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ARTICLE INFO ABSTRACT

Keywords: In this work, an innovative ratiometric sensing platform was developed for the determination of
Au nanostar methotrexate (MTX), an antifolate drug, a chemotherapy agent, and an immune system sup-
Dual-emission fluorescent sensor pressant based on blue emission graphene quantum dots/Rhodamine B doped gold nanostars (B-
gﬁgﬁit: quantum dots GQDs/Au NSt-RB). The developed sensor was a dual-emission fluorescent probe with two major
Methotrexate emission peaks at 440 nm (B-GQDs) and 580 nm (Au NSt-RB) by exciting at 330 nm. Based on the
Quenching inhibiting effect of MTX on the system’s fluorescence density, the stable ratiometric fluorescent

Ratiometric fluorescence probe was used for the rapid determination of MTX in aquatic solutions and spiked human serum
samples. The results indicated good linear correlations over the logarithmic concentration range
of 0.3 nM-50.0 pM. In addition, B-GQDs/Au NSt-RB can further realize highly sensitive detection
of MTX with a low LOD value of 2.28 x 10~ 1% M. The RSD% values obtained for the intra-day and
inter-day precision were 0.63-3.86 %. With recoveries of 98.2-100.1 % and 98.7-100.5 %,
respectively. The short-term temperature and freeze-thaw tests confirmed the higher stability of
the developed sensor. In addition, the calculated recoveries for MTX recognition in real samples
were in the range of 98-102 %. These findings suggested the excellent potential of the ratiometric
fluorescence B-GQDs/Au NSt-RB sensor for detecting MTX in real plasma samples.

1. Introduction

Methotrexate (MTX; Fig. 1), an antifolate drug, is a chemotherapy drug and immune system suppressant that was introduced as the
first cancer therapy substance in 1940 [1]. MTX is widely used in the therapy of various cancers, autoimmune diseases, ectopic
pregnancies, and for medical abortions [2]. It has been reported that MTX has an excellent therapeutic effect on almost 700 cancer cell
lines [3]. MTX binds with higher affinity to dihydrofolate reductase (DR) and hinders the conversion of dihydrofolate to tetrahy-
drofolate by inhibiting the function of DR, disrupting DNA and RNA synthesis [4-6]. High MTX doses can cause kidney damage due to
the crystallization of MTX and its metabolites in the nephrons, which can lead to severe toxicities [7]. Therefore, monitoring the blood
level of MTX can be one of the most important clinical challenges.

* Corresponding author.
** Corresponding author. Biomaterials and Medicinal Chemistry Research Center, AJA University of Medical Sciences, Tehran, Iran.
E-mail addresses: masoumeh.foroutan@yahoo.com (M. Foroutan Koudehi), rzil2@uclive.ac.nz (R. Zibaseresht).

https://doi.org/10.1016/j.heliyon.2024.e37914

Received 20 August 2023; Received in revised form 11 September 2024; Accepted 12 September 2024

Available online 13 September 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:masoumeh.foroutan@yahoo.com
mailto:rzi12@uclive.ac.nz
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e37914
https://doi.org/10.1016/j.heliyon.2024.e37914
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Gagzizadeh et al. Heliyon 10 (2024) e37914

Antibody-based methods are the most commonly used techniques for estimating blood concentrations of MTX in clinics [5].
However, various other analytical approaches for MTX detection have been published in the literature, including high-performance
liquid chromatography-ultraviolent (HPLC-UV) detector [8], liquid chromatography-mass spectrometry (LC—MS) [9], capillary
electrophoresis (CE) [10], LC/MS/MS [11], and surface-enhanced Raman scattering (SERS) technique [12]. These analytical methods
have some drawbacks that limit their widespread applications, such as high cost, complicated operation, extensive preprocessing, and
an unsatisfactory detection limit. Therefore, developing simple, sensitive, and low-cost techniques for estimating the blood level of
MTX has received considerable attention among researchers.

In recent years, fluorimetric methods, which are based on various substances with fluorescence properties, have appealed atten-
tions of researchers for the detection of different analytes. However, among various fluorescence sensing techniques, ratiometric
fluorescent sensors show a considerable advantage [13,14]. A ratiometric measurement, involving the simultaneous recording of
fluorescence levels at two wavelengths using one excitation wavelength and calculating their ratio, provides greater precision than
other fluorimetric methods [15]. In general, ratiometric fluorescence approaches are renowned for their selectivity, ease of use, fast
experimental protocols, minimal sample requirement, high sensitivity within nano or lower concentration ranges, cost-effectiveness,
and superior reproducibility compared to other methods. They find wide applications in environmental analysis, facilitating the
identification and removal of industrial effluents, as well as in biology for metabolite, enzyme, and cancer cell identification amidst
healthy cells. One of the primary objectives of ratiometric methods is to minimize matrix disturbances [16].

According to previous reports, different ratiometric fluorescence approaches based on semiconductor quantum dots have been
developed. Because of their sharp and continuous excitation spectra and size-tunable fluorescence, these materials are preferable for
producing multicolored fluorescent systems [17]. Carbon-based dots like graphene quantum dots (GQDs) showed unique properties in
the fabrication of sensing probes, including high absorbance coefficient, chemical and physical stability, and favorable biocompati-
bility [18-20]. Considering the beneficial features of GQDs, in this work, a novel dual-emissive ratiometric probe was constructed by
blue emission GQDs (B-GQDs) coupled with rhodamine B doped gold nanostars (Au NSt-RB) (B-GQDs/Au NSt-RB). The prepared dual
ratiometric probe was applied for estimating MTX in aquatic solutions and real samples (Scheme 1). The different experimental pa-
rameters were optimized. The detection result showed a good linear relationship between log (B-GQDs/Au NSt-RB) and MTX con-
centration with high selectivity. So, we report a novel, versatile, sensitive, and specific approach, capable of sensing MTX.

2. Materials and methods
2.1. Materials

Propanol, acetone, AOT (Aerosol-OT or sodium bis(2-ethylhexyl)), methanol, acetonitrile, ethanol, cetyltrimethylammonium
bromide (CTAB), Triton X-100, Brij, and tris (hydroxymethyl) aminomethane (TRIS), tween 20, chloroform, (Rhodamine B) RB, so-
dium acetate, sodium phosphate salts (NagHPO4.7H20 and NaH;PO4.H20), acetic acid, and sodium dodecyl sulfate (SDS) were pre-
pared from Merck company (Germany). MTX was provided from Dana Pharmaceutical Company (Tabriz, Iran). The buffer solutions’
pH levels were adjusted employing HCl and NaOH.

2.2. Synthesis

2.2.1. Synthesis of blue emitting GQDs (B-GQDs)

GQDs were synthesized by dissolving 1.0 g of graphene oxide in HSO4 and mixing well for 2 h to suspend entirely. Then, 40 wt% of
KMnO4 powder was added to the prepared solution. The prepared reaction solution was heated for 1 h at 45 °C after being stirred for 2
h. In the next step, better effervescence was produced by adding 40 mL of deionized water and then the mixture’s temperature reached
80 °C. Subsequently, HyO5 was dropped into the solution to ensure complete KMnO4 consumption. After pouring the solution over ice
and inhibiting the reaction, the prepared solution was ultrasonicated for 5 min. The solution was cooled, followed by adjusting the pH
to around 8 using a 10 % NaOH solution, which resulted in the production of flocculent black deposits. Using 1.0 M HCI dropwise, the
PH of the mixture was adjusted to 4, yielding a deep yellow-colored solution. Finally, B-GQDs were obtained after the filtration of the
prepared solution, removing the large particles of graphene and the dialysis of the supernatant through a three kDa membrane [21].
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Fig. 1. Chemical structure of the MTX.
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Scheme 1. Schematic illustration for detecting MTX based on fluorescence quenching of the dual ratiometric fluorescent probe B-GQDs/Au NSt-RB.

2.2.2. Synthesis of Au NSt

Gold nanostars (Au NSt) were synthesized using a seed-mediated growth procedure. In this case, 25 pL of sodium citrate (5.0 mM)
was mixed with a solution containing 10 mL of HAuCl4 (50 mM) and 10 mL of NagCe¢HsO7 solution (250 mM). After 10 min of stirring,
0.4 mL of the produced sodium borohydride (NaBH4, 40 mM) solution was quickly added and agitated for another 5 min. The prepared
Au nanoparticles (orange-red solution) were utilized to prepare the Au NSt. Then, 20 mL of cetyltrimethylammonium bromide (CTAB)
solution (50 mM) was added at 30 °C. Next, 60 pL of AgNOj3 solution (16.3 mM) was added to the reaction solution. After 60 s, the
HAuCly solution was added and mixed for another 60 s. The solution was colorless after 100 pL of L-ascorbic acid (80 mM) was
supplemented. After adding 50 pL of Ag seeds and 1 h of stirring, the final brownish product was isolated. The solution was then heated
up to 30 °C to dissolve the CTAB residues. Finally, the produced nanoparticles were separated by various centrifugation steps [22].

2.2.3. Synthesis of RB-capped Au NSt

The previously synthesized Au NSt was extracted from the reactive solution mixture through centrifugation at 6000 rpm for 15 min
and employed for the synthesis of RB-capped Au NSt (Au NSt-RB). Then, the prepared Au NSt was re-suspended in distilled water and
mixed with a desired amount of RhB (0.2 pM), and incubated overnight.

2.3. Instrumentation

The Fourier transform infrared (FT-IR) spectra of nanoparticles were recorded using a TENSOR27 spectrometer (Bruker, Germany)
in the 400-4000 cm ™! range. Transmission electron microscope (TEM) was employed to test the morphology of the produced particles
(FEI Talos F200X, USA). The fluorescence studies were performed on a fluorescence spectrometer (Jasco FP-750, Kyoto, Japan) by
exciting the samples at 330 nm (Aex = 330 nm) and measuring the maximum emission intensities (Aex) of B-DQDs and Au NSt/RhB at
440 nm and 580 nm, respectively. In addition, using an AFM (a nanosurf mobile S, Grammetstrasse, Switzerland). This study used to
investigate the surface topography of the prepared materials spectrophotometer (T60, PG Instruments LTD, UK), the absorption
spectra of the samples were recorded.

2.4. Fluorometric determination of MTX in aqueous solution by B-GQDs and AuNSt/RB

In a typical experiment, MTX with a series of concentrations (0.7 nM-10.0 pM) and constant concentrations of Au NSt/RB (600 mg/
L) and B-GQDs (100 mg/L) was mixed in a phosphate buffer solution (100 mM, pH = 8.5). The emission spectra of the mixtures were
recorded in the wavelength range from 300 to 650 nm (under 330 nm excitation) and were used for the evaluation of the concentration
of MTX in plasma samples.
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2.5. Selectivity of B-GQDs and Au NSt/RB

To investigate the detection selectivity of the ratiometric probe, a reaction solution containing B-GQDs (100 mg/L) and Au NSt/RB
(600 mg/L) was treated with 70 pM of different interference species, such as different cations and anions (Na*, CI-, Cu®>*, Mg?", Pb%™,

K*, Ca®", and Zn®"), and vitamins (Dg3, E, C and By, By). The final volume of the prepared solutions was 4.5 mL. The samples’ emission
intensities were then measured at 440 and 580 nm.

2.6. Measurement of fluorescence quantum Yyields (QY)

In this study, the QY of the B-GQDs was measured using tryptophan as a standard with a QY value of 13 %. The following equation
was used to calculate absolute values (Eq. (1)) [23,24].

Aty Fs_cp Ul 2
Y. = Y . —CDs S*CDS) (1)
Q's-co = Qe (AS—CDs>( Fryp )( N1

Where, A denotes the absorbance density, and 1) is the refractive index value of the solvent (in aqueous media it equals 1). In this work,
the QY of B-GQDs was calculated using tyrosine as a reference substance with a QY of 16 % [25].

n 500 nm

Fig. 2. TEM images of Au NSt (A), B-GQDs (B), and SEM images of B-GQDs/Au NSt in the presence of MTX (C).
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2.7. Fluorometric analysis of MTX in real samples

To quantify MTX in the real matrix, healthy adult plasma samples were obtained from the Iranian Blood Transfusion Organization
(IBTO, Tabriz, Iran). The prepared normal samples were deproteinized and spiked with known concentrations of MTX (0.005, 0.01,
0.05, 0.1, 0.5 and 5 pM). Finally, the standard curve was utilized to estimate the MTX concentration in real samples. Written consent
was obtained from all participants, and the questionnaire and methodology for this study were approved by the Human Research
Ethics Committee of AJA University of Medical Sciences (IR.AJAUMS.REC.1401.213). It is confirmed that this study complies with all
regulations.

2.8. Detection of MTX in real samples

To assess the feasibility and applicability of the constructed B-GQDs/Au NSt fluorescent platform for estimating MTX, healthy
human plasma samples were spiked with MTX concentrations. To perform spike operation on real samples, in short, 0.5 ml of MTX
standard solution was added to 1 ml of healthy human plasma, and after a few minutes, 1 ml of 1M trichloroacetic acid solution was
added to it sediment the proteins. After separating the sedimented proteins by centrifugation, the MTX and the spiked plasma, a clear
liquid above the sediments, were taken out and used to perform tests.

The amount of MTX in samples was obtained employing the standard method and the added-found approach. Table 5 represents the
determination of MTX concentrations in spiked samples. It can be that the calculated recoveries of the six different concentrations were
in the 98.0-102.4 % range. These findings suggested the excellent potential of the ratiometric fluorescence B-GQDs/Au NSt-RB sensor
for detecting MTX in natural plasma samples.
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Fig. 3. FTIR spectrum of Au NSt, B-GQDs, MTX, and B-GQDs/Au NSt in the presence of MTX (A), Atomic force microscopy (AFM) topographic of Au
NSt (B), B-GQDs (C), and UV-Vis absorption spectra of Au NSt-RB, B-GQDs, MTX, B-GQDs/Au NSt, and B-GQDs/Au NSt in the existence of MTX (D).
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3. Results and discussion
3.1. Characterization

Morphology analysis of the prepared B-GQDs and Au NSt was carried out using TEM analysis (Fig. 2A and B). As confirmed by TEM
images, the prepared B-GQDs and Au NSt showed remarkable monodispersity in shape. Also, the average sizes of B-GQDs and Au NSt
were 10 nm and 150 nm, respectively. In addition, the morphology of the prepared B-GQDs and Au NSt in the existence of MTX are
exhibited Fig. 2C. It is obvious that B-GQDs and Au NSt were aggregated after adding MTX to the solution.

Furthermore, Fig. 3A shows the FTIR spectra of the synthesized particles. This figure confirmed the successful synthesis of Au NSt
and B-GQDs. In addition, the FTIR spectra of B-GQDs/Au NSt/MTX were a mixed form of the spectra of Au NSt, B-GQDs, and MTX. The
sharp bands concerning the stretching vibrations (N-H) of primary and secondary amines, and aldehydic C-H stretching were observed
at around 2852 cm™! and 3454 cm ™, respectively, which also related to the vibrations of the -OH functional groups [26]. The
characteristic vibrations of the C=0 and C-N stretching bands appeared at around 1600 em ! and 1149 ecm™! [27]. The observed
spectral changes and shifts and the alterations in the band intensities in the FTIR spectra confirmed the binding of B-GQDs and Au NSt
and the interaction of MTX with B-GQDs/Au NSt.

In the FT-IR spectrum of free MTX, a band at 3407 em ™! indicates the existence of an NH group. Additionally, the indicated peaks in
the region of 1675-1500 cm ™! are concerning C=C vibration in the aromatic ring and R-NH, vibrations. Peaks at 1460 cm ™! and 1209
em™! correspond to the stretching vibration of the C-C or C-H bonds, respectively. The FT-IR spectrum of B-GQDs/Au NSt + MTX
showns similar bonds to that of free MTX, showing that MTX has been successfully uploaded into the B-GQDs/Au NSt. This is due to the
interaction between B-GQDs/Au NSt and MTX.

Fig. 3(B and C) depicts the surface morphologies of the prepared The particle size of Au NSt and B-GQDs was similar to the findings
from the DLS analysis. DLS and ZP are commonly used to rapidly measure the hydrodynamic size and surface charge of synthesized
nanomaterials in suspension, respectively [28].

ZP can be either positive or negative, and its value can be related to the storage stability of particles. It has been reported that the
ideal value of ZP is —30 to +30 mV [29]. According to the results, the obtained ZP values for Au NSt and B-GQDs were 1.35 and 13.8
mV Fig. 4A. However, the ZP amount of B-GQDs/Au NSt in the existence of MTX was increased. These results indicated the attachment
of MTX to B-GQDs/Au NSt.

(Fig. 4B and C) shows the size distribution analysis of Au NSt, B-GQDs, as well as B-GQDs/Au NSt/MTX by DLS. The results of the
particle size analysis of the prepared materials showed a significant increase in the particle size of the B-GQDs/Au NSt upon the
addition of MTX, confirming the attachment of MTX to the B-GQDs/Au NSt Fig. 4D.

3.2. Spectroscopic analysis

The absorption spectra of the B-GQDs, MTX, Au NSt-RB, and B-GQDs/Au NSt (in the existence and absence of MTX) were recorded
in the range of 300-800 (Fig. 3D). A suspension of B-GQDs has a characteristic absorption peak at 400 nm, attributed to the n—n*
electron transition of the C=0 groups on the aromatic rings [8,30]. MTX and Au NSt exhibit a spectrum with a sharp maximum
absorption at 310 and 514 nm, respectively. In addition, the UV-vis absorption spectrum of B-GQDs/Au NSt-RB exhibit two distinct
bands at 444 nm and 524 nm, which were associated with B-GQDs and Au NSt-RB, respectively. However, after mixing two fluo-
rophores a clear red shift by 44 nm and 10 nm was observed in the absorption spectra of B-GQDs and Au NSt-RB, respectively. This red
shift demonstrated that the addition of B-GQDs to Au NSt-RB solution can affect the absorption properties of both nanoprobes.

Moreover, the alteration in the UV-vis spectra of GQDs/Au NSt-RB following the addition of MTX (1.0 pM) was assessed, and a
hindering effect of MTX on the absorption spectra of B-GQDs/Au NSt-RB was observed. The overlap between the UV-vis absorption of
B-GQDs/Au NSt-RB and MTX was insignificant.

3.3. Resonance light scattering (RLS)

RLS results revealed that B-GQDs have diameters between 6.0 and 10.0 nm. Therefore, the solution of these quantum dots can
exhibit considerable dispersion, and the larger particles have higher scattering values. In this work, the potential for aggregation and
accumulation of the particles in the existence of various concentrations of MTX (0.001, 0.07, 0.1, 0.5, 1, and 10 pM) into the reaction
solution containing quantum dots were recorded. Based on the outcomes, as the concentration of MTX increased, so did the solution’s
dispersion (Fig. 1SA). These findings demonstrated that MTX molecules can bind to the surface of GQDs and induce the particles to
cluster together, causing the quantum dots’ size to change. Therefore, these outcomes confirmed the aggregation of B-GQDs/Au NSt-
RB in the existence of MTX.

3.4. Optimization of experimental parameters

Our studies revealed that Au NSt does not have any characteristic emission peak. At same time the used RB to create fluorescence
properties of Au NSt according to and following the available sources for this work. Several parameters, including pH, the type and
concentration of buffer, temperature, solvent, and surfactant, incubation time, and the ratio of fluorophores were investigated by
calculating the fluorescence ratio changes (Fsgo/F440) in the presence of 1.0 pM MTX to improve the performance of the prepared
ratiometric biosensor. Firstly, we optimized the type and concentration of the buffer. In this regard, various types of buffer solutions
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(Tris-HCI, phosphate, and acetate buffer) with different concentrations (10-200 mM) and pH levels (from 2.5 to 11.5) were prepared,
and then the fluorescence ratio of the sensor was recorded (Fig. 1SB to D). represents that the maximum fluorescence quenching was
obtained using a 100 mM phosphate buffer solution with pH = 8.5. Thus, these values were selected as optimal. It has been reported
that due to the protonation or deprotonation reaction of the fluorophore, the pH of the environment around the fluorescence probe
usually has some effect on its performance.

Furthermore, the fluorescence ratio of the sensor decreased gradually with the time until time reached 10 min and then increased
(Fig. 2SA). So, in the present work, the emission intensities of the samples were measured after 10 min of incubation.

In addition, the quenched emission intensity of the ratiometric sensor was evaluated at different temperatures (0-45 °C). Fig. 2SB
depicts the obtained results. It is obvious that the system’s response was unaffected by the temperature, and no considerable alterations
were observed in the emission ratio of the prepared nanosensor. These outcomes suggested the stability of the prepared ratiometric
sensor at various temperatures. Therefore, 25 °C was chosen as the optimal temperature.

In the next step, the dual ratiometric sensor’s signal was studied by adjusting the probe ratios to identify the best ratios of B-GQDs to
Au NSt-RB. The obtained results showed that the system experienced the most significant fluorescence hindering when the ratio of B-
GQDs to Au NSt-RB was 1:6 (100 mg/L B-GQDs and 600 mg/L Au NSt-RB) without and with MTX (Fig. 2SC).

The solvent type and volume were optimized as well. For this purpose, under optimum conditions, the possible effects of solvents of
various types (such as water, methanol, ethanol, propanol, acetone, chloroform, and acetone) and concentrations (50-2000 pL) on the
emission quenching of the sensor were tested (Fig. 3SA and B). indicate the obtained results. The highest fluorescence quenching was
obtained in 500 pL of chloroform with and without MTX. Therefore, we chose chloroform as the optimal reaction solvent for
amplification.

To achieve the optimized analytical performance of the ratiometric fluorescent probe B-GQDs/Au NSt-RB, the impact of various
surfactants, such AOT, CTAB, X100, SDS, tween 20, and Brij, on the system’s signal was assessed (Fig. 3SC and D). shows that at the
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Fig. 5. The effect of MTX on the fluorescence intensity of B-GQDs/RB-Au NSt and the linear relationship between the fluorescence quenching ratio
of B-GQDs/RB-Au NSt and the logarithm of MTX concentration in PBS buffer solution (0.01 M), pH = 8.5 and 25 °C (A), and the response of B-
GQDs/RB-Au NSt towards MTX detection in human plasma samples in PBS buffer solution (0.01 M), pH = 8.5 and 25 °C (B) and mechanism of
quenching (C).
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critical micellar concentrations (CMC) and below, the highest response of the dual ratiometric probe was achieved in the presence of
Brij as a surfactant with and without MTX.

The influence of ionic strength and UV light was examined on the dual ratiometric fluorescent probe. According to the data pre-
sented in Fig. 4SA and B, the emission intensity of the system was slightly reduced when the ionic strength was raised to 20 mM, with
the maximum quenching of fluorescence observed at 20 mM NaCl concentration. Therefore, subsequent experiments were conducted
with a 20 mM NaCl concentration. Additionally, the stability of our newly developed sensor was inspected. For this purpose, the
fluorescence of the probe was investigated after exposure to UV light irradiation, revealing slight alterations in the nanoprobe’s
response even after 360 min of continuous irradiation. The results indicated that the B-GQDs/Au NSt-RB sensor was resistant to
photobleaching and maintained performance over an extended period of analysis and testing [31].

3.5. Analytical figures of merit

Due to the importance of MTX and its widespread usage by cancer patients, it is highly necessary to detect the concentration of this
medication. Herein, using a fluorescence sensor with dual-emission peaks of B-GQDs/Au NSt-RB, the concentration of MTX in aquatic
solution was estimated. In this regard, under optimum conditions, different amounts of MTX (0.7 nM-10.0 uM) were added to the
reaction solution, and then the emission of the system was recorded in the 300 nm-600 nm range. The results showed that the
fluorescence emission peaks of the B-GQDs/Au NSt-RB decreased significantly by increasing the concentration of MTX, and the
emission peak almost completely disappeared when the MTX concentration reached 10.0 pM, confirming the high sensitivity of the
system towards MTX. Subsequently, the plot of the calibration curve was conducted using the logarithmic concentration of MTX versus
quenched fluorescence of the system (Fig. 5A). According to this figure, there was a strong linear relationship in the range of 0.7
nM-10.0 pM with the equation of y = 0.0798x+2.3091. The detection limit (LOD) of the probe was calculated as signal-to-noise ratio
(equals = 3) to be 2.28 x 10 M. The measurement of MTX levels was conducted under optimal conditions in normal plasma samples
using the given procedure to assess the applicability of the proposed sensor. According to the observed data, the fluorescence intensity
decreased as the MTX concentration increased, which was proportional to the MTX concentration. In addition, a linear relationship
was exhibited between the emission ratio (Fsgo/F440) and the concentration of MTX in the 1.0 nM to 10.0 pM with a correlation of RZ=
0.9904 (Fig. 5B). On the other hand, we compared our developed dual ratiometric sensor response with previous studies (Table 1). As
the data showed a lower LOD value for the proposed sensor for the detection of MTX than other methods. So, it can be stated that our
method is preferable to other methods in terms of sensitivity.

3.6. Determining the quenching mechanism

According to the literature, fluorescence hindering of a probe in the presence of a ligand can occur through different mechanisms,
including static and dynamic quenching, inner filter effect (IFE), photoinduced electron transfer (PET), surface energy transfer (SET),
Forster resonance energy transfer (FRET), and Dexter energy transfer (DET) [38-40]. However, due to the lack of obvious overlap
between the emission spectrum of B-GQDs/Au NSt-RB and the absorption spectrum of MTX, fluorescence quenching cannot occur via
FRET, IFE, or PET. In other words, at the obtained optimum pH value (pH = 8.5), the amine functional groups of MTX have a neutral
charge, which is due to the pK, amount of MTX (between 4.5 and 5.8). In addition, because of the positive ZP of B-GQDs/Au NSt-RB,
there is no strong electrostatic attraction between MTX and B-GQDs/Au NSt-RB. Therefore, MTX cannot bind to the surface of the
B-GQDs/Au NSt-RB. Based on these rationales, the FRET mechanism is dismissed, and the system lacks a FRET acceptor-donor
arrangement [41,42]. However, appeared new peaks confirmed the creation of the new complex system is probable. Therefore, the
emission strength of the developed ratiometric system can be quenched through a static quenching mechanism due to a ground-state
complex formation between B-GQDs/Au NSt-RB and MTX.

Stern-Volmer equation (Eq. (2)) was used to discuss the interaction mechanism between methotrexate (MTX) and B-GQDs/Au NSt-
RB (Fig. 5C) [41]. Our results revealed a static quenching mechanism in which the stability of the ground state complex decreases by
temperature rises, resulting in a decrease in the Stern-Volmer constant (Kgy).

Fo

F represents the fluorescence strength of B-GQDs/Au NSt-RB with MTX, and F represents the fluorescence strength of B-GQDs/Au
NSt-RB without MTX. Kgy represent the Stern-Volmer constant and [Q] the amounts of MTX, respectively. Notably, the Kgy amounts

Table 1

A comparison of some previously described approaches for MTX detection with the proposed system.
Method Linear range (ug/mL) LOD (pg/mL) Ref.
Surface-enhanced Raman spectroscopy (SERS) 4.5 % 107%9.0 x 1072 45x 1074 [32]
Capillary electrophoresis 1.0-6.0 3.5 x 107} [33]
HPLC 1.1 x 107%2.2 1.0 x 1072 [34]
RP HPLC 1.0 x 107%10.0 1.8 x 107! [35]
Electrochemical method 2.0 x 107%-3.2 1.3 %1073 [36]
Fluorescence 1.6 x 107%-2.4 9.0 x 107* [371
B-GQDs/Au NSt-RB 1.3 x 107%-22.7 4.5 x 107° This work
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decrease with raising temperature, indicating the prevalence of static quenching as the predominant fluorescence quenching
mechanism.
The binding parameters and the number of binding sites on nanoprobes for MTX can be determined by using Eq. (3) [41]:

(Fo — F)

log 7

=log Kj + nlog[Q] 3)
where n represents the number of binding sites and K}, the binding constant, respectively, which can be determined by plotting log [(Fo
-F)/F] vs. log [Q]. The estimated value of the binding constant (Kp) is 1.23 x 1074 M_l, providing evidence for the existence of binding
sites in both MTX and B-GQDs/Au NSt-RB. Moreover, the results confirmed that n is equal to 1, indicating the existence of a unique
binding site for MTX molecules on B-GQDs/Au NSt-RB.

3.7. Recovery and accuracy

For studying the precision of the developed system, inter-day and intra-day were calculated and stated as relative standard de-
viations (RSD%). These results were obtained from four replicate determinations of the MTX reference standard solution during a day
(intra-day precision) and three consecutive days (inter-day precision). As exhibited in Table 2, the obtained RSD% amounts were 0.63
and 3.86 % for the intra-day and inter-day precision, respectively. The analytical recoveries were calculated from treated plasma
samples in the range of 98.2-100.1 % and 98.7-100.5 %, respectively. These results confirmed that the probe has high accuracy and
precision in the detection of MTX in plasma samples.

3.8. Stability study

The proposed approach was tested in plasma for short-term stability at 25 °C and 4 °C, as well as three freeze-thaw cycles at —20 °C.
Short-term studies were conducted at five-time points. Samples were stored at room temperature and 2-8 °C for the duration of the
studies and studied at each time point [21]. By comparing the obtained results to those from freshly manufactured samples, the
stability of the developed sensor was evaluated. As shown in Table 3, the calculated recoveries for short-term temperature and
freeze-thaw treatment were 98.3-100.0 % and 97.6-105.0 %, respectively. These results confirmed the higher stability of the
developed sensor in actual samples.

3.9. Interference studies

To study the specificity of the probe, the interferences of commonly available interfering agents in biological samples were
examined under optimum conditions with 70 nM of MTX. Interference studies of some cations and anions, including amino acids,
vitamins, and pharmaceutical formulations, were performed until a variation more significant than 5 % in the emission intensity of the
system was achieved [42-44]. Fortunately, none of the ions produced a noticeable fluorescence response (Table 4). Therefore, the
developed probe is not affected by other interferences compared to the Named table, suggesting the high specificity of the developed
probe for detecting MTX.

4. Conclusion

Briefly, a new sensitive and selective dual ratiometric fluorescent B-GQDs/Au NSt-RB probe was developed for the rapid estimation
of MTX. After characterization studies of the prepared systems, the fluorescent probe was utilized for estimating MTX concentration
based on its hindering effects on the emission intensity of the fluorescent B-GQDs/Au NSt-RB nanoprobe. The prepared sensor had two
prominent characteristic emission peaks at 440 nm (corresponding to B-GQDs) and 580 nm (corresponding to Au NSt-RB). Various
experimental factors affecting the response of the sensor were optimized. The emission intensity of the system was evaluated in the
attendance of different amounts of MTX, and the results indicated that the fluorescence intensity of the system gradually decreased
with increasing the concentration of MTX. In addition, the LOD amount was calculated to be 0.13 nM. Moreover, all stability and
recovery tests of the proposed method for the determining of methotrexate showed acceptable and positive results. These findings

Table 2
Detailed information for the determination of MTX in human plasma samples.
Sample Concentration (M) Precision (RSD%) Accuracy Recovery (%)
Intra-day 4.0 x 107° 0.63 100.1
6.0 x 1078 2.55 101.0
4.0 x 107° 3.86 102.3
2.0 x 107° 0.83 98.2
Inter-day 5.0 x 107° 0.63 99.8
1.0 x 1078 2.25 100.5
5.0 x 107°° 3.86 99.2
1.0 x 107° 1.32 98.7
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Table 3

Short-term temperature and freeze-thaw stability of the proposed approach in the plasma sample.

Heliyon 10 (2024) e37914

Sample Con. (M) Short-time temperature (Detected) Recovery (%) Freeze-thaw (Detected) Recovery (%)
Plasma 8.0 x 107° 7.9 x 107° 8.2 x107° 102.5
2.0 x 1078 1.7 x 1078 1.5 x 1078 96.4
2.0 x 107 2.2 x10°° 110.1 1.7 x 107° 97.6
6.0 x 107 6.3 x107° 105.0 5.8 x 107° 98.1
Table 4
The impact of certain common interfering species on MTX detection (70 nM).
Interfering agent Concentration of interfering agent (M) Ratio RSD%
Na® 6.3 x107° 900 -0.8
K" 6.3 x10°° 900 -0.8
Mg** 6.3 x 107° 900 -0.8
Zn*" 7.0 x 107° 1000 3.9
Ca®* 7.0 x 107> 1000 10.5
cl- 7.0 x 107° 1000 10.5
Cu? 3.5 x107° 50 -8.9
Pb%* 3.5 x 107° 500 -5.3
Starch 7.0 x 107° 1000 3.2
Lactose 7.0 x 107° 1000 3.2
Uric Acid 3.5 x107° 500 -10.6
Sucrose 7.0 x 10°° 1000 0.0
Vitamin B1 4.2 x107° 600 -5.8
Vitamin B2 7.0 x 10°°® 100 —-11.1
Vitamin D3 6.3 x10°° 900 3.9
Vitamin E 6.3 x 107° 900 3.9
Vitamin C 7.0 x 107° 1000 3.9
Naproxen 49x10°° 700 -7.1
Mesalazine 6.3 x10°° 900 -0.8
Amlodipine 6.3x10°° 900 -0.8
Cephalexin 6.3x10°° 900 -0.8
Amoxicillin 7.0 x 107° 1000 4.1
Diclofenac 7.0 x 107° 1000 4.0
Cetirizine 7.0 x 107° 1000 4.1
Acetaminophen 7.0 x 107° 1000 3.7
Aspirin 5.2 x107° 750 -39
Penicillin 4.9 x107° 700 -8.1
Erythromycin 7.0 x 107° 1000 3.7
Ceftriaxime 7.0 x 107° 1000 4.1

Table 5

MTX determination in spiked plasma samples.

Sample Added (M) Found (M) Recovery (%)
Plasma 0.0 ND -

5.0 x 107° 5.5 x 107° 110.0

1.0 x 1078 1.0 x 1078 100.2

5.0 x 1078 4.4x10°8 88.0

1.0 x 1077 1.1 x 1077 110.0

5.0 x 1077 48 x 1077 96.3

5.0 x 10°® 5.7 x 107® 114.6

ND, not detected.

suggested the excellent potential of the ratiometric fluorescence B-GQDs/Au NSt-RB sensor for detecting MTX in actual plasma

samples.
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