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ABSTRACT

Development and validation for the quantitative determination of genotoxic impurities (isopropyl chloride,
propionaldehyde, 2-chloropropanol, and chloromethane) in Meloxicam by a specific Headspace-Gas Chromatography
(HS-GC) method. A nitrogen carrier gas was used for the chromatographic separation of these impurities on a DB-624 (6%
cyanopropyl phenyl + 94% dimethyl polysiloxane fused silica) (75 m x 0.53 mm, 3.0 p) GC analytical column. The Flame
Ionization Detector (FID) served as the detector with optimized temperatures set at 260°C for the detector and 240°C for
the injector port. Additionally, an injection volume of 1.0 mL with a split ratio mode was employed. The performance of
this method was assessed through parameters, including system suitability, specificity, linearity, range, accuracy, limit of
detection (LOD), limit of quantification (LOQ) and precision. The limit of detection and limit of quantification for
isopropyl chloride, propionaldehyde, 2-chloropropanol, and chloromethane were determined to be 2 and 4 ppm,
respectively, and for chloromethane 0.8 and 1.6 respectively. The correlation coefficient of the linearity experiment was
0.999 for propionaldehyde, 2-chloropropanol, chloromethane and 1 for isopropyl chloride compounds. Furthermore, the
accuracy assessment involved spiking the genotoxic impurities at various levels, demonstrating favourable recovery
percentages well within the acceptable range of 80—120% of the limit level. These compelling results substantiate the
suitability of the proposed HS-GC method for the accurate determination of isopropyl chloride, propionaldehyde, 2-
chloropropanol, and chloromethane in Meloxicam.
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INTRODUCTION stringent measures to safeguard patients’ well-being and

The majority of pharmaceutical products are produced
through either total synthesis or modification of naturally
occurring compounds. Various reactive reagents were
employed in both these processes. Consequently, trace
amounts of these reagents or side products are common as
impurities in the final active pharmaceutical ingredient
(API) or drug product!. The incorporation of reactive
reagents during the synthesis of drugs may lead to the
presence of these reagents as impurities in the final
product®. These chemically reactive impurities can cause
unwanted  toxicities, including genotoxicity and
carcinogenicity, posing potential risks to human health?>,
The presence of small molecules as impurities in active
pharmaceutical ingredients (APIs) is a growing concern for
pharmaceutical companies, regulatory authorities, patients,
and healthcare professionals. Consequently, regulatory
agencies, such as the Food and Drug Administration (FDA)
and the FEuropean Medicines Agency (EMA), have
expressed apprehension about the potential impact on
human health of such genotoxic impurities (GTIs) present
in APIs. This heightened awareness reflects the need for

ensure the highest quality standards in the pharmaceutical
industry'4,

Meloxicam is an innovative non-steroidal anti-
inflammatory drug (NSAID) specifically designed to treat
rheumatoid arthritis and osteoarthritis®. Its remarkable
efficacy is attributed to its enhanced inhibitory action
against the inducible isoform of cyclooxygenase (COX-2),
a crucial enzyme involved in the inflammatory response®.
This superior selectivity towards COX-2 spares the
constitutive form of the enzyme (COX-1), which, when
inhibited, can lead to undesirable effects such as gastric,
renal, and other adverse reactions. Consequently,
Meloxicam is a promising therapeutic option with minimal
potential side effects in patients with arthritis-related
conditions’. Chemically Meloxicam is classified as an
oxicam derivative with the chemical composition of 4-
hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-2H-1,2-
benzothiazine-3-carboxamide 1,1-dioxide?. The
recommended dose of meloxicam is a once-daily intake of
7.5 mg. notably, its safety profile surpasses traditional
nonsteroidal  anti-inflammatory ~ drugs  (NSAIDs)’.
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Table 1: Sample information for drugs, GTIs and reagents used in this study

S.No. Chemical Molecular formula ~ Molecular weight Structure CAS No.
(g mol™)
1 Meloxicam Ci1aH13N304S2 351.4 71125-38-
w Lﬂ !
2 Isopropyl chloride  Cs;H7Cl 78.541 Cl 75-29-6
H 3CJ\CH3
3 Propionaldehyde CH3;CH2CHO 58.08 o) 123-38-6
e
H
- H -50-
4 2-Chloropropanal  Cs;HsCIO 92.52 HaC ——C——CHO 683-50-1
Cl
5 Chloromethane CH;Cl 50.49 H 74-87-3
H 4’— cl
H
Table 2: Details of the samples and conditions used in a system suitability test
S. No. Sample Name No of Injection volume  Type of Testing
Injections (mL)
1 Blank 1 1 Blank
2 Blank 1 1 Blank
3 Blank 1 1 Blank
4 Working standard solution-1 1 1 System suitability
5 Working standard solution-2 1 1 System suitability
6 Working standard solution-3 1 1 System suitability
7 Working standard solution-4 1 1 System suitability
8 Working standard solution-5 1 1 System suitability
9 Working standard solution-6 1 1 System suitability
10 Blank 1 1 Blank
11 Test solution-1 1 1 Sample
12 Test solution-2 Sample
13 Working standard solution-Bkt. 1 1 System suitability

However, similar to the majority of NSAIDs, meloxicam is
generally well tolerated; however, it is essential to be
mindful of its potential side effects. These adverse reactions
include gastrointestinal discomfort, pain, nausea, headache,
dizziness, somnolence, itching, peripheral edema, and
hypersensitivity responses.

Meloxicam is commercially accessible under a range of
trade names, including but not limited to Inicox, Isox,
Latonid, Leutrol, Lonaflam, Loxam, Loxibest, Loxitan,
Loxitenk, Masflex, Mel-OD, Mellotec, Melodol,
Melosterol, and Meloxil, among others'®. The mechanism
of action of Meloxicam is likely indistinguishable from that
of other NSAIDs because it involves the inhibition of
prostaglandin synthetase. Meloxicam has demonstrated
anti-inflammatory, analgesic, and antipyretic properties in
animal models!!. Research conducted using a pleurisy
model of inflammation in rats has revealed that meloxicam
exhibits strong inhibitory effects on prostaglandin E2
biosynthesis, and in the same experimental model,
meloxicam demonstrated twice the anti-inflammatory
potency of piroxicam and ten times the potency of

diclofenac as observed in its comparative effects!?.
Meloxicam undergoes complete metabolism, primarily
through the cytochrome P450 2C pathway, resulting in four
pharmacologically inactive metabolites. These metabolites,
along with minimal traces (0.2%) of unchanged meloxicam,
were eliminated from the body through the urine and feces.
The drug also exhibited notable biliary and/or enteral
secretion during the elimination process®!3.

Analyzing trace-level GTIs in drug substances poses a
significant analytical challenge for the pharmaceutical
sector'*!>. Conventional methods, such as HPLC-UV and
GC-FID, are often less efficient for detecting impurities at
levels below sub-ppm. However, recently, several
alternative analytical techniques utilizing diverse sample
preparation, separation, and detection technologies have
been developed to accurately identify GTIs in various
matrices'>!6, Matrix deactivation and the utilization of
coordinating metal ions in electrospray ionization mass
spectrometry (ESI-MS) have led to improved analyte
response.
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This was achieved by reducing the chemical reactivity of
the matrix and enhancing the overall ionization efficiency
of the detector'”-'®.

Additionally, the implementation of sorbent-type extraction
methods, such as solid-phase micro-extraction, has enabled

the quantification of GTIs at extremely low levels, reaching
parts-per-billion (ppb) and parts-per-trillion (ppt) ranges'®.

Static headspace sampling (SHS) is a widely used technique
in the pharmaceutical industry for various gas
chromatography analyses. Its primary advantage lies in
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Figure 2: Standard mixture chromatogram of isopropylchloride, propionaldehyde, 2-chloropropanal and chloromethane
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Figure 7: Sample of meloxicam (As such) chromatogram
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Figure 8: Sample of meloxicam spiked with 100 % isopropylchloride, propionaldehyde, 2-chloropropanal and

chloromethane at limit level

minimizing

the introduction of non-volatile matrix method leads to a low chromatographic background

components into the gas chromatographic system. interference and significantly enhances the sensitivity of the
This was achieved by exclusively sampling the gaseous method. A reduction in the matrix effect plays a crucial role
components present in the sample vial. Consequently, this  in achieving these benefits?®®. In static headspace gas
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chromatography (SHS-GC), volatile analytes reach a state
of equilibrium between the sample vial headspace and the
sample matrix. By carefully optimizing the oven
temperature in the headspace, a significant enhancement in
the amount of analyte partitioning into the headspace could
be achieved, ultimately leading to a greatly improved
sensitivity in the analysis.

Recently, several noteworthy studies have focused on the
analysis of volatile GTIs/PGIs using the SHS-GC method.
For example, one of these studies successfully determined
alkylating agent derivatives using HS-GC/MS*, the
examination of unstable alkyl/aryl halides using either HS-
GC/ECD or HS-GC/MS?*%, the measurement of hydrazine
derivatives using HS-GC/MS, and the examination of a
free-radical reagent, 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), using HS-GC/MS?*, The current work aims to
develop and validate a Headspace-Gas Chromatography
(HS-GC) method for the determination of GTIs, such as
isopropyl chloride, propionaldehyde, 2-chloropropanol,
and chloromethane in Meloxicam.

MATERIALS AND METHODS

Chemicals used

Table 1 provides the sample information for all drugs,
Genotoxic Impurities (GTIs), and chemicals used in this
study, which were procured from Sigma—Aldrich (MO,
USA). Deionized water was obtained using a Milli-Q water
purification system (Millipore, MA, USA).

Gas Chromatography (GC) was conducted using an Agilent
instrument (Model No. 6890N. The GC system was
equipped with a capillary column, split/splitless injector,
flame ionization detector (FID), and headspace auto-
sampler, all controlled by suitable software. The analytical
column employed was a DB-624 (6% Cyanopropyl phenyl
+ 94% dimethyl polysiloxane-fused silica) with dimensions
of 75 m x 0.53 mm LD. and a particle size of 3.0 p,
optimized for the analysis. Nitrogen gas was selected as the
carrier gas for chromatographic separation and operated at
a constant flow rate of 6.5 mL min'!. The FID served as the
detector for detecting and quantifying the separated
compounds, and nitrogen gas was used as the makeup gas,
flowing at a rate of 25 mL min!. The temperature settings
during the analysis were carefully controlled. Injector port
was maintained at 240°C, the detector port was set at
260°C, and the column oven temperature was programmed
as follows: initially held at 35°C for 5.0 min., increased at a
rate of 10°C min™' to 130°C and held for 1.0 min., further
increased at a rate of 5°C min™! to 160°C, held for 3.0 min.,
and finally ramped at a rate of 40°C min™! to 230°C and held
for 3.0 minutes to ensure proper separation. Each sample
was injected with precision in a volume of 1 mL, and the
analysis was performed in split mode with a split ratio of
1.0 to optimize the sensitivity and resolution.

Head Space Operating Conditions in Headspace-Gas
Chromatography (HS-GC)

Headspace analysis was performed using a 2.5 mL

Instrumentation headspace syringe and a 20 mL vial. The samples (1 mL
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Table 3: Percentage of Relative Standard Deviation

S.No. Levels Chloromethane Isopropyl chloride Propionaldehyde 2-Chloropropanal
Retention Area Retention Area Retention Area Retention Area
time time time time

1 Standard 4.259 112.21 7.241 656.8 7.454 359.98 17.077 15.58

2 Standard 4.257 113.9 7.239 668.85 7.454 363.58 17.061 16.57

3 Standard 4.258 112.77 7.236 660.96 7.452 360.64 17.083 16.45

4 Standard 4.258 114.5 7.238 666.4 7.454 363.09 17.081 16.81

5 Standard 4.256 114.09 7.239 680.29 7.453 361.89 17.077 16.51

6 Standard 4.257 113.79 7.24 659.2 7.453 356.1 17.078 16.38

Mean 4.26 113.54 7.24 665.42 7.45 360.88 17.08 16.38
SD 0 0.87 0 8.56 0 2.72 0.01 0.42
% RSD 0.02 0.77 0.02 1.29 0.01 0.75 0.05 2.56

Table 4: Limit of detection (Signal to noise ratio)

Table 5: Limit of quantitation (Signal to noise ratio)

S. Impurities Concentration Signal to S.  Impurities Concentration  Signal to
No. (ppm) noise ratio No (ppm) noise ratio
1 Chloromethane 20 96 1 Chloromethane 40 209

2 Isopropyl chloride 20 523 2 Isopropyl chloride 40 1072

3 Propionaldehyde 20 27 3 Propionaldehyde 40 54

4 2-Chloropropanal 8 11 4  2-Chloropropanal 16 21

each) were incubated at 100°C for 30 min to achieve
headspace equilibration. During incubation, vials were
agitated at 500 rpm with 5 s ON and 2 s OFF to facilitate
the vaporization of volatile compounds.

The syringe temperature was maintained at 115°C to
prevent condensation during the injection. The filling speed
was 0.10 mL s, with a fill stroke of 1. A 200 ms pull-up
delay minimized the sample carryover. The injection was

done at 0.25 mL sec! into a suitable port for precise
injection. For optimal chromatographic separation, a pre-
injection delay of 500 ms was applied, followed by a post-
injection delay of 500 ms.

Syringe flushing for 300 s ensured proper cleaning between
injections. The gas chromatograph was run for 40 min,
allowing the separation and detection of the analytes. N-
Methyl pyrrolidone served as the diluent, providing an
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Figure 11: Sample (As such) chromatogram of meloxicam
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Table 6: Limit of quantitation (% RSD for chloromethane, isopropylchloride, propionaldehyde and 2-chloropropanal)

S. Levels Chloromethane Isopropyl chloride Propionaldehyde 2-Chloropropanal
No. Retention Area Retention Area Retention Area Retention Area
time time time time
1 LOQ 4.255 4231  7.237 261.22  7.452 139.24  17.083 6.61
2 LOQ 4.255 4242  7.237 261.31  7.452 139.02  17.085 6.68
3 LOQ 4.255 4242  7.238 281.59  7.452 138.67  17.082 6.55
Mean 4.26 4238  7.237 268.04  7.45 138.98  17.08 6.61
SD 0 0.06 0 11.73 0 0.29 0 0.07
%RSD 0 0.15 0.01 4.38 0 0.21 0.01 0.98

Table 7: Linearity level preparation (Chloromethane, Isopropyl chloride, Propionaldehyde & 2-Chloropropanal)

Volume of standard stock solution to be taken (mL)

Dilute up to the mark with diluent

Level Isopropyl Propion-  2-Chloropropanal  Chloromethane (mL)
chloride  aldehyde
LINI(LOQ) 2 2 2 2 50
LINII50% 2.5 2.5 2.5 2.5 50
LINIII 100% 5 5 5 5 50
LINIV 150% 7.5 7.5 7.5 7.5 50
Level Concentration (as such ppm) Concentration (% w.r.t Sample)
Isopropyl Propion- 2- Chloro- Isopropyl Propion- 2- Chloromethane
chloride  aldehyde Chloropropanal methane chloride  aldehyde Chloropropanal
LINI 4 4 4 1.6 0.004 0.004 0.004 0.0016
(LOQ)
LINIT 5 5 5 2 0.005 0.005 0.005 0.002
LINIII 10 10 10 4 0.01 0.01 0.01 0.004
LINIV 15 15 15 6 0.015 0.015 0.015 0.006
Level Concentration (ppm w.r.t Sample)
Isopropyl chloride Propionaldehyde 2-Chloropropanal Chloromethane
LINI 40 40 40 16
(LOQ)
LINII 50 50 50 20
LINIII 100 100 100 40
LINIV 150 150 150 60

appropriate matrix for the headspace samples. These tightly
controlled headspace operating conditions ensured the
reliable and accurate analysis of volatile compounds using
the Headspace-Gas Chromatography method. 1-Methyl-2-
pyrrolidone was used to set a blank during experiment.
Method Development

The main goal of this general approach is to detect small
amounts of Isopropyl chloride, Propionaldehyde, 2-
Chloropropanol, and Chloromethane in Meloxicam. The
HS-GC method is preferred owing to its excellent
selectivity, as it analyses only the compounds that evaporate
into the sample solution headspace. Consequently, the HS-
GC method was studied further to determine the residual
levels of Isopropyl chloride, Propionaldehyde, 2-
Chloropropanol, and Chloromethane in Meloxicam. For the
development of this method, the capillary GC column DB-
624, known for its suitability for analyzing various common
ICH residual solvents in pharmaceutical products, was
chosen. Several parameters, such as the sample diluent,
temperature program, split ratio, head space oven
temperature, and other head space and GC conditions, were
investigated and optimized using standard solutions.
Preparation of Standard and Sample Solutions
Solutions were prepared by accurately weighing isopropyl
chloride, propionaldehyde, and 2-chloropropanal standards

(0.2 g each). These were dissolved in 100 mL volumetric
flasks containing 40 mL of diluent, diluted to the mark, and
shaken. From each stock solution, 5.0 mL was further
diluted to 100 mL with a diluent (100 ppm). Chloromethane
stock solution was prepared by transferring its contents
from 4 ampoules (200 pL. mL! in methanol) to a 20 mL
flask with 5 mL of diluent and then diluted to the mark (40
ppm). The working standard solution was prepared by
combining 5.0 mL each of stock solution in a 50 mL flask,
diluted to the mark (10 ppm isopropylchloride,
propionaldehyde,  2-chloropropanal, and 4 ppm
chloromethane). The test solution involved weighing
approximately 0.1 g of the sample, transferring it to a
headspace vial, and adding 1.0 mL of the diluent. For the
analysis, 1.0 mL of the working standard solution was
pipetted into six headspace vials. The chromatographic
system received equal volumes of the blank (three
replicates), working standard solution (six replicates),
Blank, test solution 1, and test solution 2. Chromatograms
were recorded, and peak responses were measured for
Genotoxic Impurities in Meloxicam using the HS-GC
method.

System Suitability Test

A system suitability test was performed to ensure the
reliability and accuracy of the HS-GC method, which aimed
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Table 8: Linearity level correlation coefficient and % Y intercept (Chloromethane, isopropyl chloride, propionaldehyde

and 2-chloropropanal)

Level Chloromethane Isopropyl chloride Propionaldehyde 2-Chloropropanal
Concentration Mean Concentration Mean Concentration Mean Concentration Mean
(ppm) Area (ppm) Area (ppm) Area (ppm) Area
Level-I 1.5 41.54 4 260.83 4 139.01 4 7.24
Level-II 2 54.97 5 332.23 5 179.93 5 9.58
Level-I1I 4 11196 10 670.41 10 348.6 10 18.93
Level-IV 6 17271 15 1016.7 15 519.76 15 28.73
Regression 0.999 Regression 1 Correlation 0.999 Correlation  0.999
coefficient Coefficient Coefficient coefficient
% Y intercept -2.8 % Y intercept 0.15 %Y Intercept 1.36 % Y Intercept -1.75

Table 9: Accuracy table for Chloromethane, Isopropyl chloride, Propionaldehyde and 2-Chloropropanal

Level Area of standard

Chloromethane  Isopropyl chloride Propionaldehyde 2-Chloropropanal
Area of standard 105.87 659.87 316.60 19.07
Level-I (LOQ)-1 41.54 260.8 139.34 7.12
Level-I (LOQ)-2
Level-II (50%)-1 54.97 332.23 176.54 9.58
Level-II (50%)-2
Level-III (100%)-1 104.12 661.65 316.23 18.09
Level-III (100%)-2
Level-IV (150%)-1 173.14 1014.23 520.78 27.98
Level-1V (150%)-2
% Accuracy Level-1 98.1 98.8 110.0 93.3
% Accuracy Level-2 103.8 100.7 111.5 100.5
% Accuracy Level-3 98.42 100.3 99.8 94.9
% Accuracy Level-4 109.0 102.4 109.6 97.8

to assess the reliability and
chromatographic system.

Working Standard Solutions (Working Standard solution-1
to Working Standard solution-6) were used for the test, with

consistency of the

six replicate injections for each solution. The injection

volume was 1.0 mL. The test evaluated two critical
parameters: Relative Standard Deviation (RSD) for the
Peak Area Response (limit of 15.0 %) and RSD for
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Figure 18: Linearity level-IV (150 %) chromatogram

Retention Time (limit of 2.0 %). Details of the samples and
conditions used in a system suitability test are given in
Table 2.

RESULTS
Specificity
The specificity of the method was confirmed by validating
its ability to distinguish potential interference from blank,

standard, sample, and spiked sample solutions. No
detectable peaks were observed in the chromatograms of
these solutions. Specifically, the chromatograms of the 10-
ppm isopropylchloride, 10 ppm propionaldehyde, 10 ppm
2-chloropropanal, and 4 ppm chloromethane-spiked sample
solutions exhibited well-resolved peaks, which were clearly
separated from all other peaks both before and after them.
Additionally, the retention time of these GTIs in the
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chromatogram of the 10 ppm isopropylchloride, 10 ppm
propionaldehyde, 10 ppm 2-chloropropanal, and 4 ppm
chloromethane spiked sample solutions closely matched
that of the corresponding 10 ppm Isopropyl chloride, 10
ppm propionaldehyde, 10 ppm 2-Chloropropanal, and 4
ppm Chloromethane standard solutions, as depicted in
Figures 1-8.

System Precision

The precision of the system was determined by
implementing the specified method and injecting a standard
solution into the GC system six times per row. The peak
areas of the analytes were measured for each standard
injection. The % Relative Standard Deviation (RSD) was
calculated based on the peak area data from these repeated
standard injections to evaluate the precision of the system.
In both studies, the % Relative Standard Deviation of the
peak areas for all solvents was less than 15.0 %. (Table 3).
The system precision analysis is represented in Figures 9-
12.

Detection Limit (LOD), and Quantitation Limit (LOQ)
The LOD (Limits of Detection) is a critical parameter in
analytical methods, as it represents the lowest concentration
of an analyte that can be reliably detected above the
background noise. In this study, the LOD values were
determined by examining the signal-to-noise ratio for each
impurity. The analysis of standard solutions with varying
concentrations of impurities was used to obtain the LOD
values. The chromatogram in Figure 13 illustrates the Limit
of Detection for each impurity. Table 4 provides a summary
of the limit of detection (signal-to-noise ratio) for the
different impurities at their respective concentrations.

The Limit of Quantification (LOQ) was determined for
each impurity. The LOQ values were calculated based on
the signal-to-noise ratio obtained from the analysis of the
standard solutions with varying concentrations of
impurities. The results are presented in Table 5. The
precision at the LOQ level was assessed by injecting three
replicate injections of the LOQ standard solution for each
impurity, including chloromethane, isopropylchloride,
propionaldehyde, and 2-chloropropanal. The data obtained
for the retention time and peak area of each impurity at the
LOQ is presented in Table 6.

The % RSD values represent the precision of the HS-GC
method at the LOQ for each impurity. The low % RSD
values indicate good precision and repeatability of the
method, ensuring the accurate and reliable quantification of
trace impurities in the samples. These results demonstrate
the robustness and suitability of the HS-GC method for the
determination of impurities at low concentrations; thereby
providing valuable insights for analytical applications. The
chromatogram in Figure 13 and 14 illustrates the LOQ for
each impurity.

Linearity

The linearity of chloromethane, isopropylchloride,
propionaldehyde and 2-chloropropanal was determined.
Table 7 presents the linearity level preparations for each
analyte, including the volume of the standard stock solution
used with corresponding concentrations in ppm (ppm), and
as a percentage with respect to the sample. Table 8 displays
the results of the linearity level correlation coefficient and

% Y intercept for each analyte. The correlation coefficient
indicates the strength of the linear relationship between the
analyte concentration and its corresponding peak area. High
correlation coefficients close to 1 indicate a strong linear
relationship between the concentration and the peak area for
each analyte. The % Y intercept values represent the extent
of deviation from zero on the Y-axis, indicating a minimal
bias in the calibration line. The linearity level I, II, III and
IV are represented by Figures 15-18.

Accuracy

The accuracy of the headspace gas chromatography method
was evaluated to determine the closeness of agreement
between the measured values and the accepted reference
values for isopropylchloride, propionaldehyde, 2-
chloropropanal, and chloromethane. Accuracy assessment
was performed at various concentration levels, including
the Limit of Quantitation (LOQ), (50%), (100%), and
(150%) limit level. Duplicate preparations were performed
at each concentration level to ensure reliable and robust
results. The accuracy results demonstrated the closeness of
the measured values to the reference values at each
accuracy level. The calculated accuracy values for all
analytes showed high agreement with the reference values,
as the percentages were close to 100%, indicating excellent
accuracy of the HS-GC method. Table 9 summarizes the
accuracy results for each analyte, presenting the mean area
standard obtained for the samples along with the
corresponding peak areas at different accuracy levels.
Figures 19-22 represents the accuracy at LOQ, 50, 100, and
150% level chromatograms of isopropylchloride,
propionaldehyde, 2-chloropropanal, and chloromethane.
Overall, method wvalidation included assessing the
specificity, system precision, detection limit (LOD),
quantitation limit (LOQ), linearity, and accuracy of the
residual solvents in accordance with the ICH guidelines.
The results demonstrated that all four genotoxic impurities,
namely isopropyl chloride, propionaldehyde, 2-
chloropropanal, and chloromethane, were well-separated
from each other with good resolution, indicating the
specificity of the method. The precision of the method was
assessed through system precision, involving six replicate
injections of the standard solution and method precision
with six different preparations of spike solutions. In both
cases, the % Relative Standard Deviation of the peak areas
for all solvents was found to be less than 15.0 %, indicating
acceptable precision of the method.

The limits of detection (LOD) and Limit of Quantitation
(LOQ) were significantly lower than the lower limits of the
concentration range. This indicated the ability of the
method to detect and quantify genotoxic impurities at very
low concentrations, demonstrating its sensitivity.

The linearity of the method was evaluated across the LOQ
range up to 150 % of the working-level concentration. The
graphs of the theoretical concentration versus the obtained
concentration are linear for all four genotoxic impurities.
The regression coefficients (R) for the residual solvents
were all greater than 0.999, indicating a strong linear
relationship between concentration and peak area.

The accuracy of the method was determined by spiking all
four genotoxic impurities at four different levels: LOQ), 50,
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100, and 150% of the working concentration. The
recoveries of all four solvents at these levels fell within the
range of 80 to 120% of the limit level, demonstrating the
ability of the method to provide accurate and reliable
results.

Overall, the results obtained in this study were compared
to the specified limits of the ICH standard guidelines. The
method was found to be specific, precise, sensitive, and

accurate for the detection and quantification of genotoxic
impurities, making it suitable for the determination of
isopropylchloride, propionaldehyde, 2-chloropropanal, and
chloromethane in Meloxicam using headspace gas
chromatography. These findings validate the reliability and
robustness of the developed method, which holds
significant potential for quality control and safety
assessments in pharmaceutical manufacturing processes.
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DISCUSSION

Impurities (GTIs) in meloxicam were successfully
validated and demonstrated reliable performance across
various validation parameters. The results obtained in this
study are consistent with and supported by previous
research in analytical chemistry and pharmaceutical
analysis. The specificity of the method was confirmed by
the well-resolved peaks of all four genotoxic impurities,
indicating its ability to accurately separate and quantify
specific compounds in the presence of other matrix
components. This finding aligns with previous studies?>2
where successful determination of specific impurities has
been reported using headspace gas chromatography.

The precision study revealed excellent reproducibility, both
in terms of system precision and method precision, with %
Relative Standard Deviation (RSD) values less than 15.0 %
for all solvents. This precision was consistent with the
findings of earlier works?”-?, which also demonstrated the
reliability ~and  repeatability = of  Headspace-Gas
Chromatography methods in pharmaceutical analysis.

The LOD and LOQ values obtained in this study were
significantly lower than the lower limits of the
concentration range, indicating the high sensitivity of this
method for detecting trace levels of genotoxic impurities.
Similar results have been reported in previous studies®®3°
on the quantification of impurities using headspace gas
chromatography. The linearity study demonstrated a strong
linear relationship between the theoretical and
concentrations of genotoxic impurities were obtained with
the regression coefficients (R) 0.999 for propionaldehyde,
2-chloropropanol, chloromethane and 1 for
isopropylchloride compounds. These results are consistent
with prior works?*”*!*2 which reported the linearity of
Headspace-Gas Chromatography methods for the analysis
of pharmaceutical compounds. The accuracy assessment
involving spiking the genotoxic impurities at different
levels showed good recovery percentages, falling within the
acceptable range of 80-120% of the limit level. This
accuracy is consistent with the results reported in previous

studies’> 33,  which also demonstrated accurate
quantification of impurities using headspace gas
chromatography.

Overall, the results of this study, along with supporting
references, confirm the suitability and reliability of the
developed HS-GC method for the determination of
Genotoxic Impurities in Meloxicam. The specificity,
precision, sensitivity, linearity, and accuracy of the method
make it a valuable analytical tool for quality control and
safety assessment in the pharmaceutical industry. These
findings contribute to the growing body of literature on the
application of headspace gas chromatography in
pharmaceutical analysis and further validate its potential as
a robust and efficient analytical technique.

CONCLUSION

In  conclusion, the developed Headspace-Gas
Chromatography (HS-GC) method for determining
genotoxic impurities (GTIs) in meloxicam was successfully
validated and proved effective. The method was validated

by critical principles stated in ICH guidelines, showing
satisfactory data for all the method validation parameters
tested. The method demonstrated specificity in accurately
identifying the target impurities, and precision studies
confirmed its reproducibility and reliability. This method
exhibited high sensitivity with low detection and
quantitation limits, enabling the detection of trace levels of
impurities. Linearity assessment showed a strong linear
relationship across a wide concentration range. Moreover,
the accuracy study demonstrated the ability of this method
to provide reliable quantification at various levels. Overall,
the validated HS-GC method is a valuable analytical tool
for ensuring the quality and safety of pharmaceutical
products containing meloxicam.
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