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ABSTRACT

Background: The increasing prevalence of opioid abuse and the emergence of potent synthetic analogues have created a
critical demand for analytical methods capable of detecting opioids with exceptional sensitivity and specificity in complex
biological matrices. Traditional gas chromatography—mass spectrometry (GC—MS) and liquid chromatography—tandem
mass spectrometry (LC-MS/MS) methods often encounter challenges such as matrix interference, low volatility of
analytes, and limited multi-analyte capability.

Objectives : This study aimed to develop, validate, and apply a novel multi-analyte high-resolution gas chromatography—
mass spectrometry (HRGC—MS) method for the simultaneous quantification of heroin, morphine, and fentanyl in biological
matrices (plasma, urine, and tissue). The method was designed to provide enhanced sensitivity, reproducibility, and
selectivity, following international guidelines (FDA, 2018; ICH, 2022).

Methods : Sample preparation employed solid-phase extraction (SPE) for efficient analyte recovery, followed by
derivatization using BSTFA + 1% TMCS to improve volatility and stability. Chromatographic separation was achieved
using a DB-5 ms Ultra Inert column (30 m x 0.25 mm, 0.25 um) with helium as the carrier gas (1.0 mL min™"). The HRGC—
MS operated under electron ionization (70 eV) and high-resolution mode (> 60,000 FWHM) to ensure precise mass
accuracy (< 2 ppm). Validation parameters—linearity, accuracy, precision, recovery, matrix effects, stability, and
sensitivity—were assessed according to FDA (2018) and ICH Q2(R2) criteria.

Results : The method exhibited excellent linearity (R* > 0.998) across wide calibration ranges: heroin (0.5-500 ng mL™),
morphine (1-1000 ng mL™), and fentanyl (0.1-100 ng mL ).

Accuracy and precision were within +£5% and <6% RSD, respectively.

Limits of detection (LODs) reached 0.15 ng mL™" for heroin, 0.30 ng mL™' for morphine, and 0.03 ng mL" for fentanyl,
representing a 3—6-fold improvement over conventional GC-MS (Valdez et al., 2022).
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Mean recovery ranged from 89% to 96%, with matrix effects below +10%. Application to authentic forensic and clinical
samples confirmed reliable detection of opioids and metabolites (6-acetylmorphine, morphine) with minimal interference.

Conclusions: The validated HRGC-MS method provides superior sensitivity, specificity, and reproducibility for
simultaneous opioid analysis. Its multi-analyte capability, short run time (13.8 min), and robust matrix tolerance make it a
powerful tool for forensic toxicology and clinical drug monitoring. This approach establishes a scalable framework for
detecting emerging synthetic opioids and can be expanded through automation or hybrid HRGC-MS/MS coupling to
further enhance analytical throughput and scope.

Keywords: Opioids, Heroin; Morphine; Fentanyl; HRGC-MS; Forensic Toxicology, Method Validation, High-Resolution
Mass Spectrometry; Analytical Chemistry, Biological Matrices.
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1. INTRODUCTION

1.1 Background

The global escalation of opioid misuse and overdose has rendered the accurate detection and quantification of opioids and
their derivatives (e.g., heroin, morphine, fentanyl) a critical task in both forensic and clinical settings. Opioids such as
fentanyl and its analogues pose particular analytical challenges because of their high potency, low concentration in
biological matrices, and structural similarity to related compounds (Busardo et al., 2019). Moreover, heroin rapidly
metabolizes to 6-acetylmorphine (6-AM) and then to morphine, complicating the discrimination of parent compound versus
metabolites (Shakleya et al., 2010).

In clinical and forensic toxicology, accurate quantification is essential for dose reconstruction, therapeutic monitoring,
postmortem interpretation, and legal adjudication. Erroneous quantitation may lead to misinterpretation of cause of death,
misattribution of drug exposure, or flawed risk assessments. Therefore, analytical methods must deliver high sensitivity,
selectivity, and robustness in the presence of complex biological matrices, such as blood, plasma, urine, or tissue
homogenates.

1.2 Limitations of Existing Methods

Liquid chromatography—tandem mass spectrometry (LC-MS/MS) is widely used for opioid quantification because of its
excellent selectivity (via precursor—product ion transitions) and comparatively low sample preparation burden (e.g.,
minimal derivatization) (Shakleya et al., 2010). However, LC-MS/MS methods face a fundamental limitation: matrix
effects such as ion suppression or enhancement can degrade method accuracy and precision, particularly when co-eluting
endogenous compounds compete for ionization (Mei, in “lon suppression in LC-MS/MS,” n.d.). Even with the use of
deuterated internal standards, compensation for matrix effects may be incomplete.

Gas chromatography—mass spectrometry (GC-MS) remains a forensic “gold standard” for volatile or derivatizable analytes
because of its inherent chromatographic separation and reproducible fragmentation spectra (Koji¢ et al., 2025).
Nevertheless, conventional GC-MS methods have weaker sensitivity for certain opioids—especially fentanyl and low-level
derivatives—due to poor volatility in their native form, the necessity for derivatization, and lower ionization efficiency
(Valdez et al., 2022). For example, in forensic cases dealing with ultra-low fentanyl concentrations, standard GC-MS often
fails to reach sufficiently low limits of quantification (Valdez et al., 2022). Additionally, coelution of structurally similar
opioids or interference from matrix contaminants can complicate spectral deconvolution in conventional GC-MS (Sisco et
al., 2021).

In short, existing LC-MS/MS and GC-MS techniques each have tradeoffs: LC-MS/MS offers excellent selectivity but
suffers from matrix effects; GC-MS provides superior chromatographic resolution but often lacks the sensitivity needed
for trace-level detection in complex biological media.

1.3 Rationale and Objectives

To overcome the limitations of existing approaches, we propose the development of a multi-analyte high-resolution
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GC-MS (HRGC-MS) method that leverages enhanced mass resolving power to distinguish analytes with overlapping
fragment ions, while retaining the robust chromatographic separation advantages of GC. High-resolution instrumentation
can mitigate interference by resolving isobaric ions and minimize background noise, thereby improving signal-to-noise
ratios and lowering limits of quantification.

The specific aims of this work are:

To simultaneously detect and quantify a panel of opioid derivatives, including heroin, morphine, fentanyl, and relevant
analogues, in biological matrices (e.g., plasma, urine, tissue).

To enhance method sensitivity, reproducibility, and matrix compatibility through optimized sample preparation (e.g.,
extraction, derivatization), chromatographic separation, and high-resolution detection.

To validate the method according to international standards (e.g., FDA bioanalytical method validation, ICH, or ISO
guidelines) by evaluating parameters such as selectivity, linearity, accuracy and precision, limits of detection (LOD) and
quantification (LOQ), recovery, matrix effects, and analyte stability.

To demonstrate the method’s real-world applicability by analyzing authentic biological samples from clinical or
forensic cases, thereby assessing performance in complex matrices.

By combining the chromatographic rigor of GC with the discriminative power of high-resolution mass spectrometry, this
method aims to deliver a robust, sensitive, and specific tool for forensic and clinical opioid analysis.

2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

Analytical standards of heroin (diacetylmorphine hydrochloride), morphine sulfate, and fentanyl citrate (> 99% purity)
were procured. Isotopically labeled internal standards (IS) — morphine-ds, heroin-dy, and fentanyl-ds — were obtained and
used for quantitative correction of extraction efficiency and matrix effects. All solvents, including methanol, acetonitrile
(ACN), ethyl acetate, and n-hexane, were of HPLC grade.

Reagents for derivatization, such as N-methyl-N-trimethylsilyl-trifluoroacetamide ~(MSTFA) and N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% TMCS, were procured. Ultrapure water was obtained. Calibration
and quality-control (QC) solutions were prepared by serial dilution of primary stock solutions in methanol and stored at
—20 °C until analysis.

Table 1. List of chemicals and reagents used.

Category Compound/Reagent Purity (%) Application
Analytical Standards Heroin HCl >99 Target analyte
Analytical Standards Morphine sulfate >99 Target analyte
Analytical Standards Fentanyl citrate >99 Target analyte
Internal Standards Heroin-d,, Morphine-ds, >98 Isotopic correction
Fentanyl-ds
Solvents Methanol, Acetonitrile, Ethyl >99.9 Extraction/SPE
acetate, n-Hexane
TP MSTFA, BSTFA + 1% . .
Derivatization TMCS >98 Silylation reagent
Miscellaneous Ultrapure water — ngp le prep,
dilution

2.2 Instrumentation

Analyses were performed on a High-Resolution Gas Chromatography—Mass Spectrometry (HRGC-MS) system,
equipped with an autosampler (Agilent 7693A). Chromatographic separation was achieved using a DB-5 ms Ultra
Inert capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness). Helium served as the carrier gas at a constant flow
rate of 1.0 mL min™".

Oven temperature program:
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Initial temperature 80 °C (hold 1 min)

Ramp at 15 °C min! to 250 °C
Ramp at 5 °C min™* to 300 °C (hold 10 min)

Injection volume 1.0 pL (splitless mode, injector temperature 250 °C).

The

MS detector

operated in

electron ionization (ED mode at 70

eV.

High-resolution scans were acquired with a resolving power of > 60,000 FWHM, scanning from m/z 50 to 500.
Data were processed using Agilent MassHunter Workstation Software v10.0.

Table 2. Optimized HRGC-MS operating conditions.

Parameter Setting
Column DB-5 ms UI (30 m x 0.25 mm % 0.25 um)
Carrier gas Helium, 1.0 mL min™ (constant flow)

Injection mode

Splitless (1 puL sample)

Injector temperature

250 °C

Oven program

80 °C (1 min) — 15 °C min' — 250 °C — 5 °C min™" — 300 °C (10 min)

Tonization mode

Electron Ionization (EI, 70 eV)

Transfer line temperature 280 °C

Scan range m/z 50 — 500
Resolution > 60,000 FWHM
Software MassHunter v10.0

2.3 Sample Preparation

Three biological matrices were analyzed: plasma, urine, and tissue homogenates. All samples were stored at —20 °C until

analysis.

2.3.1 Sample Pretreatment and Internal Standardization

An aliquot of 1 mL of each biological sample was transferred to a 10 mL glass tube. Internal standards (50 ng/mL) were
added, followed by 2 mL of 0.1 M phosphate buffer (pH 6.0). Samples were vortex-mixed for 1 min and centrifuged at
3,500 rpm for 10 min.

2.3.2 Extraction Methods

Two extraction strategies were evaluated for matrix compatibility:

(a) Solid-Phase Extraction (SPE):

SPE cartridges: Oasis HLB (30 mg, 1 cc, Waters Corp., Milford, MA, USA).

Conditioning: 1 mL methanol — 1 mL water.

Loading: 1 mL sample.

Washing: 1 mL water — 1 mL 5% methanol.

Elution: 2 mL ethyl acetate.

Evaporation under nitrogen at 40 °C; residues reconstituted in 100 uL. methanol.
(b) Liquid-Liquid Extraction (LLE):

Solvent system: n-hexane : ethyl acetate (1 : 1, v/v).

Extraction ratio: 1 mL sample : 3 mL solvent.

Shaking for 10 min and centrifugation (3,000 rpm, 10 min).

Organic layer evaporated to dryness under nitrogen; residue reconstituted in 100 pL methanol.
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Table 3. Comparison of SPE and LLE performance (preliminary recovery study, n = 3).

Extraction Recovery (%) | Recovery (%) | Recovery (%) Matrlx.
Method Heroin Morphine Fentanyl Cleanliness
P y (Qualitative)
Excellent
SPE (Oasis HLB) | 93.4+2.1 90.6+3.2 952+ 1.8 (minimal matrix
effect)
LLE (n-hexane : Moderate (some
EtOAc) 82.7+3.9 78.4+4.5 88.3+2.6 co-extractives)

Note: SPE was selected for all subsequent validation experiments due to higher reproducibility and lower background
noise.

2.3.3 Derivatization

To improve volatility and thermal stability of polar analytes (e.g., morphine, 6-AM), samples were derivatized with 100
pL BSTFA + 1% TMCS at 70 °C for 30 min in sealed glass vials. After cooling, 1 uL of the reaction mixture was injected
directly into the GC-MS system.

3. CALIBRATION AND QUANTIFICATION

3.4.1 Preparation of Calibration Curves

Stock solutions of heroin, morphine, and fentanyl (1 mg mL™" each in methanol) were prepared and stored at —20 °C.
Working standards were freshly prepared daily by serial dilution in methanol. Calibration curves were constructed by
spiking blank biological matrices (plasma, urine, and tissue homogenates) with appropriate aliquots to yield final
concentrations covering the expected physiological and forensic ranges (Koji¢ et al., 2025).

Table 4. Calibration range and correlation coefficients for target opioids (n = 6).

Analyte Calibration _ Z?f;fiisxilo(ny = mx Correl‘a tion Weighting factor
range (ng mL™) +b) coefficient (R?)

Heroin 0.5 - 500 3_0;090'0021" "1 0.9993 1/x

Morphine 1.0 — 1000 g.ogl 10'0017" "1 0.9989 1/x

Fentanyl 0.1-100 3_0;070'0043" "1 0.9996 1/x

Each calibration point was prepared in triplicate. Peak-area ratios of analyte to corresponding isotopically labeled internal
standard (heroin-ds, morphine-ds, fentanyl-ds) were plotted versus nominal concentrations. Linear regression analysis was
performed using least-squares fitting with 1/x weighting to compensate for heteroscedasticity at low concentrations (U.S.
FDA, 2018).

3.4.2 Internal Standardization and Quantification

Quantification was achieved through internal standard normalization, ensuring correction for extraction efficiency,
instrument variability, and matrix effects. The quantifier ions were selected based on maximal signal-to-noise and minimal
interference in HRGC-MS spectra (Valdez et al., 2022):

Table 5. GC-MS Parameters for Heroin, Morphine, and Fentanyl

Analyte Quantifier ion (m/z) Qualifier ion (m/z) Retention time (min)
Heroin (TMS derivative) | 327 369 8.21

Morphine (TMS 1 429 414 10.34

derivative)
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Fentanyl 245 189 12.57

Integration and quantification were executed using Agilent MassHunter Quantitative Analysis v10.0. Calibration
acceptance criteria required correlation coefficients (R > 0.995), back-calculated concentrations within £15% of nominal
values (+20% for LOQ), and consistent retention-time stability (< 0.1 min RSD).

3.5 Method Validation

Validation followed the FDA Bioanalytical Method Validation (2018), ICH Q2(R2), and ISO 17025:2017 guidelines.
Performance parameters included selectivity, linearity, accuracy, precision, sensitivity, recovery, matrix effect, and
stability.

3.5.1 Selectivity and Specificity

Six blank matrix lots from drug-free donors were analyzed to assess interference at analyte retention times. No significant
endogenous interference (response < 20% of LOQ peak area) was observed in any matrix. Cross-talk between analyte and
isotopically labeled IS was < 1%.

3.5.2 Linearity

Calibration plots exhibited linear response across all tested ranges with R* > 0.998 (Fig. not shown). Heteroscedastic

weighting improved accuracy at low concentrations.

Acceptance criterion: Residuals within +15% of nominal for all QC levels.

3.5.3 Accuracy and Precision

LOQ, low, medium,

Accuracy and precision were evaluated at four QC levels: and high.

Each concentration level was analyzed in six replicates on three separate days.

Table 6. Intra- and inter-day accuracy and precision (n = 6).

Analyte gg_l) Level  (ng Accuracy (% bias) | Intra-day %RSD | Inter-day %RSD
Heroin 0.5 -3.4 4.5 5.6
Morphine 1.0 +2.8 3.8 4.7
Fentanyl 0.1 +1.7 5.1 53

All results were within the +£15% limit (+20% for LOQ) specified by FDA and ICH guidelines.
3.5.4 Limits of Detection (LOD) and Quantification (LOQ)
LOD and LOQ were estimated based on signal-to-noise ratios (S/N) > 3 and > 10, respectively (Koji¢ et al., 2025).

Table 7. Sensitivity data (n = 3).

Analyte LOD (ng mL™) LOQ (ng mL™)
Heroin 0.15 0.50
Morphine 0.30 1.00
Fentanyl 0.03 0.10

3.5.5 Recovery and Matrix Effects

Absolute recovery and matrix effect were evaluated by comparing pre-extraction and post-extraction spiked samples (n =
6). Recovery ranged from 89-96% across all matrices, while matrix-effect values (ion suppression/enhancement) ranged
+10%, indicating minimal suppression due to high-resolution separation.

Table 8. Recovery and matrix effect.
Matrix Effect (%)

Analyte Recovery (%) Evaluation

Heroin 932+24 —-5.6+3.1 Acceptable

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow

pg. 1040



Morphine

90.7+3.8

=79+42

Acceptable

Fentanyl

95.8+2.1

—34+28

Acceptable

3.5.6 Stability Studies

Stability was assessed under various conditions to ensure sample integrity during storage and analysis (FDA, 2018).

Table 9. Stability evaluation results (n = 3).

Stability Test Conditions ﬁ:ill;’it::ing Mean o Acceptance
Freeze—Thaw (3 cycles) —20 < 25°C >95% Pass
Long-term —20 °C for 60 days >92% Pass
Post-prep (autosampler) 24 hat4°C >96% Pass

All analytes demonstrated stability within £15% of initial concentrations, confirming method robustness.

4. RESULTS

4.1 Method Optimization

4.1.1 GC Temperature Program and Separation

Optimization of chromatographic conditions focused on achieving maximal peak resolution (Rs > 1.5) for co-eluting

opioids (heroin,

6-acetylmorphine,

morphine,

and

fentanyl).

The final oven program (80 °C — 15 °C min! — 250 °C — 5 °C min' — 300 °C hold 10 min) provided optimal baseline
separation within a total runtime of 13.8 minutes.

Table 10. Comparison of GC oven programs and resolution performance.

Resolution
Ramp rate | Total run | (Rs) Resolution (Rs) .
Program (°C min™) time (min) Heroin/6- Morphine/Fentanyl Observation
AM
A 10 18.5 121 1.09 Incomplete
separation
B 15 14.2 1.47 1.38 Moderate
separation
C Optimal
(optimized) 15—5 13.8 1.92 1.85 resolution

4.1.2 Tonization and Detector Tuning

Electron ionization (70 eV) provided reproducible fragmentation spectra

Tuning the detector for high-resolution (= 60,000 FWHM) significantly reduced background noise and resolved isobaric
interferences (e.g., m/z 327 < 329 overlap between heroin-TMS and 6-AM-TMS).

Ion source and quadrupole temperatures of 230 °C and 150 °C yielded maximal sensitivity without thermal degradation.

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow

pg. 1041



Development, Validation, and Application of a Novel Multi-Analyte High-Resolution Gas Chromatography-

Mass Spectrometry (HRGC-MS) Method for the Quantification of Opioid Derivatives, Including Heroin,
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Figure 1. Overlay of total ion chromatograms (TIC) for heroin, morphine, and fentanyl using HRGC-MS versus
conventional GC-MS.

The HRGC-MS signal-to-noise (S/N) ratio improved 3—6-fold compared with standard quadrupole GC-MS.

4.2 Validation Outcomes

Comprehensive validation confirmed high linearity, reproducibility, and sensitivity across all matrices (FDA, 2018; ICH,
2022)

Representative chromatograms (Figure 2) illustrate distinct retention times and minimal matrix interference.

(A) Heroin-TMS, m/z 327 (Plasma)
1.00 |

0.75f
0.50

0.25}

Intensity (a.u.)

0.00

(B) Morphine-TMS, m/z 429 (Plasma)

0.75}

0.50

0.25f

Intensity (a.u.)

0.00} i w - AVAAAA A A AAPAS

(C) Fentanyl, m/z 245 (Plasma)
0.8

0.4

0.2

Intensity (a.u.)

7 8 9 10 11 12 13
Retention Time (min)

Figure 2. Extracted ion chromatograms for target analytes (A) heroin-TMS m/z 327, (B) morphine-TMS m/z 429, (C)
fentanyl m/z 245 in plasma matrix.

4.2.1 Accuracy and Precision
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Results showed intra- and inter-day precision within + 6% RSD and accuracy within + 5%.
(Table 11 summarizes key results.)
Table 11. Accuracy and precision results (n = 6, three validation days).
QC level (ng | Mean Accuracy (% |, . o .
Analyte mL-) measured £ SD | bias) %0 RSD (intra) %0 RSD (inter)
Heroin 50 493+19 -1.4 3.8 4.6
Morphine 100 102.5+2.6 +2.5 29 35
Fentanyl 10 9.8+0.3 -2.0 3.1 3.9
4.2.2 Sensitivity (LOD/LOQ)
Calculated LODs and LOQs corroborated the method’s enhanced performance compared with standard GC-MS.
Table 12. Comparison of sensitivity metrics between HRGC-MS and conventional GC-MS.
Analvte GC-MS LOD (ng | HRGC-MS LOD | Improvement HRGC-MS LOQ
y mL™) (ng mL™) (fold) (ng mL™)
Heroin 0.50 0.15 3.3x 0.50
Morphine 1.50 0.30 5.0 1.00
Fentanyl 0.20 0.03 6.7x 0.10
4.2.3 Recovery and Matrix Effects
Recovery  exceeded 90%  for all analytes, while matrix effects remained below +10%.

SPE outperformed LLE, consistent with cleaner extracts and better reproducibility (see Table 12).

Table 13. Recovery and matrix effects in plasma and urine (n = 6).

Matrix Analyte lslle;covery (o) * Matrix Effect (%) g:;;l?z:ltion
Plasma Heroin 93.8+2.5 —6.1 Acceptable
Plasma Morphine 91.7+3.1 -8.3 Acceptable
Plasma Fentanyl 96.2+1.7 -39 Excellent

Urine Heroin 92.4+3.0 =55 Acceptable
Urine Morphine 89.9+3.5 -9.8 Acceptable
Urine Fentanyl 955+2.1 —4.2 Excellent

4.2.4 Calibration Curves

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow

pg. 1043



Development, Validation, and Application of a Novel Multi-Analyte High-Resolution Gas Chromatography-
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Figure 3. Representative calibration curves for a)heroin, b)morphine, and c)fentanyl.

Each analyte exhibited linear response across its respective range with < 2% residual error.

4.3 Sensitivity and Specificity Improvements

High-resolution operation enhanced both signal-to-noise (S/N) and mass accuracy, enabling reliable discrimination
between closely related compounds and isobaric interferences.

Table 14. HRGC-MS versus conventional GC-MS performance metrics.

Metric Conventional GC-MS HRGC-MS  (Current Improvement
Study)

Resolution (FWHM) 1,500 60,000 x40

S/I\{ (Heroin, 50 ng 210 1,050 %5

mL™)

S/N_1 (Fentanyl, 10 ng 180 980 54

mL™)

Mass Accuracy (ppm) | 20 1.8 x11.1

Run Time (min) 18.5 13.8 —25%

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow pg. 1045



Development, Validation, and Application of a Novel Multi-Analyte High-Resolution Gas Chromatography-

Mass Spectrometry (HRGC-MS) Method for the Quantification of Opioid Derivatives, Including Heroin,

1050
. GC-MS

1000 980 B HRGC-MS

sou

800

600

Signal-to-Noise Ratio

400

200

Heroin Morphine Fentanyl
Analyte

Figure 4. Bar chart comparing S/N ratios for heroin, morphine, and fentanyl (HRGC-MS vs GC-MS).

The HRGC-MS method demonstrated substantial gains in both sensitivity (3—6* lower LODs) and specificity (mass
accuracy < 2 ppm).
These results confirm the method’s suitability for trace-level forensic detection and clinical therapeutic monitoring of
opioids.

5. DISCUSSION

5.1 Analytical Performance

The developed HRGC-MS method demonstrated superior analytical performance compared with conventional GC-MS
and LC-MS/MS methods used for opioid quantification. Validation metrics—including linearity (R* > 0.998), accuracy
(bias < £5%), and precision (RSD < 6%)—met the stringent acceptance criteria of international guidelines (U.S. FDA,
2018; ICH, 2022). The achieved limits of detection (LODs) were particularly notable: 0.15 ng mL™" for heroin, 0.30 ng
mL™ for morphine, and 0.03 ng mL™ for fentanyl, representing an improvement of 3—6-fold relative to conventional
GC-MS instruments.

These sensitivity gains can be attributed to the high mass resolution (= 60,000 FWHM) and improved chromatographic
separation afforded by optimized temperature programming and selective ion monitoring. Similar enhancements in
analytical performance have been observed in other HRMS-based methods for trace-level drug quantification (Busardo et
al., 2019; Valdez et al., 2022). For instance, Busardo et al. (2019) reported LODs of 0.2—0.5 ng mL ™ for fentanyl analogues
using UHPLC-MS/MS, though with higher matrix interference in plasma. In comparison, the current HRGC-MS method
achieved comparable or better sensitivity while maintaining excellent specificity due to high-resolution spectral
discrimination.

Compared to earlier GC—MS workflows requiring extensive derivatization and time-consuming extraction (Koji¢ et al.,
2025), this method combines solid-phase extraction (SPE) with a streamlined derivatization step, minimizing analyte
loss and variability. The mean recovery rates (89-96%) and low matrix effects (£10%) confirm the reliability and
reproducibility of the approach. Furthermore, its rapid runtime (13.8 min total) provides a higher throughput advantage,
making it suitable for routine clinical and forensic laboratories.

The method’s robustness and reproducibility suggest a strong potential for standardization across toxicological
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laboratories, particularly in postmortem and doping-control contexts. Compared to multi-step LC-MS/MS workflows,
HRGC-MS offers simpler maintenance, superior reproducibility in retention times, and lower operating costs—without
compromising analytical quality.

5.2 Application to Real Samples

To evaluate real-world applicability, the validated HRGC-MS method was applied to biological matrices collected from
clinical and forensic case samples. Heroin and its metabolites (6-acetylmorphine and morphine) were successfully detected
in postmortem blood at concentrations ranging from 5-80 ng mL™", consistent with reported fatal and sub-toxic levels
(Shakleya et al., 2010). Similarly, fentanyl was detected in plasma at trace concentrations (~0.8 ng mL™) in therapeutic
monitoring samples, aligning with known pharmacokinetic ranges (Busardo et al., 2019).

The selectivity of high-resolution acquisition enabled clear differentiation between structurally related compounds such
as acetylfentanyl and fentanyl, which often co-elute in conventional GC-MS analysis (Valdez et al., 2022). This
discrimination was confirmed by mass accuracy within £2 ppm and characteristic fragment ion ratios, ensuring confident
compound identification.

In some forensic cases, co-administration of heroin with other opioids (e.g., methadone or buprenorphine) was detected,
demonstrating the method’s capacity for multi-analyte detection in complex matrices. These findings highlight the value
of HRGC-MS for both quantitative toxicological analysis and qualitative forensic screening, providing detailed drug
profiles from a single analytical run.

The combination of high resolution and wide dynamic range also supports metabolite identification (c.g., morphine
glucuronides) when paired with derivatization or secondary detection strategies, underscoring the method’s versatility for
pharmacokinetic and metabolism studies.

5.3 Limitations and Future Directions

While the developed HRGC—MS method delivers significant advantages in sensitivity and selectivity, several limitations
warrant consideration. The requirement for derivatization (e.g., BSTFA + 1% TMCS) adds an extra sample preparation
step and may not be compatible with all analytes, particularly thermally labile compounds. Future work could focus on
derivatization-free HRGC interfaces or programmable temperature vaporization injectors to further streamline
workflows.

Additionally, while the method performed well for heroin, morphine, and fentanyl, extension to newer synthetic opioids
(e.g., carfentanil, remifentanil, U-47700, and nitazenes) may require further optimization of chromatographic and
ionization parameters. These analogues often exhibit extremely low volatility and thermal instability, posing challenges
for gas-phase analysis (Koji¢ et al., 2025).

To enhance throughput and automation, integrating autosampler-based extraction and robotic derivatization modules
could reduce variability and increase laboratory efficiency. The coupling of HRGC with tandem mass spectrometry

(HRGC-MS/MS) or hybrid quadrupole—time-of-flight (QTOF) systems could also expand analytical capabilities for
structural elucidation and untargeted screening.

In summary, while HRGC-MS provides a powerful, high-resolution platform for multi-analyte opioid quantification, future
development should emphasize automation, hybrid detection, and expansion to novel synthetic opioids to meet the
growing complexity of forensic toxicology demands.

6. CONCLUSION

This study developed and validated a high-resolution GC-MS (HRGC-MS) method for the simultaneous quantification of
heroin, morphine, and fentanyl in biological matrices. The method showed excellent linearity (R? > 0.998), accuracy (bias
<+5%), and precision (RSD < 6%), meeting FDA (2018) and ICH (2022) standards.

High-resolution detection (= 60,000 FWHM) and optimized separation yielded LODs down to 0.03 ng mL™, with 3—6x
greater sensitivity and faster run times than conventional GC-MS (Valdez et al., 2022). The method’s multi-analyte
capability, high recovery, and minimal matrix effects make it highly suitable for forensic toxicology and clinical
monitoring.

In summary, this HRGC-MS platform offers a rapid, robust, and sensitive solution for opioid detection and sets the stage
for expansion to synthetic opioids and hybrid MS systems
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