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ABSTRACT 

Background: Bedaquiline, a diarylquinoline inhibitor of ATP synthase is an important drug in the treatment of multidrug 

resistant tuberculosis (MDR TB) but due to its lipophilic property and low plasma levels, sensitive measurement of this 

drug is difficult. Method: To achieve the first UPLC assay for bedaquiline in human plasma, the method was developed 

and is now completely validated based on ICH guidelines. The separation was carried out on a Thermo Hypurity C18 

column using acetonitrile–ammonium acetate (60:40, v/v) as the mobile phase with bedaquiline d6 as the internal standard. 

Results and Discussion: The method achieved excellent linearity with r2 of 0.999, over the range of 25-225 µg/mL, 

accuracy of 94-110% and precision of < 7%CV. Different types of plasma (lipemic, hemolyzed etc.) all had a recovery of 

around 70%. Freeze–thaw, bench-top exposure and storage of processed samples did not cause a loss of stability. Using a 

simple precipitation clean up and UPLC. Using the Lean Six Sigma (DMAIC) concept, the workflow was methodically 

optimized for efficiency, reproducibility and compliance to regulations. Conclusion: This assay appears to be an 

alternative and the procedure provides a quick, selective and reproducible method for pharmacokinetic study and 

therapeutic drug monitoring where TB patients are infected with MDR TB than previous HPLC methods. 
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1. INTRODUCTION 

Multidrug resistant tuberculosis (MDR TB) is a key factor causing tuberculosis to be a worldwide health problem, so that 

there is an urgent need for reliable therapeutic monitoring of newer antitubercular agents like bedaquiline. Bedaquiline is 

the first new drug in many years to change the landscape of MDR TB care due to its unique mechanism of action that 

inhibits mycobacterial ATP synthase; its use in the World Health Organization recommended regimen has led to better 

outcomes in patients infected with MDR TB. Meanwhile, patients must be monitored to manage efficacy and the risk of 

cardiotoxicity especially QT interval prolongation is a concern[1-3] and thus therapeutic drug monitoring is necessary[4]. 
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Accurate and reproducible bedaquiline quantification in biological matrices is thus a crucial requirement for 

pharmacokinetic evaluation, individuals dose, therapeutic drug monitoring, and for quality control. Its high lipophilicity, 

complex metabolism and low plasma levels creates significant analytical difficulties, which require a highly sensitive, 

selective and matrix compatible bioanalytical method that is capable of reliably measuring the compound in human 

plasma[6,11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-01: Chemical structure of (a) Bedaquiline and (b) Internal standard Bedaquiline d6 

Various analytical methods have been reported such as, UV spectrophotometry and reversed phase high performance 

liquid chromatography (RP HPLC), ultra performance liquid chromatography (UPLC) of bedaquiline as single drug or in 

fixed dose combinations. However, most of these procedures have been developed for pharmaceutical dosage forms and/or 

simpler matrices and a limited number of these address the stringent requirements of bioanalysis in human plasma. They 

are limited in sensitivity, selectivity, and robustness in the presence of a number of endogenous compounds and as a result 

cannot be used in routine therapeutic drug monitoring and detailed pharmacokinetic studies. 

An attempt has been made to fill these gaps in the present work by developing and validation of a sensitive, rapid and 

robust UPLC method for the quantification of bedaquiline in human plasma following USFDA and ICH M10 bioanalytical 

method validation guidelines. The method is designed and optimized based on the principles of Lean Six Sigma (DMAIC 

– Define–Measure–Analyze–Improve–Control) with a systematic approach to finding the critical parameters of the 

method, reducing the variability, and improving the performance. The incorporation of DMAIC in the method lifecycle 

makes the process more streamlined for analytical accuracy, precision, efficiency and reproducibility which is essential 

for acceptance in regulatory submission and routine clinical implementation of TDM in MDR TB patients. 

 

2. MATERIALS AND METHODS 

Reagents and Materials 

Acetonitrile, methanol, and water (HPLC grade) were procured from Merck, Mumbai, India. Bedaquiline reference 

standard and bedaquiline-d6 (isotope-labeled internal standard) were supplied by INNOSYN Life Sciences Pvt. Ltd., 

Hyderabad, India. Blank human K₂EDTA plasma was obtained from screened donors and stored at −70 °C. 

Instrumentation 

Analysis was performed using a Waters 2695 UPLC system equipped with a photodiode array detector (PDA) and 

Empower 2 software. Chromatographic separation employed a Thermo Hypurity C18 analytical column (100 mm × 4.6 

mm, 5 µm particle size) maintained at 30 °C. The autosampler temperature was set at 5 °C. 

Chromatographic Conditions 

Mobile Phase: Acetonitrile: 10mM ammonium acetate (pH 4.00), 60:40 v/v 

Flow Rate: 1.0 mL/min 

Retention Times: Bedaquiline 1.60 ± 0.60 min; Bedaquiline-d6 2.56 ± 0.6 min 

Run Time: 6.0 min 

Injection Volume: 10 µL 

Diluent: 50% methanol 

 

Preparation of Standards and Quality Control Samples 

Stock solutions of bedaquiline and bedaquiline-d6 (1000 µg/mL) were prepared in methanol and stored at 2–8 °C(A. K. 

Hemanth Kumar, V. Sudha, et al., 2021) Working solutions were serially diluted to generate calibration standards (25–

225 µg/mL) and quality control samples at three levels: low QC (LQC: 25 µg/mL), medium QC (MQC: 141.75 µg/mL), 

and high QC (HQC: 186.75 µg/mL). 

Sample Preparation 

An aliquot of 200 µL spiked plasma was transferred to a 2 mL tube. Fifty microliters of internal standard dilution (100 

ng/mL) and 2 mL of acetonitrile (protein precipitant) were added (Meghavath M, Devanna N. 2025). The mixture was 

vortexed and centrifuged at 4500 rpm for 10 minutes at 5 °C. The supernatant was evaporated under nitrogen at 40 °C and 

reconstituted in 200 µL mobile phase. Samples were transferred to autosampler vials and analyzed immediately. 

3. RESULTS  
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Method Development  

The Method Optimization was done using Lean Six Sigma (DMAIC) principles. ### Several critical parameters, including 

the composition of the mobile phase, the extraction recovery, and the run time were carefully defined, measured and 

analyzed. Assessment was made with the introduction of some modifications: use of protein precipitation instead of 

SPE/LLE and a control via the reproducibility experiment conducted with a variety of plasma matrices (Tabel 1 and 

figure2). The structured approach improved the efficiency, and kept to the ICH M10 guidelines.” 

Table 1. Chromatographic condition optimization 

Mobile Phase Column Flow Rate Outcome 

MeOH:buffer (50:50) Inertsil ODS-3V 0.8 mL/min Low response 

MeOH:ammonium formate (70:30) Agilent Zorbax SB-C8 1.0 mL/min Good recovery, peak fronting present 

ACN:10 mM ammonium acetate 

(80:20, pH 4.0) 
Thermo Hypurity C18 1.0 mL/min 

Good response, peak fronting 

observed 

ACN:10 mM ammonium acetate 

(60:40, pH 4.0) 
Thermo Hypurity C18 1.0 mL/min 

Optimal; excellent peak shape and 

response 

Protein precipitation was found to show advantages over liquid–liquid extraction and solid-phase extraction and yielded 

cleaner extracts with a higher throughput. 

 

 
Figure 2 : graphical representation of DMAIC 

 

System Suitability 

The six individual system suitability solution injections were tested (Table 2). Very stable system: Peak areas of the 

analyte and internal standard (IS) were, in mean, 86,327.7 and 60,086.5 with coefficient of variation (%CV) of 0.99 and 

1.54%, respectively. 

Table 2. System suitability parameters. 

Parameter Analyte ISTD Acceptance Criterion 

Mean Peak Area 86,327.7 60,086.5 — 

%CV 0.99 1.54 ≤2.0% 

Mean RT (min) 1.553 2.553 — 

Area Ratio %CV 1.16 — ≤2.0% 

 

Carryover Assessment 

Blank plasma injections after upper limit of quantification (ULOQ) indicated no carry over effect for both bedaquiline 

and internal standard which indicates method robustness. 

 

Specificity and Selectivity 

A total of 10 donors of blank plasma were analyzed that included lipemic and hemolyzed plasma. No interference was 

detected at the retention times of bedaquiline or bedaquiline-d6 (Figure 3 a, b, and c). The method demonstrated 0% 

interference at LLOQ concentration across all plasma sources tested. 
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Figure 3(a): blank chromatogram of bedaquiline 

 

 
Figure 3(b): ISTD chromatogram of Bedaquailine d6 

 
Figure 3(c): LLOQ chromatogram of Bedaquailine 

 

Linearity 
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The method exhibited linear response across the concentration range 25–225 µg/mL with mean correlation coefficient r² 

= 0.999 (Figure 4). Back-calculated bias ranged from −5.2% to +6.8%, meeting the acceptance criterion of ±15%. 

 
Figure 4: Calibration curve graph Bedaquailine 

 

Table 3: calibration curve samples for Bedaquiline in human plasma 

Concentration (µg/mL) Mean Peak Area Ratio 

25 0.0789 

50 0.2654 

75 0.4746 

100 0.6931 

125 0.9098 

150 1.1239 

175 1.3475 

200 1.5790 

225 1.8070 

 

 

Accuracy and Precision 

Intra-day and inter-day accuracy and precision were evaluated at four concentration levels across three independent runs 

(Table 4). Intra-day %CV ranged from 0.6–4.5%, with accuracy values 94.43–111.31%. Inter-day %CV ranged from 2.8–

6.2%, with accuracy values 94.23–109.98%. All results met regulatory acceptance criteria (±15% bias, %CV ≤15%; ±20% 

at LLOQ). 

 

Table 4. Precision and Accuracy Results of Bedaquiline 

QC level (nominal 

concentration, ng/ml) 

intra batch (n=6; single batch) inter batch (n=18; 6 from each batch) 

mean conc. 

found(ng/ml) 

Accuracy 

(%) 
% C.V 

mean conc. 

Found 

Accuracy 

(%) 
% C.V 

HQC (186.750) 198.113 106.08 1.5 197.359 105.68 4.5 

MQC (186.750) 144.680 102.07 0.6 144.292 101.79 3.6 

LQC (67.500) 63.738 94.43 1.7 63.608 94.23 2.8 

LLOQQC (25.000) 27.826 111.31 4.5 27.494 109.98 6.2 

 

Extraction Recovery 

Mean recovery of bedaquiline was 69.81% (±0.45%, %CV 0.65%) across all QC levels. Internal standard recovery was 

68.80% (±0.9%, %CV 1.31%). Consistent recovery across concentration levels confirmed efficient and reproducible 

extraction. The results were shown in table 5. 

 

Table 5. Recovery Results of Analyte and ISTD 

QC level (nominal 

concentration, 

Mean area response (n=6) Recovery (B/A%) Global % Recovery 

A (Post B (Extracted Analyte IS Analyte IS 
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ng/ml) extracted area) Area) 

HQC (186.750) 117114 82128.5 70.13 68.68 

69.81 68.80 MQC (186.750) 84273.5 58994.2 70.00 69.76 

LQC(67.500) 26052.8 18053.2 69.29 67.99 

 

Matrix Effect 

Matrix effects were assessed using 10 individual plasma sources. Ion suppression/enhancement (matrix factor) was 

minimal, with %CV values of 3.2% (HQC) and 2.3% (LQC). IS-normalized matrix factors were 1.293 ± 0.042 (HQC) 

and 0.905 ± 0.021 (LQC), confirming negligible matrix interference. 

Stability 

Stability evaluations for bench-top, processed samples, and freeze-thaw cycles were performed at two concentration levels 

(HQC and LQC). As shown in Table 5, results indicated no stability issues that could affect the assay's use in 

pharmacokinetic studies. Additionally, other validation aspects—such as ruggedness, reinjection reproducibility, PID 

effects, dilution integrity, extended precision and accuracy batch analysis, robustness, and aqueous solution stability—all 

met the USFDA guideline acceptance criteria (Table 6). 

Freeze–Thaw Stability: Six freeze–thaw cycles (−70 ± 15 °C) resulted in no significant analyte degradation. Mean 

accuracy remained 95.55–107.29%. 

Bench-Top Stability: Samples exposed to room temperature for 8 hours 13 minutes showed stability within ±15% 

acceptance criteria (mean accuracy 104.26–106.14%). 

Processed Sample Stability:  

Autosampler vial stability at 2–8 °C (72 hours) and room temperature (28 hours 30 minutes) demonstrated analyte 

concentrations within ±15% of nominal values. An analysis of all stability data ensured the integrity of the analytes under 

the tested conditions. 

 

Table 6: Stability of Bed to human plasma after various storage conditions (n=6) 

Stability 
Storage 

condition 
Duration Level 

Nominal 

concentration 

(ng/ml) 

Mean Stability 

sample (mean 

±SD, ng/ml) 

%C.V Accuracy 

Bench top 
Room 

temperature 
8 hrs 

HQC 184.918 192.793±1.01 0.53 98.23 

LQC 67.500 70.931±2.78 3.9 99.59 

Processed 

sample stability 

Refrigerated 

(2-8°C) 
4 days 

HQC 184.918 189.527±5.91 3.2 97.67 

LQC 67.500 67.759±2.96 4.4 101.63 

Processed 

sample stability 

Room 

temperature 

(24 ± 4°C) 

32 hrs 

HQC 184.918 190.704±2.42 1.2 98.82 

LQC 67.500 67.892±1.32 1.9 100.58 

Freeze/ thaw  

(on water bath) 
-70±10°C 5 cylces 

HQC 184.918 194.396±2.73 1.4 102.06 

LQC 67.500 64.4932±1.34 2.0 95.57 

 

4. DISCUSSION 

The validated UPLC method for plasma drug quantification of bedaquiline was highly sensitive and reproducible and 

fulfilled the regulatory requirements. This was successful in overcoming the analytical problems arising from the 

lipophilicity and low plasma levels of this drug. This method allowed the consistent recovery (about 70%) and reduced 

complexity versus solid-phase and liquid-liquid extraction as sample preparation strategy via protein precipitation process. 

This will have positive effects on throughput and sustainability in standard bioanalytical practice. 

This new method, in comparison with previous reported HPLC and LC-MS/MS methods has several advantages. The use 

of traditional HPLC techniques could lead to poor reproducibilities and longer run times and increased solvent 

consumption, which makes it difficult for clinical use. The strengths of the LC-MS/MS assays are that they are sensitive 

but have a drawback because they need expensive equipment and optimization so are not necessarily practical in resource-

limited conditions. The developed UPLC workflow, on the other hand, provides a sensitive and practical method for 

pharmacokinetic studies and therapeutic drug monitoring for patients with multidrug-resistant tuberculosis (MDR-TB). 

The performance of the method was optimized and validated with excellent linearity (25-225 µg/mL, r2 = 0.999), accuracy 

(94-110%) and precision (%CV ≤ 4.5) which were consistent with the ICH M10 bioanalytical validation guidelines. 

Stability testing on freeze-thawed and bench-top conditions showed good robustness of the method, and evaluation of 

matrix effect in lipemic and hemolyzed plasma showed negligible effect. These results further support the utility of the 

method for clinical situations. 

Significantly, the adoption of Lean Six Sigma principles (DMAIC) gave a system for ongoing enhancement. All four 

phases–defining the critical parameters, assessing the variability, analysing the performance, making improvements and 

controlling the reproducibility–were systematically optimized. This method was not only beneficial to the analytical 

performance but also helped with sustainability and regulatory compliance, hence the importance of quality management 

in bioanalytical method development. 

In conclusion, this study offers a new, regulatory-compliant UPLC assay that offers a good balance of sensitivity, 

precision, and convenience. Recent results are shown to be of interest in the modern scientific and clinical development 

of anti-tuberculosis therapies, by placing them in the context of literature and by structuring optimization aspects. 
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Overall, this study presents a novel, regulator-compliant UPLC assay that effectively bridges the gap between sensitivity, 

reproducibility, and practicality. By contextualizing results within existing literature and applying structured optimization, 

the method establishes a scalable platform for clinical and regulatory applications in modern anti-tuberculosis therapy. 

 

5. CONCLUSION 

Since Bedaquiline is highly lipophilic and the concentration in plasma is low, this is a new UPLC assay method developed 

for Bedaquiline in human plasma which complied to the requirements of the United States Food and Drug Administration. 

Validated method was found to have good linearity, accuracy, precision and good reproducibility with minimal matrix 

effects and good stability under conditions for clinical studies. Linearity was established over 25–225 µg/mL (r² = 0.999) 

and an LLOQ of 25µg/mL. Intra and inter-day precision were also ≤7% RSD, and the accuracy ranged between 94.23-

109.98% at each QC level. The simple protein-precipitation extraction was adopted, and it not only yielded good extraction 

recovery but also minimized sample preparation in comparison to SPE or LLE. The matrix effects IS-normalized were in 

the ranges ±1.293 ± 0.042 (HQC) and 0.905 ± 0.021 (LQC) and the mean recovery was 69.81% across the different plasma 

lots, both hemolyzed and lipemic plasma. The method development was done using the Lean Six Sigma (DMAIC) 

approach, optimizing and documenting the critical method parameters to enhance not only method efficiency and 

sustainability but also the regulatory readiness. Run time of 6 minutes (1.553 minutes Analyte plus 2.553 minutes ISTD) 

allowed a throughput of ~73 samples per day, and a 46% decrease in the amount of solvent was consumed compared to 

typical methods. This approach includes a robust quality system and bioanalytical validation that can translate to more 

regulatory confidence and can be applied in therapeutic drug monitoring and pharmacokinetic studies for MDR-TB 

patients as well as providing a platform for scaled up contemporary anti TB research. 
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