescence signal were examined (Fig.
S4). DEX measurements were done under obtained optimum condition (including 75 uL of Tb-CDs, Tris-
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HCI buffer, 0.0125 M, pH=7.5, at room temperature with 5 min incubation time.) As shown in Fig. 4, with
increasing the concentration of DFX, the emission intensity at the 440 nm peak remains constant while the
emission intensity at the 546 nm peak increases. We applied the fluorescence intensity ratio (F 546/F 440) as an
analytical signal for DFX measurement. A linear relationship was obtained in the range of 0.1-2.5 uM with the
detection limit 0.08 uM (S/N =3) for the determination of DFX. The method’s reproducibility was examined by
the calculation of relative standard deviation (RSD) for five replicate analyses of 0.2 uM, which were 1.2%.

On the other hand, with the increase of DFX concentration, the intensity of Tb3* green emission (at 546 nm)
increased, while the intensity of blue emission (at 440 nm) of CDs was constant. As a result, the color of solutions
under UV radiation varied from blue to green. We followed up RGB signal (the intensity of red, green and blue
color recorded by the smartphone) as an analytical response. As shown in Fig. 5, there was a linear relationship
between B component (the intensity of blue color) and the concentration of DFX in the range of 0.5-15 uM. In
this way, we designed a smartphone-based fluorescence colorimetric sensor using Tb-CDs to measure DFX. The
detection limit and RSD% (for 1.5 uM) of developed sensor were calculated to be 0.4 uM and 3.8%, respectively.

We evaluated the selectivity of both sensors by investigating the effect of some species found in biological
samples on the measurement of DFX (1.0 uM). The concentration ratio of interferences was calculated with a
relative error of <5%. The results reported in (Table 1) and (Table S1) indicated the appropriate selectivity of
developed methods.

Compared to already reported fluorescence methods (Table 2)*-3%36, the established ratiometric
method indicated better analytical performance, as well as making it possible to simply measure DFX by the
smartphone instead of the spectrofluorimeter. Compared to the Tb sensitized fluorescence method” for the DFX
determination (our group’s previous work), the selectivity of this sensor specially in the presence of transition
metal ions including Fe, Zn and Cu was improved and consumption of materials (especially expensive Tb salt)
was reduced. Against some reported methods which suffer from complicated synthesis of fluorescence probe
or need to use a quencher to DFX assay?®~, the applied fluorescence probe was synthesized by a simple method
and no need to use other elements for designing the sensor.

Real sample analysis

We investigated the applicability of established sensors for the determination of DFX in human serum samples.
DFX measurement in human serum samples was done by both spectrofluorimeter and smartphone. The samples
were spiked with DFX in the therapeutic concentration range®”*8. The recoveries were obtained in the range of
97-105%. Moreover, the Student’s t-test values were calculated for all analyses and indicated the accuracy of
developed methods. The results are reported in Tables 3 and 4.

Conclusion

In this study, we used the one-step hydrothermal method for the synthesis of Tb-CDs and characterized them
by spectroscopic and microscopic methods. Tb-CDs were used to develop a ratiometric fluorescence method
for the measurement of DFX. With increasing DFX concentration, the Tb fluorescence peak increased while the
peak corresponding to the CDs remained constant. The improvement of Tb fluorescence intensity was assigned
to the antenna effect of DFX, leading to the energy transfer process from DFX to the terbium ion. The increase
of Tb to CDs fluorescence signal ratio was proportional to the DFX concentration. Beside, considering the color
variation of emitted light from blue to green, related to the change in the ratio of the two fluorescence peaks

12
b y=4.0827x +0.4221
| 25“'M 10 - RZ = 0999
t
\ 8 -
| S
1 3
L =
§ 67
w
i <]
4 -
2 4
T T J 0 T T
400 450 500 550 600 650 0 1 2 3
Wavelength (nm) Concentration of DFX (uM)

Fig. 4. (a) Fluorescence spectrum of Tb-CD in the presence of DFX different concentrations (0.1-2.5 uM),
and (b) corresponding ratiometric calibration curve under optimal conditions.
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Fig. 5. (a) Emission color change of Tb-CDs in the presence of DFX different concentrations (0-15uM) under
254 nm UV light. (b) Calibration curve for detection of DFX by smartphones.

Na*, K*, Cl', Sucrose, Lactose, L-cysteine, Glucose , Alanine, Ca?*, SO 42' 1000
Mg2+, NO; ., I' 800
Deferiprone 600
Glutathione 500
Ascorbic acid, F’, Uric acid 400
Creatinine, Urea 200
Glycine, Lactic Acid, Tryptophan 100
Fe**, Cu?*, Zn** 50

Table 1. Tolerance limits of some potentially interfering species in the determination of 1 1+ M DFX.

(546 and 440), a smartphone-based colorimetric method was designed for measuring DFX. Both sensors were
successfully used to measure DFX in biological samples.
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Florescence sensor | Detection method Linear range (uM) | Limit of detection (uM) | Reference
CDs-Cu Quenching 1.33-53.5 0.88 2

Tb** Terbium-sensitized fluorescence | 0.005-5 0.0015 o

CDs-Cu Quenching 1.33-53.5 0.32 28

MPT® Quenching 20-100 - 3
DA-CDs-Cu Quenching and recovery 2.67-26.7 1.60 0
Tb-CDs Ratiometric 0.1-2.5 0.08 This work
Tb-CDs Fluorescence colorimetry 0.5-15 0.4 This work

Table 2. Comparison between analytical performance of developed methods and some reported fluorescence
methods for the determination of DXE ?A thiourea-based diphenyl acetamide probe.

Sample | Added (uM) | Founded (uM)® | Recovery+RSD% | t-Statistic®
0 0.0 - -

Serum 1 | 50 49.70+1.4 99.4+2.9 0.3
100 99.8+4.8 99.8+4.8 0.05
0 0.0 - -

Serum 2 | 50 49.0+3.5 98.0+7.2 04
100 104.5+7.8 104.5+7.5 0.9

Table 3. DFX determination in serum samples by ratiometric fluorescence method. *Mean of three

determinations + standard deviation. ®t-critical=4.3 for n=2, p=0.05.

Sample | Added (uM) | Founded (uM)?* | Recovery+RSD% | t-Statistic®
0 0.0 - -

Serum 1 | 50 49.2+22 98.4+4.6 0.6
100 97.6+3.2 97.6+3.1 0.6
0 0.0 - -

Serum 2 | 50 51.0+1.8 102.0+3.5 0.9
100 95.7+2.5 95.7+2.6 1.9

Table 4. DFX determination in serum samples by smartphone-based method. Mean of three

determinations + standard deviation. ®t-critical=4.3 for n=2, p=0.05.
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