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Abstract
A rapid, highly sensitive method using reversed-phase high-performance liquid chromatography with photodiode
array detection (RP-HPLC-PDA) was developed to simultaneously quantify and qualify amphetamine (AMP),
ephedrine (EPH), and ascorbic acid (vitamin C) in human serum. Chromatographic separation conditions was
obtained on a pH stable hybrid silica C18 column (250 mm % 4.6 mm, 5 um) which is stable up to pH 12 using a time
programmed gradient mode for mobile phase system acetonitrile: methanol combined with orthophosphoric acid (pH
9.0, amphetamine phase), ammonium formate/formic acid (pH 9.0, ephedrine phase), and a tetrabutylammonium-
modified phosphate buffer at pH 4.0 for ascorbic acid, within a total analytical run of less than 14 minutes. A
multilayer feed-forward artificial neural network (ANN) with a 3-10-3 topology was developed in MATLAB to model
the relationship between the chromatographic parameters (mobile phase ratio, pH, and flow rate) and the responses
(retention time, peak area, and tailing factor). The method exhibited good linearity (R? = 0.9999) over 5.0-25.0 ng.
mL! for all three substances. Limits of detection (LOD) were 0.195, 0.164, and 0.116 ng. mL-', and limits of
quantification (LOQ) were 0.593, 0.497, and 0.352 ng. mL"! for AMP, EPH, and ascorbic acid, respectively. Precision
and accuracy studies showed %RSD values below 0.90% and recovery percentages ranging from 99.7% to 100.3%,
indicating the stability of the pH-adjusted mobile phases. The ANN model showed strong agreement between
experimental and predicted values, with correlation coefficients (R) of 0.925, 0.975, and 0.987 for the training,
validation, and test sets, respectively. Application of the validated method to human serum samples revealed a
statistically significant decrease in serum ascorbic acid levels among addiction compared to healthy controls (3526 +
110.94 ng. mL"! vs. 8718 £ 354.04 ng' mL"!, p < 0.0001). Monitoring serum levels during a 60-day detox program
explains the near-complete release of AMP and EPH alongside substantial recovery of ascorbic acid levels. This RP-

HPLC-PDA method was sensitive, precise, and practical for clinical toxicology and therapeutic monitoring.

Keywords: amphetamine; ephedrine; ascorbic acid; method validation; false-positive; forensic toxicology; Artificial

Neural Network.



1. Introduction

The analytical detection of amphetamine, a broad class of synthetic phenethylamine derivatives that act as
potent central nervous system (CNS) stimulants by modulating or changing neurotransmission function, achieving
ultimate diagnostic specificity remains as a challenge in clinical toxicology and forensic crime scene [1,2].
Amphetamines are characterized by the a-methylphenethylamine structure and are indicated for the treatment of
attention deficit and hyperactivity disorder (ADHD) and narcolepsy. The preliminary detection via immunoassay-
based urine drug screens, which is a rapid competitive binding test that employs antibody-antigen kinetics, is
compromised by high false-positive rates reported as 3.9% and 9.9% in the literature [3]. These false-positive
analytical assays have illustrated socioeconomic and judicial consequences, ranging from the termination of
employment to protracted legal disputes and the systemic impact on addicted patients [4]. While immunoassays are
still the primary screening modality because of their high assay capacity, their dependence on the paratope—epitope
binding affinity of specific antibodies makes them to form a susceptible cross-reactivity with exogenous structural
analogs [1,5]. Ephedrine, considered a sympathomimetic alkaloid and B-hydroxy-phenethylamine used as a
decongestant, stills as a principal of this interference to its substantial structural with the phenethylamine drugs [6,7].
The challenge of structural similarity and chemical interference from vitamin C (L-ascorbic acid), a six-carbon
lactone and essential water-soluble antioxidant, is a further threat to the integrity of enzymatic assays. As a potent
biological reducing agent, L-ascorbic acid illustrates the reduction of chromogenic substrates, thereby disrupting the
redox signaling in many colorimetric and peroxidase-linked immunoassays [8], [9]. Elevated concentrations of
urinary ascorbic acid have further been implicated in diagnostic error through instability of assay kinetics or pH-
effect shifts in antibody-antigen binding thermodynamics [10]. To mitigate these analytical risks, orthogonal
confirmatory testing is an essential requirement for forensic defensibility [1]. Chromatographic techniques,
including thin-layer chromatography (TLC), gas chromatography—mass spectrometry (GC-MS), and liquid
chromatography tandem mass spectrometry (LC-MS/MS), constitute the principal confirmatory approaches in this
domain, yet each presents distinct practical limitations. TLC, despite its operational simplicity, lacks the sensitivity
and quantitative precision required for rigorous toxicological analysis. Although GC-MS has historically served as
the definitive confirmatory standard, its reliance on time-intensive pre-column derivatization typically acylation or
sialylation to reduce the polarity of primary amines constitutes a significant operational bottleneck [11,12]. LC-
MS/MS, while offering high sensitivity and specificity, remains costly and requires specialized expertise that limits
its accessibility for routine screening in many clinical and forensic laboratories[13,14]. High-performance liquid
chromatography (HPLC), by contrast, enables the direct analysis of polar stimulants without derivatization, offering
a practical and cost-effective balance of sensitivity, resolving power, and operational simplicity required to

discriminate structurally related compounds on the basis of their physicochemical properties [15,16,17].
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Fig 1. chemical structure of A: Amphetamine (Amp), B: Ephedrine (Eph), C: Ascorbic Acid (Vit.C).

2 Materials and Methods

2.1  Chemicals and Reagents

Amphetamine and ephedrine reference standards were obtained from the National Center for Drug Control and
Research (Baghdad, Iraq). Ascorbic acid (vitamin C) reference standard was purchased from Sigma-Aldrich
(Darmstadt, Germany). Acetonitrile and methanol were of HPLC grade (>99.9%). Orthophosphoric acid, formic acid,
ammonium formate, and tetrabutylammonium hydrogen sulfate were of analytical grade (>99%). High-purity water
was obtained using a Milli-Q water purification system (Millipore, USA) and used throughout the study. All chemicals

and reagents were used as received without further purification.

2.2 Apparatus

Chromatographic separation and quantitative evaluation were performed using an HPLC system (Sykam
GmbH, Germany). The instrumentation comprised a high-pressure triplex gradient solvent delivery pump, an inline
vacuum degassing unit for mobile phase deaeration, and a high-sensitivity photodiode array (PDA) detector. High-
pressure solvent mixing was accomplished via a T-shaped coupling interface coupled with a stainless-steel capillary
mixing loop to ensure complete mobile phase homogenization prior to column delivery. Analytical separation was
achieved on a C18 stationary phase column (250 mm X 4.6 mm, 5 um particle size). System control, data acquisition,

and peak integration were executed using Sykam chromatographic software.

2.3 Preparation of Standard and Calibration Solutions

Stock solutions of 400 pg. mL"! of amphetamine, ephedrine, and vitamin C were prepared by dissolving 0.1000
g of each standard drug in deionized water, then bringing the volume to 250 mL in a volumetric flask. After that, a
series of working calibration standards, ranging from 5 to 25 ng/mL for each analyte by serial dilution. All solutions

were degassed by ultrasonication for 15 to 20 min and filtered through a 0.45 um syringe filter prior to HPLC injection.



2.4. Chromatographic Conditions
2.4.1. Selection of Optimal Detection Wavelength

To determine the optimal wavelengths for individual standard solutions of amphetamine, ephedrine, and
vitamin C, the solutions were scanned over the UV spectral range (200-400 nm) using a UV-Vis spectrophotometer.
Depending on the resulting absorption maxima (Amax), wavelengths of 260 nm, 270 nm, and 280 nm were selected
for amphetamine, ephedrine, and vitamin C, respectively. Multi-wavelength parameters were programmed into the
HPLC-PDA system for the simultaneous qualitative and quantitative analysis of each substance at its maximum
absorbance within a single chromatographic run time.
2.4.2. Chromatographic Conditions

Chromatographic separation and simultaneous quantification of amphetamine, ephedrine, and vitamin C within
a single analytical injection as a mixture were performed using a gradient elution mode on a C18 column (25 cm x
4.6 mm, 5 um). The mobile phase flow rate was 0.7 mL. min™! all over the chromatographic run. The
gradient mode and multi-wavelength detection using the photodiode array (PDA) detector were operated as follows:
Preparation of Mobile Phase:
Amphetamine Elution Phase (0.01-5.00): Prepared by mixing an organic phase of acetonitrile and methanol
(80:20, v/v) with an aqueous fraction whose pH was adjusted to 9.0 using dilute orthophosphoric acid and sodium
hydroxide. The stable signal was maintained at 260 nm.
Ephedrine Elution Phase (5.01 — 7.00): Prepared using acetonitrile and water (90:10, v/v) containing 5 mM
ammonium formate and 0.1% (v/v) formic acid. The buffer pH was adjusted to 9.0 using dilute sodium hydroxide.
The stable signal was maintained at 270 nm.
Vitamin C Elution Phase (7.01 — 14.00): mixture of methanol and an aqueous pH phosphate buffer (80:20, v/v), with
tetrabutylammonium (TBA) as an ion-pairing reagent to support retention of the strongly polar ascorbic acid on the
non-polar C18 stationary phase. The aqueous phase pH was adjusted to 4.0 with dilute orthophosphoric acid. Stable

signal detection was at 280 nm.

2.5. Method Optimization

An optimization of the experimental parameters was performed to obtain optimal analysis efficiency,
resolution, and peak symmetry. The influence of variables such as mobile phase ratio, pH, and flow rate on separation
efficiency was determined using a mixture of standard solutions at 5 ng. mL™!' for each analyte under simultaneous
gradient elution conditions.
2.5.1. Effect of Mobile Phase Ratio

The optimal eluent chromatographic selectivity was studied by systematically changing the mobile phase ratio
(organic to aqueous) (50:50, 60:40, 70:30, 80:20, and 90:10, v/v) at an optimum pH of 7.0 and flow rate. Optimal
resolution and peak symmetry were obtained at ratios of 80:20 (v/v) for Amphetamine, 90:10 (v/v) for Ephedrine, and
80:20 (v/v) for Vitamin C.



2.5.2. Effect of pH

After optimization of the mobile phase ratio, the effect of pH on substance ionization, retention time, and peak
tailing was studied at different pH values of 4.0, 7.0, and 9.0. Optimal resolution, separation efficiency, and peak
symmetry were obtained at pH 9.0 for both amphetamine and ephedrine, and at pH 4.0 for ascorbic acid.
2.5.3. Effect of Flow Rate

The effectiveness of mobile phase flow rate on resolution, column backpressure, peak symmetry, and sharpness
was investigated by range of 0.5, 0.7, 1.0, 1.2, and 1.5 mL min"'. A flow rate of 0.7 mL min-1 was selected as the
optimum mobile flow rate, indicating the best balance between peak sharpness, retention time, and run time for the
analysis
.2.6. Method Validation Procedure

The analytical performance of the HPLC-PDA method was validated with the ICH Q2(R2) Guidelines (2024),
ensuring that the requirements for forensic and clinical application [18]. The validation included the evaluation of
linearity, sensitivity, accuracy, and precision across the target analytical substance [19]
2.6.1. Linearity, LOD, and LOQ

Linearity was established over a concentration range of 5-25 ng. mL"!. Method sensitivity was quantified
through evaluation of the limit of detection (LOD) and limit of quantification (LOQ), which were obtained statistically
from the standard deviation of the response (o) and the slope of the calibration curve (S), using the formulas LOD =
3.36/S and LOQ = 100/S [18,20]. This ensures that the method remains robust against baseline noise while indicating
a high-resolution quantification at trace analyte levels [21].
2.6.2. Accuracy and Precision

Accuracy was evaluated via recovery studies using standard substance concentrations at 7.0, 12.0, 17.0, and
23.0 ng. mL"! within the linear range, with triplicate determinations. Precision was assessed as repeatability (intra-
day, n = 3) and intermediate precision (inter-day, over three consecutive days, n = 3), evaluated as relative standard

deviation (%RSD) [22].

2.6.3 Artificial Neural Network Modeling and Optimization

To optimize the chromatographic parameters, an Artificial Neural Network (ANN) process was applied using
MATLAB software. A multi-layer feed-forward neural network with a 3-10-3 topology was designed. The input layer
consisted of three operational parameters such as Mobile Phase Ratio, pH, and Flow Rate, while the output layer
contained three neurons of the analytical responses such as Retention Time, Peak Area, and Tailing Factor. A hidden
layer consisting of ten processing neurons supplied with weight matrices, bias vectors, and non-linear transfer
functions was employed to capture complex interactions. The experimental dataset was imported into MATLAB, and
the network was trained using standard fitting algorithms. The model's predictive performance, accuracy, and
generalization capability were thoroughly assessed based on the Mean Squared Error (MSE) and linear regression

correlation coefficients, such as R-values across training, validation, and test datasets.



2.7. Clinical Study Design and Participant Selection

This prospective, longitudinal clinical and analytical study was designed to quantify drug concentration
dynamics and evaluate chromatographic separation of target analytes using serum HPLC, applying the method
developed and validated in Sections 2.1-2.6. A total cohort of 100 male participants (N = 100) was enrolled and
categorized into four frequency-matched groups
(n =25 per group):

e  Group I (Healthy Control): Age- and lifestyle-matched, drug-free volunteers with no clinical evidence of
substance use and negative drug screens.

e Group II (Amphetamine-Addicted): Diagnosed amphetamine-dependent patients admitted to an addiction
treatment and rehabilitation center.

e  Group III (Ephedrine-Addicted): Gym members and athletes reporting illicit or off-label ephedrine use as a
stimulant/performance enhancer, with no history of amphetamine use, subsequently diagnosed with ephedrine
dependence and admitted for treatment.

e  Group IV (Amphetamine + Ephedrine Co-Addicted): Polydrug users admitted with co-ingestion patterns
showing concurrent amphetamine and ephedrine dependence.

Patients in the addicted groups (Groups II-1V) were diagnosed by experienced psychiatrists according to the
Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5) criteria. For longitudinal evaluation,
baseline serum samples were systematically collected during the initial admission window (within Days 1-3 of
hospitalization), followed by a second post-recovery evaluation after 60 days of standardized detoxification. Healthy
control participants (Group I) were evaluated at a single baseline time point to establish healthy reference serum
matrices.

2.8. Inclusion and Exclusion Criteria

Patients undergoing their first attempt at addiction rehabilitation therapy under a standardized clinical regimen
were eligible for inclusion. Patients admitted to the addicted groups (Groups II-1V) routinely received antioxidant
supplementation, including vitamin C, as part of the standardized in-hospital clinical treatment protocol from the time
of admission; given the central role of vitamin C as the primary biochemical marker of interest in this investigation,
vitamin C was specifically selected for quantitative monitoring among the antioxidants administered [23,24]. To
minimize metabolic confounding, individuals with pre-existing severe hepatic, renal, cardiovascular, hematological,
or autoimmune disease were excluded, as were participants receiving therapeutic agents known to affect core

metabolic or biochemical pathways other than the study substances [25,26].

2.9. Serum Sample Collection, Processing, and Storage

A total of 175 serum samples were collected: 100 baseline samples and 75 post-recovery samples. About 5 mL
of whole blood was collected into sterile tubes. Re-collected from the addicted groups I[I-IV, n = 75, 25 per group,
following the 60-day recovery phase. Blood specimens were allowed to clot at room temperature for 30 min, then
centrifuged at 1500 rpm for 5 min [27]. The sera were immediately collected into sterile microcentrifuge tubes and

preserved at —25 °C until HPLC analysis [28]. Before HPLC analysis, the treated serum extracts were appropriately



diluted using mobile phase A as a diluent to bring the concentrations of the analyte within the established linear range
(5.0-25.0 ng/mL). Specifically, the drug samples were diluted 1:20, and the basic ascorbic acid samples were diluted
1:400. The use of mobile phase A as a diluent ensured optimal peak congruence and prevented solvent peak distortion
during gradient initiation. All clinical serum concentrations listed in Table 6 represent final values corrected for the

dilution factors

2.10. Serum Analysis by HPLC
To quantify the presence of amphetamine, ephedrine, and vitamin C, serum samples were thawed at room
temperature and analyzed using the validated HPLC-PDA method described in Section 2.4, under the optimized

gradient elution conditions established in Section 2.5.

2.11. Statistical Analysis
Data are expressed as Mean + SD unless otherwise stated. Baseline serum concentrations of vitamin C among
the four independent clinical groups (Table 6) were compared using one-way analysis of variance (ANOVA), followed
by Tukey's Honestly Significant Difference (HSD) post-hoc test for pairwise multiple comparisons. A p-value < 0.05
was considered statistically significant, and p < 0.0001 was reported where applicable. Longitudinal changes in analyte
concentrations between baseline (Day 1-3) and post-detoxification (Day 60) within each addicted group (Table 7)

were evaluated using the paired-samples t-test.

3. Results and Discussion

3.1. Optimization of Chromatographic Conditions.

Serial systematic experiments were conducted to establish a rapid, simple, and highly efficient reversed-phase
HPLC method for the simultaneous separation and quantitative determination of amphetamine, ephedrine, and vitamin
C. Chromatographic separations were performed on a Hybrid C18 column (250 mm x 4.6 mm, 5 um) maintained at
ambient temperature, utilizing multi-wavelength PDA detection monitored at 260 nm, 270 nm, and 280 nm for
amphetamine, ephedrine, and vitamin C, respectively. The mobile phase volumetric ratio (50:50 to 90:10, v/v) was
initially screened, at a flow rate of 0.7 mL/min, to evaluate its impact on eluent strength, solute retention kinetics, and
detector sensitivity. As the organic modifier proportion varied, peak area and shape shifted significantly. Optimal
detector responses and favorable peak were using ratios: 80:20 v/v of acetonitrile: methanol with orthophosphoric acid
for amphetamine (975.08 mAU:s), 90:10 v/v of acetonitrile: water with 0.1% formic acid and 5 mM ammonium formate
for ephedrine (865.08 mAU:-s), and 80:20 v/v of methanol: phosphate buffer with tetrabutylammonium, TBA for
Ascorbic acid (422.14 mAU:s). The inclusion of TBA supports in situ ion-pair complexation with the strongly polar
ascorbic acid, enhancing hydrophobic retention [29, 30]. The effect of mobile phase pH at 4.0, 7.0, and 9.0 was studied
at the optimized mobile phase ratios and a flow rate of 0.7 mL. min! to meet the conflicting ionization requirements of
the target compounds. The acidic nature of ascorbic acid versus the basic amine nature of amphetamine and ephedrine

gave a specific analytical challenge. At a pH of 9.0, ionization of the basic drugs was inhibited, conserving them in their



unionized free base forms in basic media; this decreased the secondary silanol interactions on the silica column
backbone, leading to maximized detector sensitivity (1254.14 mAU-s for amphetamine and 978.08 mAU-"s for
ephedrine) [25,26]. An acidic pH of 4.0 was required for investigating ascorbic acid to keep its nonionized state, causing
its retention stability and a good peak area response (569.08 mAU-s) [27,28]. The flow rate was determined by testing
0.5 to 1.5 mL-min’, at the optimized mobile phase ratios and pH to prove the optimal balance between analysis run
time, backpressure of the column, and efficiency of theoretical plates. While a lower flow rate of 0.5 mL-min! yielded
higher peak areas for Ephedrine (1008.77 mAU-s) and ascorbic acid (588.07 mAU-s), a flow rate of 0.7 mL-min™" was
approved as optimal, providing the highest peak area for Amphetamine (1254.14 mAU's), peak symmetry, and stable
backpressure of the column. Combining these optimized variables into a time-programmed gradient elution profile
enabled complete baseline resolution (Rs = 4.04 for Amp/Eph and Rs = 2.15 for Eph/Vit C) with high peak symmetry
and reproducible retention times (3.22 min for Amphetamine at pH 9.0, 5.78 min for Ephedrine at pH 9.0, and 7.25 min
for ascorbic acid at pH 4.0), within a total run time of 14 min, inclusive of column re-equilibration. The representative
HPLC chromatogram of the optimized separation and the corresponding system suitability metrics are presented in Fig

2.
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Fig 2. Representative HPLC-PDA chromatogram of the simultaneous separation of amphetamine, ephedrine, and
ascorbic acid (Vit. C) (5 ng. mL™! each) under the optimized gradient elution conditions, showing baseline resolution

and detection at 260, 270, and 280 nm, respectively.

3.2. Chromatographic Functions and Column Efficiency

The efficiency and chromatographic performance of the developed HPLC method were evaluated under the
optimized gradient elution conditions using a Hybrid C18 column (250 mm X 4.6 mm, 5 pm). Chromatographic
parameters such as retention time (tr), capacity factor (k'), theoretical plates (N), effective theoretical plates (Nefr), and
height equivalent to an effective theoretical plate (Hesr) were investigated and calculated for each substance under
study, as presented in Table 1, while selectivity (), baseline resolution (Rs), and required theoretical plates (Nreq)
were studied and calculated for each pair of peaks, as shown in Table 2, to confirm system suitability and assess

robustness. The dead time (to) was 1.60 min at a linear velocity (u) of 156.25 mm.min"!, improving the mass transfer



efficiency of the mobile phase by the stationary phase. High chromatographic selectivity was obtained between
neighboring peak pairs, with selectivity factors (a) of 2.58 for amphetamine and ephedrine and 1.35 for ephedrine and
ascorbic acid, which give a clear chemical identification between the three substances. Excellent baseline resolution
was achieved, Rs = 4.04 for the first neighboring peak pair (Amp and Eph) and Rs = 2.15 for the second neighboring
peak pair (Eph and ascorbic acid), meeting standard criteria for substances, which is Rs > 1.5 [29,30]. Column
efficiency was confirmed by the theoretical plate counts (N), at 705 for amphetamine, 1542 for ephedrine, and 1388
for ascorbic acid. lowering of the plate count for amphetamine is referred to as initial zone broadening near t0, whereas
the last eluting analytes showed an increase in column efficiency [31,32], with low effective plate heights were Hegr =
0.031 cm for ephedrine and 0.030 cm for ascorbic acid. The effective theoretical plates were Neff = 806 for Ephedrine
and 843 for ascorbic acid and were below the theoretically required plate count (N.q = 876); that is, the actual baseline
resolution obtained was Rs = 2.15, and it still met the acceptance criterion, which is Rs > 1.5, indicating a good
separation, with a narrower than the theoretical plate requirement under changing routine operational or column aging

[39].

Table 1. Column efficiency parameters for amphetamine, ephedrine, and ascorbic acid on the Hybrid C18
column (250 mm x 4.6 mm, 5 pm); to = 1.60 min. Capacity factor (k) calculated.

Analyte tr (min) Kk’ N Netr Hefr (cm)
Amphetamine 3.22 1.013 705 178 0.140
Ephedrine 5.78 2.610 1542 806 0.031
ascorbic acid 7.25 3.530 1388 843 0.030

Table 2. Selectivity (o), resolution (Rs), and required theoretical plates (Nrq) between neighboring peak pairs.

Neighboring Peak pair o Rs Nreq
Amphetamine / Ephedrine 2.58 4.04 184
Ephedrine / ascorbic acid 1.35 2.15 876




3.3. Method Validation
3.3.1. Linearity and Dynamic Range

Under the optimized conditions for the chromatographic method, linearity was determined by calibration
curves for amphetamine, ephedrine, and ascorbic acid using peak area responses across a range of 5.0-25.0 ng. mL.

Linear regression analysis showed a good proportional relationship between the concentration of the substance and

detector response for all analytes, as illustrated in Figure 3.
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Fig 3. Calibration curves of (A) Amphetamine, (B) Ephedrine, and (C) ascorbic acid (Vit. C), showing peak area
versus nominal concentration over the range of 5.0-25.0 ng/mL (n = 3 at each level), with the corresponding linear

regression equations and coefficients of determination (R?).

Table 3 showed that the high precision of the linear model was confirmed by the maximum coefficient of
determination that was R? = 0.99999 for all three substances. The calculated 95% confidence intervals for slopes and

intercepts further validate the method’s reliability; since all confidence intervals for the intercepts contained zero,



which were -43.92, 23.92 for Amp, and —6.53, 44.13 for Eph, then —10.50, 6.90for ascorbic acid. The absence of
constant systematic errors across the calibration range was demonstrated. Mandel’s fitting test was conducted to
statistically evaluate straight-line linearity versus non-linear quadratic [34,35]. The calculated F-values were Fcalc =
2.72,3.91, and 0.03 for Amp, Eph, and ascorbic acid, respectively, and were substantially less than the critical tabular
value, which was F = 18.51 at a = 0.05, fl = 1, f2 = 2, improving that the linear model is statistically appropriate.
Furthermore, the relative standard deviation of the response factors (%RSD of RF) values was 0.35% for Amp, 0.48%
for Eph, and 0.16% for ascorbic acid, well within the acceptance limit (< 2.5%) [42].

3.3.2. Limit of Detection (LOD) and Limit of Quantitation (LOQ)

Method sensitivity was studied by determining the limit of detection (LOD) and limit of quantitation (LOQ)
for each substance, calculated using the standard error of the intercept (Sa, representing o) and the slope (b,
representing S) from the calibration data, using the equations (LOD = 3.36/S and LOQ = 100/S) [43]. As shown in
Table 3, the calculated LOD values were 0.195 ng/mL for amphetamine, 0.164 ng/mL for ephedrine, and 0.116 ng/mL
for ascorbic acid. The LOQ values were 0.593 ng. mL"!, 0.497 ng. mL"!, and 0.352 ng. mL"' for amphetamine,
ephedrine, and ascorbic acid, respectively. These low limits indicated the high sensitivity of the RP-HPLC method,

making it reliable for trace-level detection and accurate quantitative analysis in routine quality control.

Table 3. Statistical parameters for the linear regression, LOD, and LOQ of amphetamine, ephedrine, and ascorbic

acid.

Statistical Parameter Amphetamine Ephedrine Ascorbic acid
Linearity range (ng/mL) 5.0-25.0 5.0-25.0 5.0-25.0
Regression equation Y =171.60X—-10.00 | Y=152.64X+18.80 | Y=74.24X—-1.80
95% CI of slope [169.55, 173.65] [151.11, 154.17] [73.72,74.76]
95% CI of intercept [-43.92,23.92] [-6.53, 44.13] [-10.50, 6.90]
Coefficient of determination (R?) 0.99999 0.99999 0.99999
Sy/x 10.17 7.59 2.61
% y-intercept -0.23% +0.49% -0.10%
%RSD of response factor 0.35% 0.48% 0.16%
Mandel’s F-test 2.72 3.91 0.03
LOD (ng/mL) 0.195 0.164 0.116
LOQ (ng/mL) 0.593 0.497 0.352
Relative response factor (RRF) 1.00 (Ref.) 0.889 0.433




3.3.3. Accuracy and Precision

Method accuracy and precision were determined by analyzing Amphetamine, Ephedrine, and ascorbic acid at

four different concentrations (7.0, 12.0, 17.0, and 23.0 ng. mL"!). Intra-day precision, or repeatability, was evaluated by

triplicate analysis (n = 3) within the same day, while inter-day precision, which means intermediate precision, was

evaluated by triplicate analysis (n = 3) on three different days. Accuracy was assessed as percentage recovery of the

found concentration relative to the first concentration, and precision was assessed as the relative standard deviation

(%RSD) of the replicate measurements. Results are illustrated in Tables 4 and 5. Intra-day recovery values ranged from

99.71% to 100.28% for all substances, with a %RSD within 0.24%, confirming excellent repeatability within a single

analytical run time (Table 4). Inter-day recovery values were from 99.73% to 100.08%, with %RSD ranging from 0.68%

to 0.90% as shown in Table 5; while modestly higher than the intra-day values, as expected due to day-to-day variability

in mobile phase preparation, column efficiency, and instrument response, all values kept within the acceptable precision

limit (%RSD < 2%) recommended by ICH Q2(R2) guidelines [44], [45]. The expanded uncertainty (U%, k = 2) did not

exceed +1.80% under inter-day conditions, which proves the robustness and reproducibility of the developed method.

Table 4. Intra-day accuracy and precision data for amphetamine, ephedrine, and ascorbic acid

(n=3).
Nominal Conc. Found Conc. o o Expanded Uncertainty
Analyte (ng/mL) (Mean + SD, ng/mL) | “°Recovery = %RSD (U%, k=2)
7.0 6.990+0.017 99.85% =+ 0.24% +0.48%
12.0 12.031 £0.016 100.26% =+ 0.13% +0.26%
Amp
17.0 16.991 +0.016 99.95% = 0.09% +0.18%
23.0 23.038 £ 0.039 100.17% £ 0.17% +0.34%
7.0 6.980+0.012 99.71% £ 0.17% +0.34%
12.0 12.033 £0.015 100.28% =+ 0.13% +0.26%
Eph
17.0 16.968 + 0.021 99.81% £ 0.12% +0.24%
23.0 23.053 £ 0.031 100.23% =+ 0.13% +0.26%
7.0 7.008 £0.016 100.11% + 0.23% +0.46%
12.0 11.979 +0.017 99.83% £ 0.14% +0.28%
Vit. C
17.0 17.023 £0.025 100.14% + 0.15% +0.30%
23.0 22.957 £ 0.024 99.81% £ 0.10% +0.20%




Table 5. Inter-day accuracy and precision data for amphetamine, ephedrine, and ascorbic acid

(n = 3, three consecutive days).

Nominal Conc. Found Conc. o o Expanded Uncertainty
Analyte (ng/mL) (Mean + SD, ng/mL) YoRecovery £ %RSD (U%, k=2)
7.0 6.981 £ 0.062 99.73% £ 0.90% +1.80%
A 12.0 12.006 + 0.090 100.05% + 0.75% +1.50%
mp

17.0 16.978 £0.115 99.87% + 0.68% +1.36%

23.0 23.003 £0.172 100.01% + 0.75% +1.50%

7.0 6.981 + 0.054 99.73% + 0.76% +1.52%

Eoh 12.0 12.009 + 0.089 100.08% = 0.73% +1.46%
P

17.0 16.962 +0.122 99.78% £ 0.71% +1.42%

23.0 23.009 +0.180 100.04% = 0.78% +1.56%

7.0 7.002 + 0.059 100.03% =+ 0.85% +1.70%

Vit. 12.0 11.974 £ 0.100 99.78% + 0.84% +1.68%
it.

17.0 17.010 £ 0.139 100.06% =+ 0.82% +1.64%

23.0 22.943 +£0.188 99.75% + 0.82% +1.64%

3.4. Clinical Application

3.4.1. Serum Concentration Profiles

Table 6 summarizes mean serum concentrations of amphetamine, ephedrine, and ascorbic acid for each group.

Amphetamine and ephedrine were not detected (UDL, under the respective limit of detection) in groups without

addiction, improving the analytical specificity of the developed method in a biological matrix. Serum ascorbic acid

concentrations were lower in all addicted groups (G II-IV) relative to the healthy control group, with increased

antioxidant reserves under oxidative stress related to psychostimulant exposure. The decreased serum ascorbic acid

concentrations in the drug addiction groups (3526+110.94 ng/mL ng. mL"' in amphetamine users and 3173+241.77

ng/mL in co-users, versus 8718+354.04 ng/mL in the control group; P < 0.0001) can be related to biochemical

reactions. Amphetamine and ephedrine strongly stimulate toxic neuronal catecholamine pathways, leading to systemic

oxidative stress and increased accumulation of reactive oxygen species (ROS). Ascorbic acid, a primary, water-

soluble, and endogenously available antioxidant, is rapidly consumed to sweep ROS and neutralize toxic dopamine

quinones. Ascorbic acid acts as a nonexchangeable electron donor to dopamine beta-hydroxylase during

catecholamine synthesis, leading to chronic sympathetic stimulation and depleting functional ascorbic acid stores.

These biochemical burdens, in addition to drug-induced loss of appetite and altered gastrointestinal absorption,

confirm the physiological deficit [46,47].




Table 6. Mean + SD serum concentrations (ng/mL ) of Amphetamine, Ephedrine, and Ascorbic acid at baseline

across the four clinical study groups (N = 100, n = 25 per group).

Clinical Group Amphetamine Ephedrine Ascorbic acid
(Mean+SD) (Mean£SD) (Mean+SD)
G. I: Healthy Control aUDL aUDL 8718+354.04
G. II: Amphetamine addicted 293.43+26.60 *UDL 3526+110.94
G(HIIIIICI [Lphedrine gf%“s’sd aupL 281.2343.56 3978+120.62
G. IV: Amphetamine, Ephedrine addicted 381.45432.00 214.59+1.43 3173+£241.77

2 UDL = Under Detection Limit. Values are presented as Mean = SD. All addicted participants (Groups I[I-1V) were
recruited from an addiction treatment hospital with a confirmed clinical diagnosis and received antioxidant
supplementation; serum Ascorbic acid was the primary outcome measure. Group III participants were athletes whose

ephedrine dependence originated from illicit, non-medical performance-enhancing use.

3.4.2. Longitudinal Changes Following Detoxification

Serum concentrations of amphetamine, ephedrine, and Ascorbic acid were re-evaluated in Groups II-IV following
the 60-day detoxification period as shown in Table7. Amphetamine and ephedrine concentrations decreased from
baseline to near-trace levels approaching the limits of detection for all addicted groups (G II-IV), in harmony with
body clearance of both stimulants, amphetamine and ephedrine, over the detoxicant period. Serum ascorbic acid
concentrations recovered toward the range observed in the healthy control group, as shown in Table 6, improving the
hypothesis that ascorbic acid levels reflected antioxidant depletion secondary to psychostimulant use related to

oxidative stress, rather than a direct drug interaction [46,47]

Table 7. Serum concentrations (ng/mL ) of amphetamine, ephedrine, and Ascorbic acid in Groups II-IV on Day 60
compared with baseline (Table 6). Group I (healthy control) was evaluated at baseline only.

. Amphetamine Ephedrine Ascorbic acid Recovery &

Clinical Group (Day60) (Mean£SD) (Mean£SD) (Mean£SD) Significance Status

G. II: Amphetamine-Addicted Recovery |  2.18 = 0.84¢ P UDL 9678.01 +245.21» | Significant clearance
(P<0.0001) ©

G. lII: Ephedrine-Addicted Sienificant clearance

(Athletes; Illicit Non-medical Use) DubL 1.48£0.352 | 10534.10 £434.68" &
(P<0.0001) ©
Recovery

G. IV: Amphetamine + Ephedrine . . b Significant clearance

Co-Addicted Recovery 3.42+0.39 0.99+0.19 6454.85 £152.33 (P<0.0001) ¢

2 significant reduction in drug concentration relative to baseline (Day 1).  Significant increase in serum Ascorbic

acid relative to baseline (Day 1). © Paired comparison vs. Day 1 baseline within the same group (P<0.0001). ® UDL

= Under Detection Limit.
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Fig 4. Representative HPLC-PDA Serum Chromatograms Across Clinical Cohorts Before and After detoxicant

period.



3.4.3. Artificial Neural Network (ANN) Modeling

The error histogram, which has 20 bins, indicated the distribution of prediction errors, which are defined as Targets
minus Outputs for the developed 3-10-3 artificial neural network model. As illustrated in the histogram, the vast
majority of the data are densely clustered around the zero-error line that improved by the vertical orange line. This
close distribution around zero indicated that the prediction errors are negligible and randomly distributed, implying
the absence of any systematic bias and proving the high accuracy and reliability of the model as illustrated in Fig. SA.
The predictive efficiency and generalization capability of the optimized neural network model were further assessed
through linear regression analyses between the target and output values across training, validation, and test datasets.
The high correlation coefficients (R-values) obtained, specifically 0.92521 for training, 0.97507 for validation, and an
exceptional 0.98682 for testing, exhibited a strong linear agreement between the experimental and predicted responses.
These high R-values prove that the 3-10-3 ANN architecture mapped the complex non-linear relationships of the
chromatographic condition, confirming its high robustness and suitability for predictive optimization, as illustrated in

Fig. 5B.
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Fig 5. Performance evaluation of the optimized 3-10-3 artificial neural network model: (A) Error histogram with 20
bins illustrating the prediction error distribution, and (B) Linear regression analyses (R-values) between target and
output values across training, validation, test, and all datasets.

To make a robust predictive mapping of the chromatographic attitude, a multi-layer feedforward artificial neural
network (ANN) featuring a 3-10-3 topology was developed and implemented using MATLAB, as shown in Figure.
6A. As structurally illustrated in Figure 6B, the network effectively links the three operational input parameters, such
as mobile phase ratio, pH, and Flow Rate, to a hidden layer comprising ten processing neurons equipped with weight
matrices (W), bias vectors (b), and nonlinear transfer functions designed to resolve interactions. The information is
directed through the output layer to determine the three analytical parameters, such as Retention Time, Peak Area, and

Tailing Factor



Hidden Layer
(10 neurons)

Output laye

Input 1 Output 1
(Mobile Phase Ratio) (Retention Time)
Input 2 Output 2
(pH) (Peak Area)
Input 3 Output 3
(Flow Rate (Tailing Factor)

Fig 6. Topological and architectural configuration of the optimized 3-10-3 artificial neural network model: (A) Internal
MATLAB block diagram illustrating the layers, weight matrices (W), bias vectors (b), and transfer functions, and (B)

Schematic representation linking the chromatographic operational inputs to the analytical output responses.

Conclusion

In this study, a high-performance liquid chromatography (RP-HPLC) method was successfully developed and
validated for the simultaneous, rapid, highly sensitive determination of amphetamine, ephedrine, and ascorbic acid
concentrations in human serum using a gradient elution mode. Validation of the statistical model was performed
according to ICH guidelines, indicating excellent linearity (R? > 0.999), high accuracy, and robustness, with limit of
detection (LOD) values below 0.20 ng/mL for all analytes, and the standardized unit of ng/mL enabled accurate
analytical comparisons between calibration standards and human serum samples, providing a validated analytical tool
for both forensic and clinical toxicology applications. Mapping of the chromatographic attitude, a multi-layer
feedforward artificial neural network (ANN) featuring a 3-10-3 topology, was developed and implemented using
MATLAB. The network effectively links the three operational input parameters, such as mobile phase ratio, pH, and
Flow Rate. The information is directed through the output layer to determine the three analytical parameters, such as

Retention Time, Peak Area, and Tailing Factor.
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