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A B S T R A C T   

A novel selective and reliable ratiometric fluorescence probe has been successfully synthesized for precise, 
sensitive, and simple quantitation of methotrexate (MTX). Hydrothermal method was employed to fabricate 
nitrogen-doped carbon dots using Annona squamosa seeds (AS-CDs) as a starting material, and their character
istics were confirmed using transmission electron microscopy (TEM), UV-Vis spectroscopy, fluorescence spec
troscopy, X-ray diffractometry (XRD), and Fourier Transform Infrared Spectroscopy (FTIR). The ratiometric 
fluorometric assay, which is based on measuring the ratio of emissions (F355/F430), has a wide detection range of 
5–2000 ng /mL and a limit of detection (LOD, S/N = 3) of 1.5 ng /mL. The developed sensing method was 
successfully applied to the quantification of MTX in rabbit plasma samples and parenteral formulations, 
achieving satisfactory recoveries %. Magnetic molecularly imprinted solid-phase microextraction was used for 
selective extraction of MTX from plasma samples. The pharmacokinetic parameters were successfully determined 
in real rabbit plasma samples after intravenous administration of MTX. The as-designed probe does not only 
improve the sensitivity, but also enhances the precision and accuracy of the proposed method. Overall, this study 
presents a promising approach for the detection of MTX in genuine samples with acceptable degree of selectivity 
and sensitivity.   

1. Introduction 

Light emissive carbon dots (CDs) have received a significant interest 
due to their unique properties with a size less than 10 nm. The most 
intriguing qualities of CDs are water solubility, chemical inertness, 
photoluminescence, low toxicity, biocompatibility, photostability, ease 
of functionalization, and low-cost of production [1]. The hydrothermal 
method is a popular choice for synthesizing CDs due to its simplicity, 
cost-effectiveness, and ability to provide controlled reaction conditions 
[2–4]. The derivation of CDs from natural sources, including fruits, 
vegetables, plants and animal derivatives, has gained significant atten
tion as a research topic [5]. Annona squamosa seeds contains a variety of 
phytoconstituents, which serve as the primary carbon source for syn
thesizing nitrogen-doped carbon dots (N @ CDs) [6]. The current study 
involved the production of fluorescent N @ CDs using the hydrothermal 

method, with Annona squamosa seeds (AS- N @ CDs) serving as the 
primary carbon-rich source for the synthesis process. 

Methotrexate (MTX) is a chemotherapeutic agent that serves as a 
folate antagonist and antimetabolite, and is widely used for the treat
ment of various types of cancer, including leukemia, osteosarcoma, 
breast cancer, malignant lymphoma, and other neoplastic disorders. In 
addition to its anti-tumor properties, MTX also has anti-inflammatory 
effects and is utilized for treating various conditions such as psoriasis, 
rheumatoid arthritis, and lupus [7]. The administration of MTX is often 
accompanied by a range of side effects, including cardio-toxicity, hep
atotoxicity, bone marrow suppression, hypo-albuminuria, renal toxicity, 
pulmonary toxicity, low white blood cell counts, and myelosuppression. 
As a result, the use of high doses (1 g per vial) of MTX has been limited in 
clinical applications [8]. MTX has a narrow therapeutic range, and 
exceeding the recommended dose can have life-threatening 
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consequences [9]. Therapeutic drug monitoring can be a useful tool in 
ensuring the efficacy and safety of MTX treatment. Therefore, it is 
crucial to accurately measure MTX concentrations in patients’ plasma. 
Therefore, monitoring the pharmacokinetic parameters of methotrexate 
is crucial for ensuring the safe and effective use of the drug, as it allows 
healthcare providers to tailor dosing regimens, minimize toxicity, and 
optimize therapeutic outcomes. 

Molecularly-imprinted polymers (MIPs) are synthetic nanomaterials 
containing specific recognition sites for the target molecule [10]. These 
sites are formed by co-polymerizing monomers in the presence of a 
template molecule that is extracted afterwards, leaving behind com
plementary cavities [11]. The selectivity and affinity of MIPs make them 
ideal candidate for sample preparation techniques like solid-phase 
extraction (SPE) to isolate drugs from complex biological matrices 
[12]. Key advantages of MIPs include excellent extraction efficiency, 
ability to isolate drugs from complex matrices, selectivity over metab
olites, cost-effectiveness compared to biological binders, physical 
robustness, and the capacity to be reused [13]. The specificity provided 
by MIPs provides excellent extraction efficiency and allows accurate 
quantitation of drugs without interference from metabolites or other 
sample components [13]. Magnetic molecularly-imprinted solid-phase 
extraction (MMIP-SPE) is a technique that combines the selectivity of 
molecularly imprinted polymers (MIPs) with the convenience of mag
netic separation [14]. In MMIP-SPE, MIPs are incorporated with mag
netic particles, such as iron oxide (Fe3O4) nanoparticles [15]. This 
allows ease and rapid separation of the MIP by applying an external 
magnetic field. For drugs like MTX with multiple metabolites, 
MMIP-SPE can play a valuable role in selective sample clean-up prior to 
analysis. This provides advantages over standard extraction methods 
and supports the importance of MMIPs as selective sorbents for phar
maceutical and bioanalytical applications [13]. 

In the original research [16], the efficiency of MTX extraction using 
MMIP was fine-tuned through a systematic evaluation of various pa
rameters. Increased MIP mass up to 100 mg improved extraction ca
pacity but plateaued at higher amounts. An extraction time of 2 h was 
optimal for maximizing MTX adsorption. A 20% methanol wash solution 
achieved the best removal of non-specific matrix components while 
retaining MTX. Methanol-acetic acid (80:20 v/v) provided the most 
effective elution solvent, with 5 mL volume needed for complete MTX 
recovery. Finally, 60 min was sufficient for complete elution. The 
adsorption experiments revealed that the MMIPs exhibited superior 
adsorption properties for MTX compared to MNIPs. The static adsorp
tion curves demonstrated that MMIPs had a significantly higher MTX 
binding capacity, attributed to the presence of imprinted holes on their 
surface. The dynamic adsorption experiments showed that MMIPs had a 
faster adsorption rate and stronger adsorption capacity, reaching equi
librium at 60 min. The pseudo-second-order model provided an excel
lent fit for the adsorption kinetics. Additionally, MMIPs exhibited 
selective recognition of MTX over its structural analogs, indicating their 
ability to selectively bind the target molecule. 

Herein, we developed a reliable and selective method for detecting 
MTX levels in plasma by integrating MMIP-SPE with fluorescence 
detection. This approach simplifies sample pretreatment and reduces 
interference from proteins and MTX metabolites during analysis. The 
MMIP-SPE selectively extracts MTX from plasma samples, providing 
clean extracts for sensitive fluorescence measurement. By combining the 
selectivity of MMIP-SPE for MTX with the sensitivity of fluorescence 
detection, this method enables a reliable quantification of MTX in 
plasma samples with minimal sample preparation and interference. The 
fluorometric method for detecting MTX is based on using AS-CDs as a 
ratiometric fluorescence sensor. The ratiometric detection method 
significantly improved the accuracy and sensitivity of the MTX sensor 
due to its low background signal. The sensor was found to be effective in 
detecting MTX in plasma samples and pharmaceutical injections. The 
fundamental pharmacokinetic parameters were investigated in real 
rabbit plasma samples. 

The developed fluorometric method for determining MTX using AS- 
CDs surpasses the reported methods using different carbon dots in 
several key aspects. Firstly, our proposed method incorporates a selec
tive extraction technique using MMIP to isolate MTX from the complex 
plasma matrix. This approach ensures minimal interference from pro
teins and other MTX-related metabolites, enhancing the method’s ac
curacy and specificity. Secondly, while previously reported sensors rely 
on single peak fluorescence emissions, which can be susceptible to 
interference from varying environmental conditions, our ratiometric 
method utilizes two distinct wavelengths. This dual-wavelength 
approach effectively eliminates the potential for interference, 
enhancing the reliability and robustness of our method, making it a 
superior choice for accurate MTX quantification in practical 
applications. 

2. Materials and methods 

2.1. Reagents and chemicals 

The chemicals employed in the experiment were of a high purity 
suitable for analytical purposes. Methotrexate (MTX) with a purity more 
than 99% was obtained from Merck (Darmstad, Germany). Quinine 
sulfate dihydrate, 3-Aminopropyl triethoxysilane (APTES, 98%) and 
tetraethyl orthosilicate (TEOS, 98%) were supplied by Sigma-Aldrich 
Co., Ltd., USA. Unitrexate® vial contained 1.0 g MTX per vial and it 
was bought from a local pharmacy. Annona squamosa fruit were pur
chased from a local market and the seeds were collected from the fruit. 
Methanol, ammonium hydroxide, potassium hydroxide, ethanol, 
acetonitrile, FeCl3⋅6 H2O, FeSO4⋅7 H2O, calcium phosphate, sodium 
chloride, sodium nitrate, L-arginine, glucose, uric acid, cysteine, glycine, 
proline, bovine serum albumin, dopamine, tyrosine and folic acid were 
provided by Fluka (Buchs, Switzerland). Dihydrogen sodium phosphate 
and hydrogen disodium phosphate were purchased from Merck (Cairo, 
Egypt). All solutions were prepared using double-distilled water. 

2.2. Instrumentation 

Absorption spectra were recorded on a double-beam UV1601 PC 
Ultraviolet–visible spectrophotometer (Shimadzu, Tokyo, Japan) with a 
cuvette with a 1 cm optical path. Fluorescence spectra were recorded on 
a RF-5301PC Shimadzu fluorescence spectrophotometer (Tokyo, Japan) 
equipped with a xenon lamp and quartz cell with excitation and emis
sion slit at 5 nm. The Fourier-transform infrared (FT-IR) spectra of AS- 
CDs were recorded on a Nicolet 6700 instrument (Thermo Electron 
Corporation, USA) at scanning range from 4000 to 400 cm− 1. The X-ray 
diffraction (XRD) pattern was performed using Philips PW 1700 X-Ray 
diffractometer (Eindhoven, Netherlands). The morphological evaluation 
of AS-CDs was studied by transmission electron microscope (TEM) 
(JEOL, JEM-1400, 200 kv, Japan). X-ray photoelectron spectrometer 
(XPS, ESCA Ulvac-PHI 1600, PHI Quantum 2000 XPS system, Physical 
Electronics, USA) was used to reveal the surface functional groups of AS- 
CDs. 

2.3. Synthesis of AS-CDs 

The Annona squamosa fruits were thoroughly cleansed multiple times 
with double distilled water to remove any contaminants before being 
sliced into small pieces, and the fruits were peeled to obtain seeds. The 
seeds were then dried under sunlight. A quantity of 0.5 g of dried Annona 
squamosa seeds was ground into powder using a mortar and pestle and 
sifted through an 80-mesh standard sieve. After that, the seed powder 
was subjected to ultrasonication in a beaker along with 20 mL of double 
distilled water for 20 min. The resulting mixture was then poured into a 
50 mL Teflon-coated stainless steel pressure vessel and heated to 200 ◦C 
under pressure for 6 h. After the temperature of the solution had fallen to 
around that of the surrounding environment, the resulting yellow 
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product was collected and any large particles were removed by centri
fugation for 3 min at 4000 rpm. The solutions were then passed through 
a 0.22 µm syringe filter to eliminate any remaining microparticles. 
Finally, the yellow AS-CDs solutions were stored at 4 ◦C for future use. 

2.4. Sample pretreatment and extraction 

2.4.1. Preparation of magnetic nanoparticles coated by silica (Fe3O4 
@SiO2 MNPs) 

Fe3O4 @SiO2 was synthesized following established procedure [17]. 
The reported procedures are mentioned in supplementary data file. 

2.4.2. Preparation of MMIPs and MNIPs 
MMIPs were synthesized using a procedure previously reported [16]. 

The reported procedures are mentioned in the supplementary data file. 

2.4.3. MMIPs-SPE procedure 
MMIPs-SPE procedure of MTX in biological fluids were previously 

reported [16]. The plasma sample (500 µL) was spiked with known 
concentrations of MTX (500 μg /mL) standard in 5 mL heparinized 
tubes. To precipitate plasma proteins, 500 µL of acetonitrile was added 
to each tube, followed by vortex mixing for 5 min and centrifugation at 
8000 rpm for 5 min. The resulting supernatants were quantitatively 
transferred to 5 mL volumetric flask. For the extraction, 100 mg of 
MMIPs were first activated by shaking in 10 mL of methanol for 5 min 
and separated magnetically. The content of 5 mL volumetric flask was 
then added to the activated MMIPs and extracted by shaking for 240 min 
at room temperature. Elution of MTX was performed by adding 5 mL of 
methanol-acetic acid solution (4:1 v/v) and shaking for 60 min. The 
eluent was collected in test tubes, dried under nitrogen, and completed 
to 700 µL with methanol for subsequent fluorescence analysis to quan
titate MTX levels. 

2.5. Procedures for ratiometric fluorescence determination of MTX 

A solution containing 300 µL of AS-CDs, 2.0 mL of a phosphate buffer 
solution (pH 7.0), and 700 µL of different concentrations of MTX was 
prepared. The mixture was then incubated for 1 min before dilution with 
methanol to achieve a final volume of 5.0 mL. Next, fluorescence spectra 
were collected in the 300–600 nm wavelength range with excitation at 
300 nm. The fluorescence intensity ratio was measured with varying 
MTX concentrations at emission wavelengths of 355 nm (Native fluo
rescence of MTX) and at 430 nm (Fluorescence of AS-CDs) to determine 
the MTX concentration. 

2.6. Pharmacokinetic application 

A pharmacokinetic study was conducted on six healthy male New 
Zealand rabbits weighing 2.0–2.5 Kg to investigate the pharmacoki
netics of MTX. The rabbits were given time to adapt to standard labo
ratory conditions for two weeks, which included a 12-hour light/dark 
cycle, a temperature of 25 ± 5 ◦C, and unrestricted access to food and 
water. The study protocol was approved by the ethics committee at 
Assiut University (06/2023/0133), Egypt, and adhered to the guidelines 
of the Declaration of Helsinki. Intravenous bolus injection of MTX at a 
dose of 15.0 mg/kg was given through the marginal ear vein of rabbits. 
Food intake was restricted after the dose, while water was provided 
without restriction. Blood samples for pharmacokinetic analysis were 
collected at various time points: at 0.25, 0.5, 1, 1.5, 2, 4, 6, 10, and 12-h 
post-dose. Each sample (1.0 mL) was collected in heparinized tubes. 
Following collection, the plasma was separated by centrifugation at 
5000 rpm for 5 min at a temperature of 5 ◦C, and subsequently stored at 
− 20 ◦C until further analysis. 

2.7. Analysis of MTX in parenteral formulation 

The MTX quantification method developed in this study was tested 
on a parenteral formulation (1.0 g/ vial, Unitrexate® vial). To determine 
the MTX concentration, the samples were diluted with methanol to 
achieve a final concentration range of 5.0–2000 ng /mL. 

3. Results and discussion 

3.1. Morphological and spectroscopic characterization of AS-CDs 

TEM measurement was conducted to verify the size and morphology 
of AS-CDs. By analyzing the TEM image, it showed that AS-CDs has a 
spherical shape and well dispersion with diameters of approximately 
3–4 nm as can be seen in Fig. 1 A and the particle size distribution 
histogram (Fig. 1 A inset). The XRD pattern of the AS-CDs shows a broad 
diffraction peak at 24.9◦ and this pattern revealed the amorphous sur
face of AS-CDs (Fig. 1B) [18]. Fig. 1 C was obtained after performing 
FTIR measurements in order to gain a deeper understanding of the 
functional groups present on the surface of the AS-CDs. The broad ab
sorption band observed around 3405 cm− 1 was determined to be asso
ciated with the stretching vibration of N–H/O–H [19]. In addition, the 
spectrum showed stretching vibrations of C-H at 2924 and 2851 cm–1. 
The typical range for the C-O stretching vibration on the aromatic ring 
was found to be between 1031 and 1110 cm− 1 [20]. The stretching vi
brations of C––O and C-N were linked to the notable absorption peaks 
detected at approximately 1658 cm− 1 and 1433 cm− 1, respectively. 
Furthermore, the bending vibration of C-H was associated with the ab
sorption band at 610 cm− 1 [21]. The FTIR spectrum of AS-CDs indicated 
the presence of various functional groups on their surface, including 
amino, acidic, hydroxyl, and carbonyl moieties. The broad band 
observed at 3405 cm− 1 was attributed to the presence of –OH/–NH 
functional groups or hetero atom doping, indicating the likely presence 
of nitrogen in the AS-CDs. The XPS survey revealed that the 
as-synthesized AS-CDs have typical signals of C 1 s, N 1 s, and O 1 s with 
binding energies of 289 eV, 400 eV, and 537 eV, respectively (Fig. S1) 
[22]. 

3.2. Optical characterization of AS-CDs 

The UV–vis absorption spectrum of the AS-CDs displayed a weak 
band at 280 nm, which is attributed to the π-π * transition of the C––C 
group. Additionally, a noticeable absorption peak was observed at 
350 nm, which was assigned to the n-π * transition of the C––O/C––N 
bonds [19,20]. The AS-CDs demonstrated distinct and intense fluores
cence with highest emission at 430 nm when excited at 320 nm, as 
depicted in Fig. 2A. Furthermore, their fluorescence properties were 
dependent on the excitation wavelength, as shown in Fig. 2B when they 
were excited from 300 nm to 400 nm. The quantum yield of AS-CDs was 
determined to be 36.5% by comparing it to the reference quantum yield 
of 54% obtained using quinine sulfate in 0.1 mol/L H2SO4. This calcu
lation involved measuring the absorbance and emission spectra of 
AS-CDs and quinine sulfate at 360 nm excitation wavelength and 
substituting the absorbance and fluorescence integral area into a for
mula [23]: 

ϕAS− CDs = ϕQS ×
FAS− CDs

FQS
×

AQS

AAS− CDs
×

ηAS− CDs

ηQS 

The quantum yield of AS-CDs is represented by ϕAS-CDs, while ϕQS 
represents the quantum yield of QS. F AS-CDs indicates the fluorescence 
intensity of AS-CDs, and FQS corresponds to the fluorescence intensity of 
quinine sulfate. A represents the absorbance value, and η denotes the 
refractive index of the solvent. For the AS-CDs, the solvent used was 
distilled water with a refractive index of 1.33, while for quinine sulfate; 
it was 0.1 M H2SO4 with a refractive index of 1.33. 
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3.3. Stability of AS-CDs 

To ensure the stability of AS-CDs as a fluorescent probe, their fluo
rescence performance was tested under different conditions. The results, 
illustrated in Fig. S2A, demonstrate an increase in emission intensity at 
430 nm as the pH value increased, with the fluorescence remaining 
relatively stable after reaching a pH of 5. These findings suggest that AS- 
CDs are not stable in a highly acidic range of pH values and have the 
potential to be used in applications that require neutral or alkaline 
medium. This may be attributed to the aggregation-induced quenching 
occurred in high acidic medium (pH 1–3) [24]. Fig. S2B demonstrates 
that the fluorescence intensities of AS-CDs remain relatively stable even 
at NaCl concentrations as high as 1.0 M, indicating the excellent salt 
tolerance. To evaluate the photostability of AS-CDs, fluorescence spectra 
were recorded under a 365 nm UV lamp at various exposure times 
ranging from 0 to 10.0 h. As shown in Fig. S2C, no significant changes in 
fluorescence were observed during this period, indicating that AS-CDs 
exhibit excellent resistance to photobleaching and are highly stable. 

3.4. Optimization of experimental conditions 

To enhance the fluorescence sensitivity of AS-CDs probe, the detec
tion conditions were adjusted. The fluorescence intensity ratio F355/F430 
was used as the standard to optimize the experimental conditions 
including pH, incubation time, volume of AS-CDs and excitation wave
length for the ratiometric determination of MTX and AS-CDs. I355 and 
I430 were the fluorescence intensity at 355 nm for MTX and 430 nm for 

AS-CDs, respectively. The influence of pH in the range of 3–10 was 
examined (Fig. S3A). The optimal pH for achieving maximum F355/F430 
ratio is approximately 7. As a final parameter, the volume of AS-CDs 
introduced into the reaction solution was evaluated. From 100–500 µL 
of AS-CDs, appropriate ratio intensities (F355/F430) were noted as the 
volume is 300 µL (Fig. S3B). To determine the optimal reaction time, the 
effect of reaction time was evaluated over 300 s. The results, as illus
trated in Fig. S3C, demonstrated that the highest fluorescence intensity 
ratio F355/F430 was observed after 60 s, indicating that a reaction time of 
60 s was optimal for the experiment. 

The choice of excitation wavelength is a critical factor in the ratio
metric analysis of MTX and AS-CDs due to the potential for interference 
between their respective emissions. In this study, an excitation wave
length of 300 nm was chosen for MTX because its native emission ap
pears at 355 nm, which does not interfere with the emission wavelength 
of AS-CDs (Fig. 3). On the other hand, if an excitation wavelength of 
350 nm was used, it would result in an native emission at 460 nm that 
overlaps with the AS-CDs emission at 430 nm, leading to spectral 
interference and potentially inaccurate results (Fig. 3). However, it 
should be noted that at 320 nm (the optimum excitation wavelength of 
AS-CDs), the fluorescence intensity of MTX was considerably lower. 
Thus, 300 nm was ultimately chosen as the excitation wavelength for 
both MTX and AS-CDs, as it provided the optimal sensitivity for MTX, 
and the fluorescence of AS-CDs was only slightly affected. 

Fig. 1. (A) TEM image (inset: size distribution histogram), (B) XRD and (C) FT-IR characterization of the produced AS-CDs.  
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3.5. Determination of MTX by ratiometric fluorescent probe 

The validation of the proposed method was conducted in accordance 
with the guidelines outlined in ICH Q2 (R1). Under the optimal exper
imental conditions, the fluorescence of AS-CDs was tested with the 
gradual addition of MTX, resulting in a decline in fluorescence intensity 
at 430 nm and an increase at 355 nm. The recorded values of F355/F430 
demonstrated excellent linearity across the range of MTX concentrations 
from 5.0–2000 ng /mL, as presented in Fig. 4A and 4B. The linear 

regression equation was estimated to be F355/F430 = 0.0009⋅CMTX 
+ 1.14 (R2 = 0.9986). The detection limit (LOD, S/N = 3) was calcu
lated to be 1.46 ng /mL utilizing the formula LOD = 3σ/k, where σ 
represented the standard deviation of the signal obtained from 10 blank 
parallel measurements and the calibration curve’s slope was denoted by 
the variable k. To evaluate the precision of the developed method, intra- 
day precision was assessed by measuring six replicates at three different 
concentration levels spanning the low, medium, and high ranges of the 
calibration curve. Inter-day precision, on the other hand, was evaluated 
over a period of three consecutive days. The precision of the method was 
expressed as the percent relative standard deviation (% RSD), and the 
results can be found in Table S1. It is noteworthy that the % RSD values 
did not exceed 3.81%, indicating that the developed method exhibits 
satisfactory precision. 

The detection performance of MTX was compared with other fluo
rometric methods and presented in Table 1. The comprehensive evalu
ation of the comparative data presented in the table justifies the 
significance of the current work. The proposed method demonstrates 
several advantages over existing methods. Firstly, it offers higher 
sensitivity compared to most methods and wider linearity ranges, indi
cating its ability to detect lower concentrations of the target analyte and 
cover a broader range of concentrations. Secondly, it stands out as the 
only method based on ratiometric sensing, which enhances accuracy and 
reliability by measuring multiple signals simultaneously. This distin
guishes it from other methods relying on single-signal measurements. 
Lastly, the method for preparing the carbon dots used in this work is 
simpler compared to other fluorescent probes, making it more accessible 
and practical for potential applications. 

The study assessed the regeneration capabilities of MMIPs. In the 
initial experiment, a sample recovery rate of 98.50% was achieved. 
Subsequently, in a second extraction experiment conducted under 
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identical conditions, the recovery rate was 94.26%. This indicates that 
the extraction agent developed in this research exhibited a robust 
regeneration performance, with only a minimal 4.24% decrease in re
covery rate after two repeated uses. 

3.6. Fluorescence detection mechanism 

Fluorescence quenching can occur through static or dynamic mech
anisms and can involve various processes such as inner filter effect (IFE), 
Förster resonance energy transfer (FRET), and photo-induced electron 
transfer (PET). The UV–vis absorption spectrum of MTX shows 

absorption peaks at 200–500 nm, with clear UV peaks at 262, 295, and 
376 nm. The AS-CDs displayed a well-defined fluorescence emission 
peak at 430 nm when excited at 300 nm. There was significant overlap 
between the fluorescence excitation and emission spectra of the AS-CDs 
and the UV–vis absorption spectrum of MTX (Fig. 5A). Based on these 
findings, the fluorescence quenching of AS-CDs by MTX might be caused 
by the IFE or the FRET. In order to verify that the observed fluorescence 
changes were either due to FRET or IFE, the fluorescence lifetimes of AS- 
CDs were measured with and without MTX as shown in Fig. 5B. The 
lifetime of AS-CDs does not change after the addition of MTX. Since the 
IFE process does not affect the lifetime of AS-CDs, these results indicate 
the possibility of IFE between AS-CDs and MTX. Therefore, it can be 
concluded that IFE was the primary cause of the observed fluorescence 
changes in AS-CDs. To gain a deeper understanding of the quenching 
mechanism, As shown in Fig. 5C, increasing the temperature resulted in 
decreasing the slope (Ksv) of the Stern-Volmer equation. The Stern- 
Volmer equation can be represented as follows [33]:  

F0/F = 1 + Ksv [Q]                                                                                

The fluorescence of AS-CDs in the absence and presence of MTX can 
be described by F0, F, and [Q] is the concentration of MTX, while Ksv 
represents the Stern-Volmer constant. The observed decrease in Ksv with 
rising temperature suggests that static quenching dominates the reaction 
process. 

In order to confirm the reduction in fluorescence due to IFE, the 
Parker Eqs. (1), (2), and (3) were utilized for additional validation [34]. 

Fcor

Fobs
=

2.3dAex

1 − 10− dAex
10gAem

2.3sAem

1 − 10− sAem
(1) 

Table 1 
Comparison of different fluorometric methods for MTX detection with the pro
posed ratiometric method.  

Sensors Mode Linear 
range 
(ng /mL) 

LOD 
(ng 
/mL) 

Ref. 

N, S co-doped CDs Single-signal 0.45–22750  0.15 [25] 
Au nanocluster Single-signal 1.6–24000  0.9 [26] 
N, S co-doped CDs Single-signal 400 - 41300  12 [27] 
N, S, P, B co-doped CDs Single-signal 75–99900  74.9 [28] 
N, S co-doped CDs Single-signal 1330–53400  432.25 [29] 
Tb3+-1,10-phenanthroline 

complex. 
Single-signal 20–10000  15 [30] 

Terbium-doped dendritic 
silica particles 

Single-signal 100–1000  52.78 [31] 

Amine- silica CDs Single-signal 10–50000  10.0 [32] 
AS-CDs Ratiometric 5 – 2000  1.46 This 
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Fig. 5. (A) Fluorescence emission spectra overlap of AS-CDs and UV–vis absorption spectra of MTX (1.0 µg /mL) (B) Fluorescence decay curve of AS-CDs in the 
absence and presence of MTX, (C) Stern-Volmer plots of AS-CDs (1.0 mg /mL) with MTX (5.0–2000.0 ng /mL) under different temperatures, (D) Suppressed effi
ciency (E, %) of observed (Eobs) and corrected (Ecor) fluorescence intensity. 
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Eobs = 1 −
Fobs

Fobs,o
(2)  

Ecor = 1 −
Fcor

Fcor,o
(3) 

Fobs represents the observed fluorescence intensity, while Fcor de
notes the fluorescence intensity after IFE correction. Aex and Aem 
correspond to the absorbance values at 300 and 430 nm, respectively. 
The parameter ’g’ signifies a distance of 0.40 cm, indicating the space 
between the excitation beam’s edge and the cuvette’s edge. ’s’ denotes 
the thickness of the excitation beam, which is 0.10 cm, and ’d’ repre
sents the optical path length of light within the solution, equal to 1.0 cm. 
Fobs and Fobs,0 represented the fluorescence intensities detected in the 
presence and absence of MTX, respectively. Similarly, Fcor and Fcor,0 
indicated the fluorescence intensities after correction for IFE, with and 
without MTX. The relevant parameters were computed and presented in 
Table S2. As indicated in Table S2 and Fig. 5D, as the MTX concentra
tions increased, both the Fcor/Fobs ratio and the degree of suppression in 
the observed fluorescence (Eobs) increased. Notably, the Eobs value sur
passed the Ecor value. These experimental findings strongly suggested 
that the quenching mechanism involved was indeed IFE. 

3.7. Selectivity of AS-CDs 

In order to assess the selectivity of the AS-CDs sensing probe, we 
conducted experiments using the developed sensing probe to detect 
MTX in the presence of a variety of potential interfering agents 
commonly found in biological matrices. These interfering agents include 
Ca2+, Mg2+, Al3+, Zn2+, Na+, Fe2+, K+, Cu2+, Co2+, Ni2+, and Fe3+, as 
well as phosphate, chloride, nitrate, L-arginine, glucose, uric acid, 
cysteine, glycine, proline, bovine serum albumin, dopamine, tyrosine, 
and folic acid. The aim was to determine whether the AS-CDs sensing 
probe was specific to MTX or whether it could be influenced by other 
potential interfering agents. To assess the selectivity of the probe in 
plasma matrices, the tolerance limits (The concentration ratio of inter
fering species to analyte that generates <5% relative error in method 
sensitivity was determined as the threshold) were calculated (Table S3). 
These findings suggest that the AS-CDs sensing probe is highly selective 
and suitable for accurate detection of MTX in the presence of potential 
interfering agents in plasma samples. 

3.8. Analytical applications to plasma samples and injection solution 

In order to confirm the suitability of the AS-CDs fluorescent sensor 
for detecting MTX, we utilized the developed probe to analyze MTX in 
spiked rabbit plasma samples and injection formulations. The results of 
these analyses are presented in Table 2, and indicate that the recovery 
percentages for the selected concentrations fall within acceptable 
ranges. This suggests that the designed probe has a strong affinity for 
MTX and is a reliable tool for its detection. 

3.9. Pharmacokinetic applications 

The validated method was successfully employed to quantify the 
concentrations of MTX in rabbit plasma. Fig. 6 illustrates the mean 
concentration-time curves of MTX in rabbit plasma following a single 
intravenous bolus administration of 15 mg/kg. Table 3 presents the 
main pharmacokinetic parameters. The maximum (Cmax) and minimum 
(Cmin) plasma concentrations observed in the pharmacokinetic study 
samples were within the calibration range of the validated methods. 
MTX pharmacokinetics after intravenous administration generally fol
lows a two-compartment model. 

4. Conclusion (s) 

To summarize, we have developed a highly selective ratiometric 
fluorescence probe, utilizing blue emissive fluorescent carbon dots 
derived from Annona squamosa seeds (AS-CDs), for the detection of MTX. 
Upon addition of MTX, the fluorescence of the AS-CDs at 430 nm is 
quenched, while the fluorescence of MTX is increased at 355 nm. This 
ratiometric method for MTX detection offers a more precise measure
ment by detecting changes in the ratio of fluorescence intensities. Our 
designed probe has been successfully used for MTX determination with a 
low detection limit (1.46 ng /mL), good selectivity, and competitive 
detection speed. Moreover, we have applied this method for the detec
tion of MTX in rabbit plasma, which is of biological significance, as MTX 
has a narrow therapeutic index. The sources of errors in this study 
include the non-specific adsorption of interferents on the surface of 
MMIPs particles, which can be suppressed using differential study. 
Moreover, the influence of the primary IFE on the ratiometric fluores
cence intensity can be corrected according to the absorbance readout, 
which is beneficial to enhance the anti-interference ability of the flu
orometry [35]. Our developed ratiometric probe holds promise for 
monitoring pharmacokinetic parameters of MTX in real plasma samples, 
and offers improved accuracy and sensitivity for the detection of MTX. 
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Added (ng 
/mL) 

Plasma Parenteral 

Found 
(ng 
/mL) 

Recovery (%) 
± RSD (%) 

Found 
(ng 
/mL) 

Recovery (%) 
± RSD (%) 

5 4.90 98.0 ± 1.49  4.92 98.40 ± 1.78 
100 97.8 97.80 ± 1.28  98.2 98.20 ± 1.49 
600 593 98.83 ± 1.84  595 99.17 ± 2.53 
1000 989 98.90 ± 2.01  992 99.20 ± 2.41  
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