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ABSTRACT

A simple, rapid, accurate, and economical reverse-phase high-performance liquid
chromatography (RP-HPLC) method was developed and validated for the simultaneous
estimation of celecoxib and tramadol hydrochloride in pharmaceutical dosage forms. The
chromatographic separation was achieved on a Phenomenex Luna C18(2) column (250 mm x 4.6
mm, 5 um) using an isocratic mobile phase consisting of acetonitrile and phosphate buffer (50

mM, pH 3.0 with 0.1% triethylamine) in the ratio of 55:45 v/v at a flow rate of 1.0 mL/min.
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Detection was performed at 254 nm with column temperature maintained at 30°C. The retention
times were 5.2 minutes for tramadol and 9.2 minutes for celecoxib with excellent resolution (Rs
= 3.42). The method was validated according to ICH Q2(R1) guidelines for specificity, linearity
(r > 0.999), accuracy (recovery 99.38-99.55%), precision (RSD < 0.1%), LOD, LOQ, and
robustness. Forced degradation studies demonstrated the stability-indicating capability of the
method. The validated method was successfully applied for the quantitative determination of
both drugs in combination tablet formulations with assay values of 99-101% of label claim. The
method is suitable for routine quality control analysis and stability testing of celecoxib-tramadol
combination products.

Keywords: Celecoxib, Tramadol hydrochloride, RP-HPLC, Simultaneous estimation, Method

validation

1 INTRODUCTION

1.1 Overview of Analytical Method Development

Analytical chemistry plays a pivotal role in the pharmaceutical industry, serving as the backbone
for quality control, drug development, and regulatory compliance. The development and
validation of analytical methods are essential components in ensuring the safety, efficacy, and
quality of pharmaceutical products [1]. Throughout the entire pharmaceutical product lifecycle—
from initial drug discovery and formulation development through manufacturing, distribution,
and post-market surveillance—analytical chemistry provides the tools and methodologies
necessary to characterize drug substances and products, monitor manufacturing processes, assess

stability, and verify compliance with established specifications.

1.2 Importance of Simultaneous Estimation

The simultaneous estimation of multiple drugs in a single dosage form presents unique analytical
challenges and opportunities. Modern pharmaceutical formulations increasingly contain
combination drugs to enhance therapeutic efficacy, improve patient compliance, and provide
synergistic effects [9]. The rationale for combination therapy extends across multiple therapeutic
areas, including cardiovascular disease, infectious diseases, metabolic disorders, and oncology,

where attacking disease through multiple mechanisms simultaneously can overcome limitations
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of monotherapy. Fixed-dose combinations simplify dosing regimens, reduce pill burden, and

improve adherence by decreasing the number of medications patients must remember to take.

1.3 Celecoxib: Pharmacological Profile and Therapeutic Applications

Celecoxib is a selective cyclooxygenase-2 (COX-2) inhibitor belonging to the class of non-
steroidal anti-inflammatory drugs (NSAIDs) [17]. It was approved by the United States Food and
Drug Administration (FDA) in December 1998 and has since become one of the most widely
prescribed medications for the management of pain and inflammation [18]. The chemical name
of celecoxib is 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzenesulfonamide,
with a molecular formula of C17H14F3N302S and molecular weight of 381.38 g/mol [19].

1.4 Tramadol: Pharmacological Profile and Therapeutic Applications

Tramadol hydrochloride is a centrally acting synthetic opioid analgesic that has been widely used
for the management of moderate to moderately severe pain since its introduction to the market
[27]. The drug possesses a unique dual mechanism of action, combining weak p-opioid receptor
agonism with inhibition of norepinephrine and serotonin reuptake, which contributes to its
analgesic efficacy [28]. Tramadol has the chemical name (z)-cis-2-[(dimethylamino)methyl]-1-
(3-methoxyphenyl)cyclohexanol hydrochloride, with a molecular formula of C16H25NO2-HCI
and molecular weight of 299.84 g/mol [29].

2 DRUG PROFILE

2.1 Pharmacological Properties

Mechanism of Action:

Celecoxib exerts its therapeutic effects through selective inhibition of the cyclooxygenase-2
(COX-2) enzyme. The COX enzymes are responsible for the conversion of arachidonic acid to
prostaglandins, which are key mediators of pain, inflammation, and fever. Two isoforms of COX
exist: COX-1 and COX-2.

The selectivity of celecoxib for COX-2 over COX-1 is approximately 375-fold, which
theoretically reduces the risk of gastrointestinal adverse effects associated with non-selective

NSAIDs. The sulfonamide group of celecoxib occupies a side pocket in the COX-2 active site
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that is not accessible in COX-1 due to the presence of an isoleucine residue at position 523 in
COX-1, which is replaced by valine in COX-2.

Pharmacokinetics:

Absorption: Following oral administration, celecoxib is absorbed from the gastrointestinal tract
with peak plasma concentrations occurring approximately 2-4 hours post-dose. The absolute
bioavailability of celecoxib has not been determined due to the lack of an intravenous
formulation. Administration with high-fat meals can increase the absorption of celecoxib by
approximately 10-20% for total drug absorbed.

Distribution: Celecoxib is extensively bound to plasma proteins, primarily albumin, with
protein binding of approximately 97%. The apparent volume of distribution at steady state is
approximately 400 liters, indicating extensive tissue distribution. The drug crosses biological
membranes readily due to its lipophilic nature.

Pharmacodynamics:

The anti-inflammatory, analgesic, and antipyretic effects of celecoxib are mediated through the
inhibition of prostaglandin synthesis at the site of inflammation. By selectively inhibiting COX-
2, celecoxib reduces the production of prostaglandin E2 (PGE2), prostaglandin 12 (PGI2), and
other prostanoids involved in the inflammatory cascade.

The onset of analgesic action typically occurs within 30-60 minutes after oral administration,
with peak effect observed at 2-4 hours. The duration of action is approximately 12-24 hours,
depending on the dose. The anti-inflammatory effects may take several days to become fully

apparent in chronic inflammatory conditions.

2.2 TRAMADOL HYDROCHLORIDE

2.2.1 Chemical Structure and Nomenclature

Tramadol hydrochloride is a synthetic opioid analgesic with a cyclohexane core structure. The
molecule exists as a racemic mixture of two enantiomers, (+)-tramadol and (-)-tramadol, which
contribute differently to the overall analgesic effect through complementary mechanisms of
action.

IUPAC Name: 2-[(dimethylamino)methyl]-1-(3-methoxyphenyl)cyclohexan-1-ol hydrochloride
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The tramadol molecule features a cyclohexanol ring system with a dimethylaminomethyl side
chain and a methoxyphenyl substituent. The presence of the tertiary amine and hydroxyl
functional groups makes tramadol a basic compound capable of forming salts with acids. The
hydrochloride salt is the most commonly used pharmaceutical form due to its superior aqueous
solubility and stability.

1. Opioid Receptor Agonism: Tramadol and its active metabolite O-desmethyltramadol (M1)
act as agonists at p-opioid receptors in the central nervous system. However, tramadol's affinity
for p-receptors is approximately 6,000 times lower than that of morphine. The M1 metabolite
exhibits 200 times higher affinity for p-receptors compared to the parent compound and
contributes significantly to the analgesic effect. The (+)-enantiomer has higher affinity for p-
receptors than the (-)-enantiomer.

2. Monoamine Reuptake Inhibition: Tramadol inhibits the reuptake of norepinephrine and
serotonin in the central nervous system, enhancing descending inhibitory pain pathways. The
(+)-enantiomer primarily inhibits serotonin reuptake and is a weak p-opioid agonist, while the (-
)-enantiomer primarily inhibits norepinephrine reuptake. This complementary action of the two
enantiomers produces synergistic analgesic effects.

Off-Label Uses:

Tramadol has been used off-label for various conditions including fibromyalgia, premature
ejaculation, restless legs syndrome, and obstetric labor pain. The evidence supporting these uses
varies, and such applications should be carefully considered on an individual basis.

Special Populations:

Elderly Patients: Dosage adjustment may be necessary in patients over 75 years due to
decreased renal function and altered pharmacokinetics. The maximum daily dose should not
exceed 300 mg.

Renal Impairment: In patients with creatinine clearance less than 30 mL/min, dosing intervals
should be increased to every 12 hours, with a maximum dose of 200 mg per day.

Hepatic Impairment: In patients with severe hepatic impairment, the recommended dose is 50

mg every 12 hours.

2.3 Adverse Effects and Contraindications
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Common Adverse Effects:
« Gastrointestinal effects: nausea (most common, affecting 15-40% of patients), vomiting,
constipation, dyspepsia, dry mouth
» Central nervous system effects: dizziness, drowsiness, headache, somnolence, fatigue 68
« Autonomic effects: sweating, flushing
« Psychiatric effects: anxiety, nervousness, euphoria
Serious Adverse Effects:
» Seizures (dose-dependent risk, particularly at doses exceeding 400 mg/day)
« Serotonin syndrome when combined with other serotonergic drugs
» Respiratory depression, particularly in overdose or combination with CNS depressants
» Orthostatic hypotension and syncope
» Anaphylactic reactions and serious skin reactions (rare)
« Physical dependence and withdrawal symptoms with prolonged use
« Abuse and addiction potential
Contraindications:
» Known hypersensitivity to tramadol or any component of the formulation
« Acute intoxication with alcohol, hypnotics, centrally acting analgesics, opioids, or
psychotropic drugs
» Patients receiving monoamine oxidase inhibitors (MAOQOIs) or within 14 days of
discontinuing MAOIs
« Acute or severe bronchial asthma or hypercapnia in unmonitored settings or absence of
resuscitative equipment
» Suspected or known gastrointestinal obstruction or paralytic ileus
« Children under 12 years of age and adolescents under 18 years following tonsillectomy
and/or adenoidectomy

« Ultra-rapid CYP2D6 metabolizers (particularly in breastfeeding mothers)

3 REVIEW OF LITERATURE
3.1 Introduction to Literature Review
The development of analytical methods for pharmaceutical compounds requires a comprehensive

understanding of previously reported methodologies, their strengths, limitations, and
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applicability to specific analytical challenges. A thorough review of the literature provides
valuable insights into the chromatographic behavior of target analytes, optimization strategies
employed by other researchers, and validation approaches that ensure method reliability. This
chapter presents an extensive review of analytical methods reported for celecoxib and tramadol,
both individually and in combination with other drugs, along with a critical evaluation of their

suitability for simultaneous estimation.

3.2 Analytical Methods for Celecoxib

3.2.1 HPLC Methods for Celecoxib

Several researchers have developed HPLC methods for the determination of celecoxib in
pharmaceutical formulations and biological matrices. A reversed-phase HPLC method was
developed using a C18 column with a mobile phase consisting of acetonitrile and phosphate
buffer in the ratio of 60:40 v/v at pH 3.0 [31]. The method employed UV detection at 252 nm
and achieved a retention time of approximately 4.5 minutes for celecoxib. The method was
validated for linearity in the range of 10-60 pg/mL with a correlation coefficient of 0.9998,
demonstrating excellent linearity. The method showed good precision with relative standard

deviation values less than 2% for both intra-day and inter-day studies.

3.2.2 Spectrophotometric Methods for Celecoxib

Ultraviolet spectrophotometry has been widely employed for the determination of celecoxib due
to its simplicity and cost-effectiveness. A UV spectrophotometric method was developed for the
estimation of celecoxib in bulk and pharmaceutical formulations using methanol as solvent [36].
The maximum absorption wavelength was determined to be 252 nm, and the method obeyed
Beer-Lambert's law in the concentration range of 5-30 ug/mL. The method was validated for
accuracy, precision, and specificity with satisfactory results. However, the method lacked

specificity in the presence of excipients that absorb in the same wavelength region.

3.2.3 LC-MS Methods for Celecoxib
Liquid chromatography coupled with mass spectrometry has been extensively used for the
determination of celecoxib in biological matrices due to its high sensitivity and selectivity. An

LC-MS/MS method was developed for the quantification of celecoxib in human plasma using
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electrospray ionization in positive ion mode [39]. The method employed protein precipitation
with acetonitrile for sample preparation and achieved a lower limit of quantitation of 5 ng/mL.
The chromatographic separation was achieved on a C18 column with a mobile phase of
acetonitrile and 0.1% formic acid in water. The method was successfully applied in

pharmacokinetic and bioequivalence studies.

4 AIM AND OBJECTIVES

4.1 Aim of the Study

The primary aim of the present study is to develop and validate a simple, sensitive, accurate,
precise, robust, and economical Reverse Phase High-Performance Liquid Chromatography
method for the simultaneous estimation of celecoxib and tramadol hydrochloride in
pharmaceutical dosage forms. The method is intended to serve as a reliable analytical tool for
routine quality control analysis, stability testing, and regulatory compliance of combination
products containing these two active pharmaceutical ingredients.

The development of this analytical method addresses a critical need in pharmaceutical analysis,
given the increasing prevalence of celecoxib and tramadol combination products in the market
and the absence of a comprehensively validated method specifically designed for this
combination. The method will be designed to meet all regulatory requirements established by the
International Conference on Harmonisation and will be suitable for implementation in

pharmaceutical quality control laboratories with standard HPLC instrumentation.

5 PLAN OF WORK

5.1 Overview of Research Methodology

The present research work will be executed in a systematic and logical sequence, following
established protocols for analytical method development and validation in pharmaceutical
analysis. The plan of work has been designed to ensure comprehensive coverage of all aspects
from initial literature review through final method application, with each phase building upon the
outcomes of previous phases. The entire research program will be conducted in accordance with
Good Laboratory Practices and will adhere to regulatory guidelines established by the

International Conference on Harmonisation.
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5.2 Phases of Work

Phase 1: Preliminary Studies and Literature Review (Duration: 2-3 weeks)

Conduct extensive literature survey to gather information on physicochemical properties,
pharmacological profiles, and existing analytical methods for celecoxib and tramadol. Review
regulatory guidelines including ICH Q2(R1) for analytical method validation, ICH Q1A and
Q1B for stability testing, and relevant pharmacopoeial monographs. Collect information on
commonly used excipients in pharmaceutical formulations containing these drugs. Procure
authentic reference standards of celecoxib and tramadol from certified suppliers and verify their
authenticity and purity through preliminary characterization studies. Establish initial
experimental plan and select appropriate instrumentation, columns, and reagents for method
development.

Phase 2: Method Development (Duration: 4-6 weeks)

Selection of Analytical Wavelength: Record UV absorption spectra of celecoxib and tramadol
individually in various solvents (methanol, acetonitrile, water, and buffer solutions) using UV-
visible spectrophotometry. Identify maximum absorption wavelengths and select appropriate
detection wavelength for HPLC analysis, either as a single compromise wavelength or determine
the need for wavelength programming.

Preliminary Chromatographic Studies: Conduct initial HPLC trials using different
combinations of mobile phase components, various reversed-phase columns, and different
chromatographic conditions to identify promising approaches for further optimization. Evaluate
peak shapes, retention times, and resolution between celecoxib and tramadol peaks under various
conditions.

6 RESULTS

6.1 Finalized Optimized Chromatographic Conditions

Based on systematic optimization studies, the following chromatographic conditions were
finalized:

Table 6.1: Finalized Optimized Chromatographic Conditions

Parameter Specification
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Column

Mobile Phase

Flow Rate

Column Temperature
Detection
Wavelength
Injection Volume
Run Time

Retention Time

6.2 Method Validation

Phenomenex Luna C18(2), 250 mm x 4.6
mm, 5 pm

Acetonitrile : Phosphate buffer (50 mM, pH
3.0 with 0.1% TEA) = 55:45 v/v

1.0 mL/min

30°C

254 nm

72

20 uL
12 minutes
Tramadol: 5.2 + 0.2 min, Celecoxib: 9.2 +

0.2 min

The developed RP-HPLC method was validated according to ICH Q2(R1) guidelines for the

following parameters:

6.2.1 System Suitability

System suitability testing was performed by injecting six replicate injections of mixed standard

solution containing tramadol (50 pg/mL) and celecoxib (200 ug/mL). The following parameters

were evaluated:

Table 6.2: System Suitability Parameters

Parameter

Retention Time (min)
Theoretical Plates (N)
Tailing Factor
Resolution (Rs)
%RSD of Peak Area

6.3 Linearity

EISSN 1303-5150

Tramadol Celecoxib  Acceptance Criteria
521+0.03 9.18+0.04 RSD <2.0%

4235+ 156 5847 +198 N >2000

1.05+0.03 112+0.04 T<2.0

- 342+0.08 Rs>2.0

0.45% 0.38% RSD <2.0%
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Calibration curves were constructed by plotting peak area versus concentration for both drugs.
Seven concentration levels were prepared in triplicate covering the range of 50% to 150% of the
target concentrations.

Table 6.3: Linearity Data for Tramadol

Concentration Mean Peak SD %RSD

(ng/mL) Area (n=3)

25 245,850 1,128 0.46
35 344,125 1,456 0.42
45 442,687 1,789 0.40
50 491,234 2,023 0.41
55 540,956 2,187 0.40
65 638,745 2,654 0.42
75 737,892 3,124 0.42

Regression Statistics for Tramadol:
« Slope =9834.5
« Intercept = 1245.8
« Correlation coefficient (r) = 0.9998
» Coefficient of determination (r2) = 0.9996

Table 6.4: Linearity Data for Celecoxib
Concentration Mean Peak SD %RSD

(ng/mL) Area (n=3)

100 1,235,450 5,234 0.42
140 1,729,876 7,128 041
180 2,224,567 9,245 042
200 2,471,234 10,156 0.41
220 2,718,956 11,234 0.41
260 3,213,845 13,456 0.42
300 3,708,234 15,678 0.42

6.3.1 Accuracy (Recovery Studies)
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Accuracy was evaluated by recovery studies at three concentration levels (80%, 100%, and
120% of target concentration) by spiking known amounts of standard drugs into placebo matrix.
Each level was prepared in triplicate.

Table 6.5: Linearity Data for Tramadol

Concentration Mean Peak SD %RSD

(ng/mL) Area
(n=3)
25 245,850 1,128 0.46
35 344,125 1,456 0.42
45 442,687 1,789 0.40
50 491,234 2,023 041
55 540,956 2,187 0.40
65 638,745 2,654 0.42
75 737,892 3,124 0.42
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Figure 1: Linearity Data for Tramadol

Regression Statistics for Tramadol:
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« Slope =9834.5
* Intercept = 1245.8
» Correlation coefficient (r) = 0.9998
» Coefficient of determination (r?) = 0.9996
Table 6.6: Linearity Data for Celecoxib
Concentration Mean Peak SD %RSD

(ng/mL) Area (n=3)

100 1,235450 5,234 042
140 1,729,876 7,128 041
180 2,224,567 9,245 0.42
200 2,471,234 10,156 0.41
220 2,718,956 11,234 0.41
260 3,213,845 13,456 0.42
300 3,708,234 15,678 0.42
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Figure 2: Linearity Data for Celecoxib
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Regression Statistics for Celecoxib:

« Slope =12,359.8

* Intercept =1,678.9

« Correlation coefficient (r) = 0.9999

« Correlation coefficient (r2) = 0.9998
The correlation coefficients (r > 0.999) indicated excellent linearity for both drugs over the tested
concentration range. The low %RSD values (< 0.5%) demonstrated good precision of the
measurements.
6.3.2 Accuracy (Recovery Studies)
Accuracy was evaluated by recovery studies at three concentration levels (80%, 100%, and
120% of target concentration) by spiking known amounts of standard drugs into placebo matrix.
Each level was prepared in triplicate.

Table 6.5: Accuracy Data for Tramadol

Level Amount Added Amount Found % Mean % 9%RSD
(ng/mL) (ng/mL) Recovery Recovery

80%  40.0 39.65 99.13 99.42 0.52
80%  40.0 39.78 99.45

80%  40.0 39.92 99.80

100% 50.0 49.58 99.16 99.38 0.48
100% 50.0 49.75 99.50

100% 50.0 49.78 99.56

120% 60.0 59.45 99.08 99.35 0.55
120% 60.0 59.68 99.47

120% 60.0 59.82 99.70
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Figure 3: Accuracy Data for Tramadol

Overall Mean Recovery for Tramadol: 99.38%

Table 6.6: Accuracy Data for Celecoxib
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Level Amount Added Amount Found
(ng/mL) (ng/mL)
80%  160.0 159.12
80%  160.0 159.45
80%  160.0 159.56
100% 200.0 198.78
100% 200.0 199.25
100% 200.0 199.35
120% 240.0 238.56
120% 240.0 239.12
120% 240.0 239.35
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Figure 4: Accuracy Data for Celecoxib

The present research work successfully accomplished its primary objective of developing and
validating a simple, accurate, precise, robust, and economical reverse-phase high-performance
liquid chromatography method for the simultaneous estimation of celecoxib and tramadol
hydrochloride in pharmaceutical dosage forms. The method was developed through systematic
optimization of chromatographic parameters and validated comprehensively according to
International Conference on Harmonisation Q2(R1) guidelines.

The chromatographic separation was achieved using an isocratic mobile phase consisting of
acetonitrile and phosphate buffer (50 mM, pH 3.0 with 0.1% triethylamine) in the ratio of 55:45
v/v on a Phenomenex Luna C18(2) column (250 mm X 4.6 mm, 5 um). The optimized conditions
provided excellent resolution between tramadol and celecoxib (Rs = 3.42) with retention times of
5.2 minutes and 9.2 minutes respectively, resulting in a total analysis time of 12 minutes per
sample. Detection at 254 nm using UV detector provided adequate sensitivity for both analytes at
their expected concentration levels in combination formulations.
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