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Abstract
Methamphetamine, pseudoephedrine, and related drugs are among the first drugs used for the stimulation of the central nervous system. In this study, two adsorbents based on graphene oxide (GO) were synthesized and used for the analysis of methamphetamine and pseudoephedrine. The prepared nano-adsorbents based on GO in this study were coated by polyaniline (PANI) and Fe3O4/C-nanodot/GO (magnetic adsorbent). The average size of nanoparticles (GO/PANI) was 18.43 nm. The specific surface area and pore size diameter of Fe3O4/C-nanodot/GO were 22.71 m2 g− 1 and 15.23 nm, respectively. Experimental variables affecting the extraction efficiency of the analytes such as pH of the sample solution, amount of adsorbent, extraction time, and type of eluents were investigated and optimized by response surface methodology. Under optimum conditions, GO/PANI and Fe3O4/C-nanodot/GO were considered appropriate solid phase extraction adsorbents for HPLC-based analyses of the studied drugs in human urine samples. However, GO/Fe3O4 nano adsorbent (Fe3O4/C-nanodot/GO) showed superior working condition than GO/PANI. The validated proposed analytical methods can be used for the quantitative determination of methamphetamine and pseudoephedrine in actual samples.
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Introduction
Methamphetamine and related drugs were first introduced as therapeutic agents for the treatment of various diseases by stimulating the central nervous system. Today these agents are being abused [1] and have become a global public health concern. Continuous and long-term use of these drugs causes complications such as psychosis and violent behaviors in regular consumers, which leads to many challenges for medical professionals and healthcare systems [2]. Therefore, it is essential to determine the amount of such compounds in different samples taken from people consuming these derivatives [3]. These drugs can be found in various types of biological samples. Hair, plasma, and urine are the most common samples used to determine the amount of these drugs [4]. Urine is the most common biological matrix for determination of therapeutic agents due to its ease of collection, availability, and non-invasive sampling [5, 6]. Sample preparation is a crucial step in analytical procedures. It mainly helps quantitative analysis of analytes by preconcentrating them to traceable levels in matrices [7, 8]. Furthermore, the sample preparation step is used to clean up complex matrices from interfering components present in the original samples. One of the commonly used methods for sample preparation is solid phase extraction (SPE). In this method, briefly, the extraction is done in such a way that the analyte(s) in an aqueous sample is/are extracted by a stationary phase and then eluted by a suitable organic solvent [9, 10].
SPE has various types, among which dispersive solid phase extraction (DSPE) and magnetic solid phase extraction (MSPE) were used in this study. DSPE has a shorter extraction time than SPE and it is also considered a green extraction method due to the low consumption of organic solvent [11, 12].
In MSPE-based methods, a magnet can be used to quickly separate the analyte adsorbed on the magnetic solid phase from the sample without the need for filtration and centrifugation steps [13, 14]. In addition, the functionalization of magnetic nanoparticles may allow for the preparation of adsorbents with a variety of properties suitable for use in complex matrices [15, 16]. Carbon-based structures present more advantages than silica-based materials rationalizing their frequent application in solid phase extraction (SPE). Biocompatibility, thermal and chemical stability, better surface modification and, feasible pore creation are some superior aspects of carbonic structures, which make them more appropriate for use in SPE [15, 17]. Carbon nanotubes (CNTs), graphene, graphene oxide, and black graphite powder are examples of carbon-based materials, which show excellent extraction properties in SPE due to their high adsorption affinity toward most of the organic compounds. Another appropriate feature of such adsorbents is their effectiveness in mediums with a wide range of acidic and basic pHs [18]. For example, covalent organic framework (COF) and many nanocomposite compounds are used in biosensors field [19–21]. These materials have high speed and sensitivity in identifying analytes, most of these compounds have a high surface-to-volume ratio, and this leads to the detection of biomarkers [22]. Numerous studies are showing the applications of carbon-based adsorbents in the extraction of methamphetamine and other pharmaceuticals from biological mediums [17, 23, 24]. To extract methamphetamine and pseudoephedrine from urine specimens, adsorbents based on graphene oxide (GO) were used. GO, the oxidized form of graphene, has hydrophilic functional groups, including hydroxyl, epoxy, carbonyl, aldehyde, and carboxyl [25], which makes the attachment and release of biomolecules and drugs much easier [26]. Density functional theory (DFT) calculations showed that GO has a high chemical potential for reactivity, which is caused by the transfer of hydrogen atoms from organic materials to the surface of GO, while the calculations performed for carbon materials without functional groups such as graphite have reaction barriers [27]. In another computational study that used GO as an adsorbent in aqueous environments and human urine, the adsorption capacity (1253.17 mg/g) at pH 5.0 was obtained using an adsorbent dose of 0.125 g/L at 298 K, and the measured adsorption performed in simulated environment and human urine showed excellent performance of adsorbents for drug removal at real concentrations excreted by kidneys (removal values higher than 60%) [28]. In this study, we have used two types of GO-based adsorbents called GO/polyaniline and Fe3O4/C-nanodot/GO. These types of adsorbents can alter the optical and electrical conductivity of GO-based nanomaterials [29]. The chemical and physical properties of GO-based nanocomposites allow for structural modifications according to the required properties for a given separation problem [30].
Optimization is a critical factor in developing an analytical method [10], usually performed by experimental design (or design of experiments, DOE) method. The interaction between factors cannot be identified using a one-factor-at-a-time method, but it allows mixing different parameters with a minimum number of experiments. One of these designs is the Behnken box design, in which optimal conditions can be reached with fewer experiments [11].
The aims of this study were to develop two SPE methods for the extraction of methamphetamines and pseudoephedrine from urine, followed by quantitative analysis by the high-performance liquid chromatography (HPLC) method.

Methods and materials
Reagents
Methamphetamine and pseudoephedrine were supplied from Bahar-Afshan Company (Tehran, Iran) and Jalinous Pharmaceutical Company (Tehran, Iran), respectively. Potassium permanganate (KMnO4), sulfuric acid (H2SO4), ortho-phosphoric acid (H3PO4), hydrogen peroxide (H2O2), aniline (C6H5NH2), hydrochloric acid (HCl, 37%), acetonitrile (CH3CN), methanol (CH3OH), FeCl3.6H2O were procured from Merck (Germany). Ammonium persulfate ((NH₄)2S2O8, APS) provided from Amresco (USA), purified graphite powder (99.5%), and ethylene glycol were purchased from Titrachem (Tehran, Iran). Sodium dihydrogen monosodium phosphate (H2NaPO4), sodium hydroxide (NaOH), potassium hydroxide (KOH) were provided from Ghatran Shimi (Tehran, Iran), and pasteurized cow’s milk with 1.5% fat obtained from Pegah Dairy company (Tabriz, Iran). All solutions were prepared using ultrapure water obtained from the Milli-Q® Gradient water purification system (Millipore Corporation, Bradford, MA, USA). All the reagents were of analytical grade and used as received without further purification.

Instruments
HPLC analyses were performed on a Knauer (Germany) system equipped with a UV–VIS detector (K-2500, Knauer, Germany), pump (K-1001, Knauer, Germany), and an injector consisting of a 20 µL loop. A Fourier transform infrared (FT-IR) spectrometer (Tensor 27, Bruker, Germany) was used to record IR spectra in the range of 400–4000 cm− 1. Probesonication (U 200 H, Heielscher, Germany) was used for the dispersion of GO. Scanning electron microscopy (SEM) MIRA3 FEG–SEM (Tescan, The Czech Republic) was utilized for the morphologic analysis. Zeta potential measurements were performed using a zetasizer (Nano ZS ZEN 3600, England), and pH was measured using a Metrohm 827 pH-meter (Switzerland). A vortex (STA 001, Farzaneh Arman Co, Iran) was used to improve the extraction efficiency. Specific surface areas and micropore volumes (Vmicro) were determined using Brunauer-Emmett-Teller surface area and porosity analyzer (Micromeritics TriStar II Plus, USA).

Chromatography condition
HPLC analyses of methamphetamine and pseudoephedrine extracted from urine samples were performed using a C18 chromatography column (250 × 4.6 mm, 5 μm, pre-column, Berlin) by applying a mobile phase composed of acetonitrile-phosphate buffer (pH = 2.8, 10 mM), (15:85, v/v). The sample injection volume was 20 µL and the analytical wavelength was 210 nm.

Adsorbents synthesis
Synthesis of graphene oxide (GO)
GO was prepared by Hummer’s green method described in the literature [31–33]. Briefly, 300 mg of graphite powder was stirred in the presence of 12 mL of sulfuric acid on ice. Then, 1.5 g of potassium permanganate was gradually added to the medium while stirring. The reaction mixture was transferred to an oil bath (silicon oil) adjusted at 35 °C and stirred for 24 h. The product of this step was a brown pasty mass to which 12 mL of distilled water was added and the reaction was continued as the temperature was increased to 75 °C. After one hour, the reaction was stopped by adding a few drops of hydrogen peroxide and the obtained product was subjected to Buchner vacuum filtration setup using Whatman paper, and then washed with water. The resulting product was dried in the oven at 50 °C (Figure S1).

Synthesis of GO/ Polyaniline (PANI) nanocomposites
An appropriate amount (116 µL) of the aniline was added to 0.1 M hydrochloric acid solution (200 mL) to obtain a pale green solution. To the solution was added ammonium persulfate (0.07 g) and 40 mL of the GO suspension (3 g/L) [34, 35]. Then, 100 mL of sodium hydroxide alkaline solution (0.04 g/L) was added to the reaction mixture, and the reaction was continued for 24 h. The development of an emerald green color indicated the formation of polyaniline on the surface of GO. The produced GO/PANI nanocomposites were separated from the mixture by centrifugation at 6000 rpm, washed with water, and finally dried at 50 °C. A schematic illustration of the synthesis steps of the GO (a) and PANI (b) was demonstrated in Figure S1.

Synthesis of Fe3O4/C-nanodot/GO hybrid material
This absorbent was prepared in three steps similar to the reported method in the reference [36]. In the first step, GO was prepared using the method described above. Then carbon nanodots were made by mixing 25 mL of cow’s milk with 20 mL of water and transferring the mixture to a hydrothermal container and incubating at 180 °C for 8 h. The obtained product was centrifuged and washed with water and ethanol and dried at 50 °C overnight. In the last step, 1 g of FeCl3.6H2O and 4 g of sodium acetate were wholly dissolved in 50 mL of ethylene glycol with constant stirring. To the obtained solution was added 0.5 g of GO and 0.25 g of prepared carbon nanodots. To homogenize the obtained mixture, it was subjected to ultrasonic vibration for 15 min. Finally, it was transferred to the hydrothermal container and heated at 180 °C for 8 h. After the completion of the reaction, the product was separated from the aqueous phase using a magnet, washed with water and acetone, and dried in an oven at 50 °C. A schematic illustration of the synthesis steps of the Fe3O4/C-nanodot/GO is shown in Figure S2.


Pre-treatment of urine samples
All fasting urine samples were prepared daily. A 10 mL urine sample was transferred into a clean Falcon tube and its pH was adjusted to 10 using potassium hydroxide solution. The sample was centrifuged at 6,000 rpm for 10 min to remove the produced precipitates and then, the supernatant was diluted (1 mL urine supernatant plus 6 mL water) and used for extracting the drugs by two methods outlined below.

Dispersive solid phase extraction (DSPE) procedure using GO/PANI
An appropriate amount of GO/PANI (50 mg) was weighed and added to 7 mL of the diluted urine sample and vortexed for 4.5 min. The solid phase was collected using a centrifuge and the supernatant was removed. To extract the analytes from the adsorbent, 400 µL of extraction solvent (acetone) were added to the solid phase and the mixture was sonicated for 5 min using a sonicator. Then the solid phase was separated by centrifugation and 20 µL of the eluant was injected into the HPLC system.

Magnetic dispersive solid phase extraction (MDSPE) procedure using Fe3O4/C-nanodot/GO
The appropriate amount of Fe3O4/C-nanodot/GO (20 mg) was weighed and added to 7 mL of a diluted urine sample and shaken for 20 s. The solid phase was collected using a magnet and the supernatant was removed. To extract the analytes (methamphetamine and pseudoephedrine) from the adsorbent, 400 µL of extraction solvent (acetone) was added to the solid phase and sonicated for 5 min using a sonicator. Then, the solid phase was easily separated with a magnet, and the eluant was injected into the HPLC system equipped with a 20 µL loop.
Figure S3 represents a schematic illustration of the solid phase extraction which applied in this study.

Optimization of extraction parameters using response surface methodology
The response surface method has been used to optimize factors influencing the extraction performance in this study. It determines the main effects and interactive effects of the factors and gives the possibility to obtain the most information according to the minimum number of experiments [37]. In this study, Box-Behnken, a fractional factorial design, was employed to determine of the optimal condition [38]. The type of the extraction solvent, pH, time, and the amount of adsorbent were selected as independent variables of the extraction. The optimization design was accomplished with MINITAB (Minitab Inc., release 17). According to the initial study, two solvents for elution after SPE (acetone and methanol) and the low (pH = 4, amount of absorbent = 20 mg and time for DSPE = 3 min and MDSPE = 7 min), and high levels (pH = 12, amount of absorbent = 80 mg and time for DSPE = 3 min) of each variable that affect the experiment were selected. The experimental matrix and the value of the area under the peak of the analyte for each experiment are shown in Tables 1 and 2.
Table 1Experiments designed by Box–Behnken method for optimization of methamphetamine (concentration) extraction by GO/PANI


	Run
	pH
	Adsorbent
	Time
	Solvent
	AUC of methamphetamine

	1
	4
	50
	7
	Acetone
	7927

	2
	4
	50
	3
	Methanol
	14026.5

	3
	8
	50
	5
	Methanol
	11,403

	4
	4
	50
	3
	Acetone
	16245.5

	5
	8
	80
	3
	Methanol
	9662

	6
	4
	80
	5
	Methanol
	-a

	7
	4
	20
	5
	Methanol
	4273.5

	8
	4
	20
	5
	Acetone
	5511.5

	9
	12
	50
	7
	Methanol
	7360.5

	10
	12
	80
	5
	Acetone
	11,848

	11
	8
	20
	7
	Methanol
	10151.5

	12
	4
	80
	5
	Acetone
	23,855

	13
	12
	80
	5
	Methanol
	7119

	14
	4
	50
	7
	Methanol
	7283

	15
	8
	20
	3
	Acetone
	7979

	16
	12
	20
	5
	Acetone
	4004

	17
	8
	50
	5
	Acetone
	24,705

	18
	8
	20
	7
	Acetone
	13169.5

	19
	8
	50
	5
	Acetone
	25,471

	20
	12
	50
	3
	Acetone
	-a

	21
	12
	50
	7
	Acetone
	11,848

	22
	8
	80
	7
	Methanol
	4123.5

	23
	8
	80
	3
	Acetone
	13514.5

	24
	12
	20
	5
	Methanol
	1949

	25
	12
	50
	3
	Methanol
	1451

	26
	8
	80
	7
	Acetone
	7348.5

	27
	8
	50
	5
	Acetone
	-a

	28
	8
	50
	5
	Methanol
	13,160

	29
	8
	50
	5
	Methanol
	13,694

	30
	8
	20
	3
	Methanol
	1909


aOutlier data



Table 2Experiments designed by Box–Behnken method for optimization of methamphetamine (concentration) and pseudoephedrine (concentration) for extraction by Fe3O4/C-nanodot


	Run
	pH
	Adsorbent mass (mg)
	Time (min)
	Solvent
	AUC of pseudoephedrine
	AUC of methamphetamine

	1
	8
	80
	0.1
	Methanol
	1213
	-a

	2
	8
	50
	1.05
	Methanol
	1624.5
	1270

	3
	4
	80
	1.05
	Methanol
	1732.5
	1856

	4
	8
	20
	2
	Methanol
	1350
	1083

	5
	4
	50
	2
	Methanol
	1671
	-a

	6
	8
	50
	1.05
	Acetone
	1077
	1149.5

	7
	12
	20
	1.05
	Methanol
	198.5
	1005

	8
	8
	50
	1.05
	Methanol
	721
	1414.5

	9
	12
	20
	1.05
	Acetone
	0
	980

	10
	12
	80
	1.05
	Methanol
	235.5
	2049.5

	11
	12
	50
	0.1
	Acetone
	251.5
	1244.5

	12
	4
	50
	0.1
	Acetone
	2407.5
	1815.5

	13
	8
	80
	2
	Methanol
	1802
	1619.5

	14
	12
	80
	1.05
	Acetone
	298
	1642

	15
	8
	50
	1.05
	Acetone
	1077
	1149.5

	16
	4
	50
	0.1
	Methanol
	2300.5
	1612

	17
	8
	80
	2
	Acetone
	1158.5
	1391.5

	18
	8
	20
	0.1
	Methanol
	1000
	1691.5

	19
	4
	20
	1.05
	Acetone
	1504.5
	-a

	20
	8
	50
	1.05
	Methanol
	1429.5
	1703.5

	21
	8
	80
	0.1
	Acetone
	1213
	1073.5

	22
	4
	20
	1.05
	Methanol
	-a
	-a

	23
	12
	50
	2
	Acetone
	360
	-a

	24
	8
	20
	2
	Acetone
	1885.5
	-a

	25
	12
	50
	0.1
	Methanol
	102
	-a

	26
	4
	80
	1.05
	Acetone
	1176.5
	1988

	27
	4
	50
	2
	Acetone
	1193
	2458

	28
	8
	50
	1.05
	Acetone
	1077
	1149.5

	29
	8
	20
	0.1
	Acetone
	1020.5
	1103.5

	30
	12
	50
	2
	Methanol
	196
	955.5


aOutlier data




Method development
The optimized DSPE and MSPE methods for the extraction were used to quantify the analytes. The standard solutions prepared by adding the standard analytes to the blank matrix and were used for constructing the calibration curves. For method validation, FDA guidelines were used. Linear range, sensitivity, accuracy, precision, and specificity were investigated in the urine matrix.

Analysis of real urine samples
First, permission was obtained from the Ethics Committee of Tabriz University of Medical Sciences with an approval code of 1400.083 to collect the real samples from healthy volunteers who were exposed to NPO (nil per os) for 8 h. No age or sex restrictions were imposed on individuals. Then, real samples prepared from individuals were treated and analyzed using the developed method.


Results and discussion
The adsorption mechanism
GO and its modified forms are among the most commonly used materials in the advanced technologies, such as electronic devices, energy storage devices, (bio)sensors, biomedical applications, supercapacitors, membranes, catalysts, and water purification. Its many advantages have increased its use, but one of the drawbacks that may limit working with it is the restacking and aggregation of the layers as a result of interaction forces between carbon layers through π-π bonds. The re-accumulation of carbon layers leads to aggregation, minimizing the available surface area and blocking the active adsorption sites in GO. This problem can be solved by inserting nanoscale particles between these carbon layers and creating a space between these layers. In the current work and line with the aforementioned strategy, GO has been altered by dispersing C nanodots between carbon layers to resolve its re-accumulation and aggregation problem. The materials were then modified with Fe3O4 nanoparticles to separate C-nanodot/GO hybrid material from the solution medium using a magnetic field during analyte adsorption and desorption processes [36]. In a different approach, the growth of polyaniline chains was used to prevent the re-stacking of GO sheets as described in detail by Mitra et al. [35]. The prepared GO-based adsorbents are able to interact with drug molecules through π-π, H-bond, electrostatic and charge transfer interactions provided by aromatic, unsaturated double bonds, hydroxy, carboxylate/carboxyl, and epoxy groups as illustrated schematically in Figures S4 and S5.

Characterization of GO/Polyaniline (GO/PANI) nanocomposites
FT-IR spectrum of GO is shown in Figure S6. For GO, the specific absorption peaks were obtained at around 3400 cm− 1, 2931 and 2852 cm− 1,1714 cm− 1, 1621 cm− 1, and 1173 to 1056 cm− 1 belong to the O–H, C–H, C = O, C = C, and different C-O-C vibrations, respectively [36]. The infrared spectrum of GO/PANI shown in Figure S6 indicates peaks at 1087 cm− 1 and 1226 cm− 1 correspond to the absorption of the aromatic out of plane C-H deformation and C-N stretching vibrations, 1404 cm− 1 are related to the absorption of benzoide C = C group. The specific absorption peak of C = C related to N = Q = N (with Q representing the quinoid ring) is shown at 1556 cm− 1. Also, peaks at 1720 cm− 1, 2923 and 2852 cm− 1, and 3116 cm− 1 are respectively for C = O stretching, asymmetric and symmetric C-H stretching, and = C–H stretching vibrations. N-H stretching vibrations gave rise to peaks from 3370 to 3517 cm− 1, overlapping with O-H vibration.
Zeta potential values of 1 mg.mL− 1 of GO and GO/PANI dispersions were − 21.5 and − 13.39 mV, respectively (Figures S7 and S8 in supplementary data). The results indicate that the negative Zeta potential of GO helps aniline monomers adsorption on nanocomposite via the electrostatic interaction between the amino group and carboxyl group and π-π conjugation interactions between benzene rings [39]. When the XRD spectrum of GO is examined, the presence of peaks confirms GO formation [35, 40]. Moreover, it is worth noting that the peak at 2θ:11.78 becomes almost invisible upon the formation of GO/PANI nanocomposite, reflecting an exfoliation of the GO sheets in this product [41] (Fig. 1).
The results of SEM analysis (Fig. 2) show that the average particle size diameter of the produced GO/PANI particles is in the range of 18.43 nm (Fig. 3). The polymer structure can be seen in different areas without altering the GO layered structure.
[image: ]
Fig. 1XRD spectra of GO and GO/PANI


[image: ]
Fig. 2Scanning electron microscopy (SEM) of: (A) GO at 500 nm scale, (B) GO at 200 nm scale, (C) GO-polyaniline composite at 500 nm scale, (D) GO-polyaniline composite at 200 nm scale, (E) GO-polyaniline composite at 200 nm scale by indicating density


[image: ]
Fig. 3The average particle size of GO/PANI absorbent was obtained using ImageJ software



Characterization of the magnetic adsorbent
FT-IR spectra of C-nanodot and Fe3O4/C-nanodot/GO materials are shown in Figure S9. The characteristic peak for Fe-O stretching vibrations is observed at around 563 cm− 1.
The XRD spectrum for GO has shown two peaks at angles of 2θ:11.7 and 42.3 which confirms the formation of GO according to the references [40]. When the same test was done for the magnetic absorber, peaks were shown at 2θ:28.4, 36.8, and 57.2 angles which confirmed the magnetization of the prepared adsorbent [4]. From the comparison of the spectra of these two materials, we conclude that GO has decreased at 2θ:11.7 and peak 42.3 has also disappeared, which indicates that the accumulation of GO sheets has decreased [36](Fig. 4).
VSM characterization of Fe3O4/C-nanodot/GO, was carried out at room temperature. The S-shaped diagram shows the formation of the absorbent magnetic property. The maximum saturation of the Fe3O4/C-nanodot/GO was found to be 30 emu g− 1 (Fig. 5). Based on a previous study, VSM for Fe3O4 is equal to 54 and in our study, the prepared magnetic absorber is equal to 30. Reduced saturation magnetization in Fe3O4/C-nanodot/GO is attributed to non-magnetic materials which quench the surface moment, which in turn decreases saturation magnetization [42].
Specific surface area, an important parameter for nanoparticle adsorbents, can be determined by using the Brunauer–Emmett–Teller (BET) method. The method works based on the adsorption isotherm of a non-reactive gas, such as nitrogen, carbon dioxide or, argon, with the surface area of the solid or porous materials. To obtain BET isotherms, the sample was subjected to the adsorption isotherm of N2 at 77 °K, and the BET equation was applied to the data in the P/Po range of 0.01 to 0.90 (49-point BET). The sample was degassed at 423.15 °K (150 ℃) for 4 h before surface area measurement. The collected data for Fe3O4/C-nanodot/GO is displayed as the BET isotherm, which plots the amount of gas adsorbed as a function of the relative pressure. The results of the BET analysis of surface properties of Fe3O4/C-nanodot/GO magnetic adsorbent are summarized in Table 3. The specific surface area of the adsorbent was assessed with the help of N2 adsorption–desorption isotherms shown in Fig. 6. The results were of high quality indicated by an excellent correlation coefficient (R2 = 0.997) as illustrated in Fig. 7. It can be deduced from the shape of the plot in Fig. 6 that nitrogen gas follows a Type-IV adsorption–desorption isotherm on the surface of Fe3O4/C-nanodot/GO adsorbent. The Barrett–Joyner–Halenda (BJH) desorption isotherm has been used for the pore size distribution study. The mesoporous nature of the adsorbent can also be confirmed from the distribution of pore size measured based on the desorption (equilibrium) branch of the isotherm by the BJH method (Fig. 8). The presence of a sharp peak at the pore radius of 3.8 nm is indicative of a mesopores architecture for Fe3O4/C-nanodot/GO magnetic adsorbent.
Table 3BET surface properties of adsorbents


	 	Pore size diameter (nm)
	Pore volume (cm3g− 1)
	Specific surface area (m2 g− 1)

	GO/Fe3O4/C-nanodot
	115.23695
	10.161430
	22.7133

	215.92494
	20.157950
	 

1. Adsorption
2. Desorption



[image: ]
Fig. 4XRD spectra of GO, Fe3O4/C-nanodot/GO


[image: ]
Fig. 5Vibrating sample magnetometer (VSM) Of Fe3O4/C-nanodot/GO


[image: ]
Fig. 6A BET N2 adsorption/desorption isotherms of Fe3O4/C-nanodot/GO


[image: ]
Fig. 7BET surface area plot of GO/Fe3O4/C-nanodot


[image: ]
Fig. 8BJH pore size distribution of GO/Fe3O4/C-nanodot



Optimization of methamphetamine extraction using GO/PANI
GO/PANI could only extract methamphetamine from the urine samples. Therefore, to optimize the developed method for the quantification of methamphetamine, the affecting parameters in the extraction process were assigned as the independent variables in the experimental design procedure using Minitab software. Different experimental conditions (runs) suggested by the software are shown in Table 1. Under different experimental conditions, the peak area of the sample (area under the analyte peak in the chromatogram) was taken into account as the response value (Table 1). Based on the results, the solvent of choice for obtaining the best results was acetone. From the analysis of the results with the step-by-step multiple linear regression equation, the response value (AUC for analyte).
was correlated to the remaining factors according to the following equation:[image: $$\begin{gathered} AUC = - 35914\, + \,1829\,pH\, + \,906\,adsorbent\, \hfill \\+ \,10956\,Time - \,281.6\,pH \times pH - \,5.63\,adsorbent \hfill \\\times adsorbent\, - \,1172\,Time \times Time\, \hfill \\+ \,416\,pH \times Time - 52.4\,adsorbent \times Time \hfill \\ \end{gathered}$$]




The Correlation coefficient (R2), adjusted R2, and predicted R2 are 0.79, 0.68, and 0.51, respectively. P-value of all parameters was < 0.15 except for time. This shows that the parameters and their mutual effects have a statistically significant effect on the area under the curve (AUC). The data confirm that the applied parameters have a significant effect on AUC, except for time, which has no significant effect (p-value = 0.91). The surface plots for pH, time, and the amount of adsorbent are shown in Fig. 9.
The analysis of the results shows that factors with P-values less than 0.05 had the greatest effect on the extraction. The findings show that low pH and time and medium levels of adsorbent can increase the absorption efficiency of the analyte. The optimum values for the tested parameters are as follows: pH = 4, solvent: acetone, adsorbent: 50 mg, and time: 4.5 min (Fig. 9). The studied drugs are weak bases and convert to ionized form in acidic pH [43, 44].
[image: ]
Fig. 9Surface plot of absorption of methamphetamine (a) pH vs. adsorbent and (b) adsorbent vs. time (c) pH vs. time for GO/PANI composite



Optimization of studied amphetamines extraction using magnetic adsorbent
In this part of the study, fractional factorial design was used to determine the optimal conditions for the extraction of methamphetamine and pseudoephedrine from urine samples. The response surface method was used for the optimization process. The main parameters affecting the extraction efficiency, including pH, time, adsorbent, and solvent were selected as the independent variables. The peak area values were considered as the response for choosing the best condition for the extraction. The obtained values have been reported in Table 2. The optimized solvent for the elution was acetone and the stepwise analysis of quantitative parameters indicated that pH has the most statistically significant effect (p < 0.05) on the extraction. The following equations were obtained from the quantitative analyses relating the peak area to the evaluated parameters:
Methamphetamine:[image: $$\begin{gathered}\:Peak\:area = 4538 - 616\:pH\: - 28.91\:Adsorbent + 705\:Time \hfill \\+ 27.18\:pH \times \:pH\: - 144.1\:Time \times \:Time + 2.974\:pH \times \:Adsorbent\: \hfill \\- 95.5\:pH \times \:Time + 7.10\:Adsorbent \times \:Time \hfill \\ \end{gathered}$$]




Pseudoephedrine:[image: $$\begin{gathered}\:Ps = 2256 + 38\:pH\: - 978\:Time\: - 18.44\:pH \times \:pH \hfill \\+ 212\:Time \times \:Time + 67.3\:pH \times \:Time \hfill \\ \end{gathered}$$]




Correlation coefficient (R2), adjusted-R2, predicted R2 values for methamphetamine were 0.89, 0.81 and 0.57. The same statistical parameters for pseudoephedrine were 0.82, 0.89 and 0.71, respectively. These data confirm a good correlation between the peak area and the parameters under study. In addition, adjusted R2 values and predicted R2 confirm the correctness and adequacy of the proposed models with Box-Behnken design to optimize the parameters.
The analysis of the results shows that the most important factor in the extraction is the pH due to its prominent effects on the surface charge of adsorbent binding sites and the degrees of ionization of the studied analytes. The optimal values of each parameter are as follows: pH = 4, solvent: acetone, amount of absorbent: 20 mg, and time: 20 s. (Fig. 10).
[image: ]
Fig. 10Surface plot of AUC of methamphetamine and pseudoephedrine (A) pH vs. adsorbent and (B) adsorbent vs. time (C) pH vs. time and (D) pH vs. time for Fe3O4/C-nanodot/GO composite



Method validation
Linearity and calibration curves
The calibration curve for the quantification of methamphetamine in the urine matrix was constructed using five calibration points at the concentration range of 0.25–1.20 mg/L for GO/PANI adsorbent. The obtained determination coefficient (R2) was 0.984. The representative regression equation is as follows: [image: $$\:Y\hspace{0.17em}=\hspace{0.17em}7870.9X\:-\hspace{0.17em}266.55$$].
For the magnetic adsorbent, the calibration curve was constructed with five calibration points at the concentration range of 1–15 mg/L for methamphetamine and pseudoephedrine in urine matrix. Figure 11 illustrates chromatograms for the urine samples spiked with different concentrations of methamphetamine and pseudoephedrine applied to the HPLC system. The determination coefficient (R2) values obtained for methamphetamine and pseudoephedrine were 0.993 and 0.970, respectively. The representative regression equations respectively are as follows: [image: $$\:Y\hspace{0.17em}=\hspace{0.17em}6460.5X\hspace{0.17em}+\hspace{0.17em}941.61$$] and [image: $$\:Y\hspace{0.17em}=\hspace{0.17em}3409.2\:X\:-1099.8$$].
[image: ]
Fig. 11Chromatogram of different concentrations of methamphetamine and pseudoephedrine in urine samples


The sensitivity of the established method which named the lower limit of quantitation (LLOQ) was calculated based on FDA guidelines for bioanalytical validation of small molecules. It is the minimum value of calibration curve which RSD and the error of the back-calculated concentration were less than 20%. Therefore, LLOQ for methamphetamine extracted by GO/PANI adsorbent was 0.25 mg/L while for both methamphetamine and pseudoephedrine extracted by Fe3O4/C-nanodot/GO obtained at 1 mg/L.
Comparing various analytical methods (Table 4) by various instrumental and different extraction approaches [45–48] indicates that generally, GC gives better sensitivity than other methods. The established extraction method used in this work is just useful for the clean-up of urine samples and shows acceptable sensitivity for the detection of methamphetamine and pseudoephedrine in real urine samples. It has the ability to clean up and extract two drugs simultaneously, and our goal was to measure them in clinical samples by a fast and simple extraction methods.
Table 4Comparison of the proposed methods with other techniques for analysis of Met and PS in urine


	Method
	Analyte
	Concentration range (µg/L)
	LOD/LLOQ
(µg/L)

	EM-SPME3-GC-FID [45]
	Methamphetamine
	5-500
	2.0

	MIP-SPME4-CE [46]
	Pseudoephedrine
	5-500
	1.1

	DLLME-SFOP1-HPLC-UV [48]
	Methamphetamine
	10-3000
	2

	Head-space-SPME2-GC-MS [49]
	Methamphetamine
	0.5–1000
	0.2

	DSPE-HPLC-UV (this study)
	Methamphetamine
	250-12000
	250

	MSPE5-HPLC-UV (this study)
	Methamphetamine and Pseudoephedrine
	1000–15,000
	1000


1Electromembrane solid-phase microextraction-GC-FID
2Molecularly imprinted polymer- solid-phase microextraction-CE
3Dispersive liquid–liquid microextraction - solidification of floating organic drop-HPLC-UV
4Headspace solid-phase microextraction- GC-MS
5Magnetic solid-phase extraction-HPLC-UV



Each of the proposed methods has advantages and disadvantages. The advantages of magnetic adsorbent (Fe3O4/C-nanodot/GO) include (a) convenient and fast collection of analyte from the adsorbent surface using a magnet, which avoids the time-consuming operation of passing the column or filtration, (b) relatively low-cost of magnetic adsorbents compared to polyaniline adsorbent, (c) much less extraction time compared to polyaniline adsorbent, (d) cleaner chromatogram, and (e) simultaneous extraction of two drugs. The following are among the disadvantages of Fe3O4/C-nanodot/GO: (a) longer synthesis time compared to polyaniline adsorbent, and (b) higher concentration analytical range of analyte compared to that of polyaniline adsorbent.

Precision and accuracy
Precision was utilized to show the method’s repeatability and represented by the relative standard deviation (%RSD). Accuracy shows the closeness of the measured values to the actual (nominal) values and is indicated by relative recovery. Intra-day assays for the technique validation were determined using three concentrations (low, middle, and high concentration based on the range of the calibration curve) with three replicates to determine methamphetamine and pseudoephedrine in urine samples. Based on the reported value in Table 5, the RSD% and relative recovery values were in the range of ± 17% and 83–115%, respectively. They are in acceptable range based on FDA guideline and indicative of acceptable accuracy and precision for the reported methods.
Table 5Accuracy and precision of the proposed methods to quantify methamphetamine and pseudoephedrine in urine samples in one day and with three replicates


	Analyte
	Adsorbent
	Spiked Concentration(mg/L)
	Found Concentration (mg/L)
	Recovery %
	RSD%

	Methamphetamine
	GO/PANI
	0.30
	0.34
	114.9
	4.01

	0.60
	0.53
	87.8
	8.55

	0.90
	0.81
	89.6
	3.88

	Methamphetamine
	Fe3O4/C-nanodot/GO
	3.0
	3.03
	100.9
	13.0

	6.0
	5.00
	83.3
	2.4

	9.0
	9.73
	108.1
	8.6

	Pseudoephedrine
	Fe3O4/C-nanodot/GO
	3.0
	3.29
	109.6
	11.8

	6.0
	6.22
	103.7
	3.9

	9.0
	9.70
	107.8
	5.0





Specificity
The specificity of HPLC-UV was investigated to corroborate the quantitation of methamphetamine and pseudoephedrine in the presence of other drugs (2 mg/L) which could be co-administrated/abused (e.g., alprazolam, chlordiazepoxide, codeine, caffeine, dextromethorphan, diazepam, morphine, oxazepam, oxycodone, buprenorphine, and tramadol) with the studied drugs. Except for the codeine in the presence of pseudoephedrine (Figure S10), no interfering peak was observed in the recorded chromatograms. This result shows that HPLC conditions are selective enough for methamphetamine and pseudoephedrine extraction and determination.
The extraction process of our methods takes a short time and acceptable extraction efficiency for the analysis of the studied drugs in urine samples.


Real samples analysis
The above-mentioned method described for the extract of methamphetamine from urine samples was used for the treatment of real urine samples collected from a patient. One mL of patient urine (interval between sampling and drug administration was 5 h) pre adjusted at pH 4 with H3PO4 solution (85%) was diluted with 6 ml of water and used for the extraction. Using the optimal extraction conditions by Fe3O4/C-nanodot/GO, the extraction was performed, and then the final eluted sample in acetone was injected into the HPLC. The peak area for methamphetamine was used to determine the concentration of methamphetamine based on the constructed calibration curve. The obtained methamphetamine concentration was 14.3 mg/L. In addition, two concentrations of methamphetamine were spiked to the real samples (i.e., standard addition calibration method). Under the latter condition, a good linearity was obtained between the peak area and concentration and the quantified methamphetamine concentration was 16.7 mg/L. The results indicated a good agreement between the determined concentrations (i.e., 14.3 and 16.7 mg/L) confirming the accuracy of the developed method.


Conclusion
In this study, the extraction of two psychostimulant drugs in laboratory urine samples using GO-based adsorbents was investigated. The experimental design was used to establish the optimal conditions for the extraction process with the least number of experiments. Parameters such as the extraction solvent, pH, time, and the amount of the used adsorbents were determined for the optimum extraction conditions. The results indicated that using GO/PANI adsorbent for the extraction can lead to the detection of as low as 0.25 mg/L methamphetamine from the urine matrix. On the other hand, the Fe3O4/C-nanodot/GO can extract methamphetamine and pseudoephedrine simultaneously at the minimum concentration of 1 mg/L in the test sample. Considering that the urine laboratory sample is a complex matrix, the magnetic adsorbent showed a better clean-up ability compared with GO/PANI. In addition, the extraction time by Fe3O4/C-nanodot/GO (20 s) is less than that of GO/PANI (5 min). Collectively, the introduced adsorbents can practically be applied for the sensitive determination of the tested psychostimulants in human urine.
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