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A B S T R A C T   

Introduction: Isoniazid (INH) is one of the most effective and potent first-line anti-tubercular drug. INH is also 
effectively administered as a preventative monotherapy and has been shown to significantly reduce TB incidence. 
INH is primarily metabolised to acetyl-isoniazid (AcINH) in the liver. AcINH is mainly excreted in urine pre-
senting as a target for monitoring adherence to INH therapy. 
Objective: The study aimed to develop and fully validate a bioanalytical method using liquid chromatography- 
tandem mass spectrometry for the quantification of INH and AcINH in human urine. 
Methods: The samples were prepared using solid phase extraction, with the internal standards isoniazid-d4 and 
acetyl-isoniazid-d4 being used. The extracts were chromatographed on an Atlantis T3 analytical column with an 
isocratic mobile phase. For detection, a AB Sciex™ API 5500 triple quadrupole mass spectrometer was used at 
unit resolution in the multiple reaction monitoring mode, following positive electrospray ionization. 
Results: The analytical method demonstrated sufficient sensitivity, as indicated by average signal-to-noise ratios 
of 7.07 and 6.23 at the lower limit of quantification for INH and AcINH, respectively. Validation was performed 
over three consecutive batches, demonstrating accuracy, precision, and overall robustness based on peak area 
ratios within the analytical range of 0.234–30.0 µg/mL for both INH and AcINH. All required validation ex-
periments were assessed and met the acceptance criteria guidelines of the US Food and Drug Administration and 
European Medicines Agency. The validated method was utilized to measure concentrations of AcINH in urine as a 
means of assessing adherence to the intake of isoniazid in order to prevent TB infection during a phase III open- 
label multicenter trial. 
Conclusion: A bioanalytical method was developed and fully validated for quantifying isoniazid (INH) and acetyl- 
isoniazid (AcINH) in 100 µL of human urine.   

Introduction 

According to the World Health Organization (WHO), Mycobacterium 
tuberculosis (Mtb) is one of the leading infectious organisms, estimated 
to have infected 1.9 billion people worldwide, resulting in latent 

tuberculosis (TB) [1]. Between 5 and 10 % of infected individuals may 
progress to the active stage of TB infection during their lifetime [2,3]. In 
its 2021 global tuberculosis report, the WHO reported an estimated 10 
million active TB cases, with 1.3 million related deaths worldwide [4]. 

Isoniazid (INH) is one of the most effective and potent drugs against 

Abbreviations: %Accuracy, The concentration of the analyte found against the nominal concentration expressed as a percentage; %Difference, The difference 
between the concentrations of the analyte found against a reference found concentration expressed as a percentage; AcINH, Acetyl Isoniazid; CV(%), Percentage 
Coefficient of Variation; DMSO, Dimethyl sulfoxide; EMA, European Medicines Agency; F/T, Freeze-thaw Stability; FDA, Food and Drug Administration; FIA, Flow 
injection analysis; HPLC, High Performance Liquid Chromatography; INH, Isoniazid; IPT, Isoniazid preventative therapy; ISS, Internal standard solution; ISTD, 
Internal standard; LC-MS/MS, Liquid Chromatography with Tandem Mass Spectrometry; LLOQ, lower limit of quantification; MDR-TB, Multi-drug resistant tuber-
culosis; MeOH, Methanol; MRM, Multiple reaction monitoring; Mtb, Mycobacterium tuberculosis; n, Number of determinations; NAT2, N-acetyltransferase 2; QC, 
Quality Control; SPE, Solid phase extraction; SS, Stock Solution; STD, Calibration Standard; STDEV, Standard Deviation; TB, Tuberculosis; TRC, Toronto Research 
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Mtb and is considered one of the four first-line drugs used in the treat-
ment of TB [5,6]. INH is also effectively used as a preventative therapy 
[7] and has been shown to significantly reduce TB incidence in house-
hold contacts of patients with drug-resistant TB [7,8]. 

Challenges associated with INH preventative therapy (IPT) include 
the lengthy treatment duration, ranging from 6 to 12 months, and the 
potential development of INH liver toxicity [7,9]. However, IPT has 
been shown to have a success rate of up to 90 % when completed suc-
cessfully [10–12]. The participation and adherence of study subjects 

play a crucial role in studying any preventative therapy. Therefore, 
monitoring adherence during preventative therapy studies is essential 
[13]. 

INH is primarily metabolized in the liver by the enzyme N-acetyl-
transferase 2 (NAT2) to the non-toxic inactive metabolite acetyl- 
isoniazid (AcINH) [14]. AcINH accounts for approximately 75 % of 
the administered INH dose, while the remaining INH is primarily elim-
inated through the kidneys and excreted in urine [15]. Analyzing urine 
for the presence of INH and AcINH provides a convenient and non- 
invasive method for assessing adherence. 

Amlabu et al. utilized both colorimetric (Arkansas test) and tandem 
mass spectrometry (LC-MS/MS) assays to detect INH and its metabolite 
AcINH in urine for adherence monitoring [16]. However, the Arkansas 
test showed a decrease in sensitivity when measuring the analytes in 
urine 4 h after dosage, rendering it unsuitable for monitoring adherence 
at that time point. In contrast, the LC-MS/MS method exhibited no 
sensitivity limitations and could successfully monitor adherence up to 
24 h after dosage. It is worth noting that the study did not provide details 
regarding the validation of the LC-MS/MS assay according to the 
guidelines of the US Food and Drug Administration (FDA) and the Eu-
ropean Medicines Agency (EMA). 

Here, the development of a robust bioanalytical method for quanti-
fying INH and AcINH in 100 µL of human urine using solid phase 
extraction and LC-MS/MS analysis is described. The method was suc-
cessfully validated following guidelines set by the US FDA [17] and EMA 
[18]. 

Table 1 
MS/MS Settings for Isoniazid, Acetyl-Isoniazid, and their internal standards.   

Isoniazid Isoniazid- 
d4 

Acetyl- 
Isoniazid 

Acetyl- 
Isoniazid-d4 

Protonated molecular 
ion mass (m/z) [M +
H]+

138.0 142.0 180.0 184.1 

Product ion mass (m/z) 
Quantifier 

121.0 125.1 138.1 125.0 

Product ion mass (m/z) 
Qualifier 

66.1  121.0  

Dwell time (ms) 150 150 150 150 
Declustering potential 

(V) 
91 31 81 56 

Entrance potential (V) 10 10 10 10 
Collision energy (eV) 19 21 31 31 
Collision cell exit 

potential (V) 
12 16 12 12  

Fig. 1. Representative chromatogram indicating separation of INH and AcINH on an Atlantis T3 3 µm, 2.1 mm × 100 mm analytical column using an isocratic mobile 
phase which consisted of 5 mM ammonium acetate and acetonitrile (98:2, v/v) at a flow rate of 0.250 mL/min. 

Table 2 
Accuracy and precision of quality controls indicated in a combined summary of the three validation batches for isoniazid and acetyl-isoniazid.   

Isoniazid Acetyl-Isoniazid 

Validation 1–3 QC-Dil QCH QCM QCL LLOQ QC-Dil QCH QCM QCL LLOQ 

n  6 of 6  18 of 18  18 of 18  18 of 18  18 of 18  6 of 6  18 of 18  18 of 18  18 of 18  18 of 18 
Precision CV (%)  4.4  6.0  5.2  7.3  7.6  2.8  5.2  3.3  6.3  10.5 
Accuracy (%)  102.6  102.3  102.7  101.4  95.2  99.5  100.6  99.7  98.3  102.5 
r2 values 

(n = 3)  
0.9993  0.9983 

*QC-Dil = 48.0 µg/mL, QCH = 24.0 µg/mL, QCM = 12.0 µg/mL, QCL = 0.586 µg/mL, LLOQ = 0.234 µg/mL. 
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Fig. 2. Chromatograms of the LLOQ samples of isoniazid (A) and acetyl-isoniazid (B) overlayed with a double blank sample.  
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Materials and methods 

Chemicals and consumables 

Reference standards for isoniazid (97.1 % purity), acetyl-isoniazid 
(98.0 % purity), isoniazid-d4 (INH-d4; used as internal standard 98.0 
% purity), and acetyl-isoniazid-d4 (AcINH-d4; used as internal standard 
98.0 % purity) were purchased from Toronto Research Chemicals (TRC). 

Ammonium acetate and dimethyl sulfoxide (DMSO) (high purity 
grade) were purchased from Sigma-Aldrich (Darmstadt, Germany). 
Ammonium bicarbonate (high purity grade) was purchased from Acros 
organics (Geel, Belgium). Acetonitrile and methanol (LC-MS grade) 
were purchased from Honeywell (Burdick and Jackson, Muskegon, 
Michigan), and LC-MS grade water was produced in-house using the 
Milli-Q water purification system (Merck Millipore, Darmstadt, Ger-
many). Strata X 33 µm Polymeric Reversed Phase 200 mg/3mL solid 
phase extraction (SPE) columns were purchased from Phenomenex 
(California, United States). 

Collection and storage of urine samples 

Drug-free human urine was donated by healthy volunteers not taking 
INH and screened for the presence of INH and AcINH before use. The 
urine was used to prepare calibration standards (STDs), quality control 
samples (QCs), and validation experiments. Clinical samples were 
collected and stored at approximately − 80 ◦C until analysis. The 
necessary ethics approval from the University of Cape Town Human 
Research Ethics Committee (HREC: 089/2020) and informed consent 
were obtained. 

Sample preparation and extraction procedure 

Patient urine samples, STDs, and QC samples were thawed unassisted 
at room temperature. The samples were mixed by vortex for approxi-
mately 30 s, thereafter, 100 μL of each sample was transferred to a 1.5 
mL microcentrifuge tube. An aliquot of 500 µL of the internal standard 
solution (ISS) (50 mM ammonium bicarbonate containing 0.050 µg/mL 
INH-d4 and AcINH-d4) was added to each sample aliquot except for the 
double blank sample in which an ISS free 50 mM ammonium bicar-
bonate solution was added. Samples were vortexed for approximately 
30 s and sonicated on ice for approximately 5 min. 

SPE was performed in batches of 48 samples simultaneously, using a 
positive pressure Biofuge system and Phenomenex Strata X SPE col-
umns. The SPE columns were conditioned with 2 mL acetonitrile fol-
lowed by 2 mL of HPLC grade water and 2 mL of a 10 mM ammonium 
acetate solution. The sample mixture was loaded onto the SPE cartridges 
and washed twice with 2 mL HPLC grade water, and all excess water on 
the cartridge was removed under maximum flow for 10 s. The analytes 
were eluted using a 2-step process with 100 µL acetonitrile followed by 
750 µL of a 5 mM ammonium acetate and acetonitrile solution (98:2, v/ 
v) (also used as the mobile phase). The eluant was briefly mixed by 
vortex, and 200 µL was transferred to a 96-well plate for analysis. 

Instrumentation 

Chromatography was performed on an Agilent 1260 series High- 
Performance Liquid Chromatography system (Agilent, California, 
USA). Separation of INH, AcINH and their internal standards, INH-d4 
and AcINH-d4, was achieved on a reversed-phase Atlantis T3, 3 µm, 
2.1 mm × 100 mm analytical column (Waters, California, USA). The 

Table 3 
Summary of the results of stability experiments for isoniazid.  

Stability test Test sample and duration n Precision 
CV (%) 

% 
Difference 

Stock solution 
stability 

108 days at − 80 ◦C 3 0.9 2.8 
3 h at room temperature 3 1.2 0.0 
3 h on ice 3 1.3 2.1 
3 h at 4 ◦C 3 2.2 1.4 

Working solution 
stability 

88 days at − 80 ◦C High 
WS 

6 2.9 5.0 

Low 
WS 

6 4.3 4.4 

4 h on ice High 
WS 

6 5.1 2.2 

Low 
WS 

6 2.2 5.0 

Matrix stability 10 days at − 80 ◦C High 
QC 

6 2.2 4.5 

Low 
QC 

6 1.3 0.4 

24 h at − 20 ◦C High 
QC 

6 2.0 4.0 

Low 
QC 

6 3.5 6.6 

Freeze-thaw 
stability 

3 cycles High 
QC 

6 3.2 3.9 

Low 
QL 

6 7.0 0.6 

Benchtop 
stability 

4 h at room 
temperature 

High 
QC 

6 6.4 0.8 

Low 
QL 

6 7.5 4.5 

Autosampler 
stability 

100 h at 8 ◦C 
(autosampler) 

High 
QC 

6 5.6 4.9 

Low 
QL 

6 4.2 0.4 

Concomitant 
medication 

High QC 6 1.8 12.4 
Low QL 6 9.1 0.3 

*High QC = 24 µg/ml, Low QC = 0.586 µg/ml, High WS = 30 µg/ml, Low WS =
0.586 µg/ml. 

Table 4 
Summary of the results of stability experiments for acetyl-isoniazid.  

Stability test Test sample and duration n Precision 
CV (%) 

% 
Difference 

Stock solution 
stability 

105 days at − 80 ◦C 3 1.6 0.9 
3 h at room temperature 3 1.6 0.9 
3 h on ice 3 0.0 0.0 
3 h at 4 ◦C 3 0.0 0.0 

Working solution 
stability 

88 days at − 80 ◦C High 
WS 

6 2.2 0.5 

Low 
WS 

6 1.7 9.9 

4 h on ice High 
WS 

6 1.3 1.4 

Low 
WS 

6 1.6 0.5 

Matrix stability 233 days at − 80 ◦C High 
QC 

6 2.3 2.0 

Low 
QC 

6 4.6 11.7 

24 h at − 20 ◦C High 
QC 

6 2.5 7.3 

Low 
QC 

6 3.5 9.4 

Freeze-thaw 
stability 

3 cycles High 
QC 

6 3.5 1.3 

Low 
QL 

6 3.3 1.9 

Benchtop 
stability 

4 h at room 
temperature 

High 
QC 

6 3.1 3.1 

Low 
QL 

6 3.5 0.1 

Autosampler 
stability 

100 h at 8 ◦C 
(autosampler) 

High 
QC 

6 1.6 5.5 

Low 
QL 

6 7.5 1.0 

Concomitant 
medication 

High QC 6 4.7 3.7 
Low QL 6 8.8 8.9 

*High QC = 24 µg/ml, Low QC = 0.586 µg/ml, High WS = 30 µg/ml, Low WS =
0.586 µg/ml. 
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column oven temperature was set to 30 ◦C. A solution of 5 mM ammo-
nium acetate and acetonitrile (98:2, v/v) was used as a mobile phase for 
isocratic elution at a flow rate of 0.250 mL/min for a total runtime of 5 
min. The mobile phase was degassed with helium and sonicated prior to 
use. A sample volume of 1 μL was injected, and the temperature of the 
autosampler was set to ~8 ◦C. 

Detection was performed by tandem mass spectrometry on an AB 
Sciex™ API 5500 Q trap mass spectrometer (AB Sciex™, Germany). 
Electrospray ionisation in the positive mode was used for ion produc-
tion. The source conditions were optimised by flow injection analysis 
(FIA) with the following parameters: 50 psi, 55 psi, 40 psi, medium, 
550 ◦C and 5000 V for Nebuliser gas, Turbo gas, Curtain gas, Collision 
gas, Source Temperature and Ion Spray Voltage, respectively. Multiple 
reaction monitoring (MRM) at unit resolution was used to monitor the 
transition of the protonated precursor ions to the product ions. Analyst® 
software version 1.7 using Analyst classic algorithm (AB Sciex™, Ger-
many) was used for data processing. 

Method validation 

Accuracy and precision determination 
STDs and QCs were prepared by spiking working solutions prepared 

in methanol into blank urine at room temperature. Stock solutions 
prepared in methanol for INH at 2 mg/mL and in DMSO for AcINH at 2 
mg/mL were used to prepare working solutions. Eight STDs were pre-
pared in blank urine at concentrations of 30.0, 15.0, 7.50, 3.75, 1.88, 
0.938, 0.469, and 0.234 µg/mL for both INH and AcINH. The LLOQ was 
selected at the lowest concentration expected in clinical samples, based 
on signal-to-noise ratio (≥5) and reliable quantification (accuracy and 
precision of ±20 %) as per FDA and EMA guidelines. QCs were prepared 
at concentrations of 48.0, 24.0, 12.0, 0.586, and 0.234 µg/mL for QC- 
dilution, QC-high, QC-medium, QC-low, and QC-LLOQ, respectively. 

The assay’s accuracy and precision were assessed by analysing three 
independent runs of freshly prepared STDs in duplicate and six repli-
cates of each QC. Validation experiment and stability QCs were also 
assessed in these runs in six replicates. The calibration curves of both 
analytes were validated over the concentration range of 0.234–30.0 µg/ 
mL using a quadratic regression with a weighting of 1/x and a linear 
regression with a weighting of 1/x2 using area ratios of analytes/internal 
standards for INH and AcINH, respectively. The QC dilution sample was 
used to validate the analysis of the dilution of samples above the upper 
level of quantitation (30.0 µg/mL) using a 5-fold (1:4) dilution with a 
blank matrix to a concentration of 48.0 µg/mL. 

Stock solution stability 
Short-term stock solution stability for INH at 2 mg/mL in methanol 

and AcINH at 2 mg/mL in DMSO was assessed for 3 h at room temper-
ature, on ice, and at approximately 4 ◦C. Long-term stability was 
assessed at ~ -80 ◦C for 108 days for INH and 105 days for AcINH. Test 
samples were assessed against freshly prepared reference samples at the 
same concentration. Triplicate dilutions (10 µL stock solution + 990 µL 
solvent) using 100 % methanol for each test and reference sample were 
performed before analysis. The absorbance was measured using a 
spectrophotometer at an absorbance wavelength of 262 nm. Test sam-
ples’ mean absorbance was compared to that of the reference samples to 
determine stability. 

Working solution stability 
Short-term working solution stability was assessed for 4 h on ice, in 

methanol at the highest (1000 µg/mL) and lowest (4.88 µg/mL) working 
solution concentrations for both INH and AcINH. Long-term working 
solution stability was assessed for 88 days in methanol at ~ -80 ◦C. The 
working solutions were diluted in triplicate to 30 µg/mL for the high 
concentration and to 0.234 µg/mL for the low concentration in 5 mM 
ammonium acetate and acetonitrile (98:2, v/v) containing 0.500 µg/mL 
of the internal standards, before analysis by LC-MS/MS. 

Reinjection reproducibility and autosampler stability 
Reinjection reproducibility was assessed to determine the possibility 

of reanalysis of an analytical batch by reinjection in the case of instru-
ment interruptions. Autosampler stability was assessed to determine the 
stability of analytes at the autosampler temperature. Following the in-
jection of the first validation batch, the extracted samples (96-well plate) 
remained in the autosampler at a temperature of ~8 ◦C, and the batch 
was reinjected after 100 h. The peak area ratios (n = 6) of the initial 
injections were compared to that of the reinjected batch to assess 
autosampler stability and reinjection reproducibility. 

Stability in matrix 
QC high and QC low samples were prepared, verified, and stored at 

the intended study sample storage temperature (~− 80 ◦C). An addi-
tional storage condition (~− 20 ◦C) was tested to provide flexibility at 
sites that do not have access to − 80 ◦C freezers. Each QC level was 
analysed in six replicates against a freshly prepared calibration curve, 
and observed concentrations were compared to the nominal concen-
trations to determine the stability of INH and AcINH in urine. 

Freeze-thaw stability 
QC high and QC low samples were frozen at ~ -80 ◦C and put through 

three freeze–thaw cycles, consisting of 2 h of thawing time at room 
temperature followed by 12–24 h of freezing between each cycle. These 
samples were analysed against a freshly prepared valid calibration curve 
and assessed for accuracy against the nominal QC concentrations. 

Benchtop stability 
QC high and QC low samples were left on bench at room temperature 

and on ice for 4 h and then analysed against a freshly prepared cali-
bration curve. The observed concentrations were compared to the 
nominal QC concentrations to determine stability. 

Recovery 
Recovery, the extraction efficiency of the analytical procedure, was 

determined by extracting six different blank matrix pools and preparing 
each with the analyte at QC high, QC medium, and QC low concentra-
tions. The analytical responses of these QCs were compared to QCs 
spiked in the same six blank matrix sources before extraction. The in-
ternal standards were included to normalise the extraction recovery and 
to express the results as comparative peak area ratios. However, re-
coveries of the internal standards were not assessed. 

Process efficiency 
Process efficiency compares the response of the mass spectrometer 

observed for extracted samples to those observed for neat unextracted 
samples spiked into injection solvent where the matrix is not present. 
The effects of both the extraction recovery and the presence of matrix on 
analyte response were included in this assessment. QCs prepared at high, 
medium, and low QC concentrations from six different matrix lots were 
extracted according to the analytical method and compared to QCs 
spiked at high, medium, and low QC concentration in triplicate in a 5 
mM ammonium acetate and acetonitrile solution (98:2, v/v). The in-
ternal standards were used to normalise for the extraction, and the peak 
area ratios observed after extraction were compared to the peak area 
ratios of the neat samples and expressed as percentage process 
efficiency. 

Matrix effects 
Matrix effects refer to interference(s) of the analytical process by 

components in a sample other than the analyte being studied. Such in-
terferences mainly influence the ionisation of the analytes of interest. 
For this assessment, the method described by Matuszewski [19] was 
used to quantify the effect of the matrix across the calibration range of 
the assay using different matrix sources. A minimum of six blank sources 
of urine were extracted without internal standard and spiked at high, 
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medium, and low QC concentrations and one internal standard con-
centration. The peak area ratios for each concentration level in each 
matrix source were used to generate simple linear regressions for each 
matrix lot. The variability observed between the slopes of the different 
regressions provides an estimate of the variability attributed to the 
presence of different matrix components (matrix effects). 

Concomitant medication effects 
Concomitant medications were tested for potential interference, 

especially those administered as part of the study and commonly pre-
scribed to the study population. Concomitant medications (ethambutol, 
pyrazinamide, delamanid, DM6705, rifampicin, and 25-deacetyl-rifam-
picin) were tested at approximately 15.0 µg/mL, which is the mid-level 
concentration of this assay as no precise levels of the tested concomitant 
medications in urine are reported. High and low QCs were prepared in 
urine containing the concomitant medications and extracted in six 
replicates together with reference high and low QCs without concomi-
tant medications. The mean peak area ratios observed in the test samples 
were compared to those observed in the reference samples. Selectivity in 
the presence of concomitant medication was also assessed by evaluating 
a blank and a double-blank sample in the presence of concomitant 
medications. 

Specificity/selectivity and carryover 
Selectivity or specificity relates to the ability of the analytical 

method to distinguish and quantify the analyte of interest in the pres-
ence of other compounds involved in the analytical process. To assess 
carryover, a double blank sample was injected following the injection of 
the highest calibration standard (30.0 µg/mL) and monitored for any 
response of the analyte and internal standard. Six different lots of urine 
were extracted as double blank samples, without analyte and internal 
standard. Aliquots from the duplicate six lots of urine were extracted as 
blank samples, with only the internal standard added. Finally, aliquots 
from the duplicate six lots of urine were spiked with the analytes at the 
LLOQ concentration without internal standards and extracted. This 
experiment was done to monitor and ensure that the measured transi-
tions are due to the presence of the analytes and not the background 
components of the matrix. 

Crosstalk/contribution 
This experiment was conducted to test for the presence or lack of 

contribution between the analytes and their deuterated internal stan-
dards. A blank matrix was extracted and then individually spiked with 
each of the internal standards at 0.050 µg/mL and with each analyte 
separately at the ULOQ (30.0 µg/mL) and LLOQ (0.234 µg/mL) con-
centrations. The contribution of the analytes to the internal standards 
was assessed using the ULOQ samples in the internal standards channels 
at the retention time of the internal standards for any signal response. 
Similarly, the blank samples (containing the deuterated internal stan-
dards) were used to assess the contribution of internal standards to each 
analyte channel at the retention time of the analytes. The LLOQ samples 
were used as reference to determine crosstalk/contribution. 

Results and discussion 

The assay development began by infusing INH, AcINH, and their 
internal standards (INH-d4 and AcINH-d4) directly into the ion source 
using a 1 mL Hamilton syringe connected to a syringe pump operating at 
a flow rate of 10 µL/min. The analytes and internal standards were 
prepared at a concentration of 500 ng/mL in a mixture of methanol and 
water (9:1, v/v) containing 0.1 % formic acid. The most suitable mul-
tiple reaction monitoring (MRM) transitions and compound-specific 
parameters were chosen and summarized in Table 1. The source con-
ditions were determined using flow injection analysis (FIA) and are 
described in the instrumentation section. Reverse-phase chromatog-
raphy was employed to separate INH and AcINH, utilizing an isocratic 

mobile phase consisting of 5 mM ammonium acetate with 2 % aceto-
nitrile (v/v) on an Atlantis T3 column (3 µm, 2.1 mm × 100 mm), as 
shown in Fig. 1. The retention times for INH, AcINH, and their respective 
deuterated internal standards were observed to be 3.33 and 3.04 min, 
respectively. 

The next objective was to develop a robust and reproducible 
extraction method for isolating INH and AcINH from human urine. The 
composition of urine exhibits high variability compared to other 
matrices, like plasma and serum, due to factors such as fluid intake, 
pathological conditions, and diet, resulting in varying levels of urine 
constituents that can potentially cause matrix effects, such as ion sup-
pression or enhancement [20]. While Amlabu et al. [16] reported a 
sample dilution LC-MS/MS method for analyzing INH and AcINH in 
urine, we chose to employ a specific SPE method in order to produce 
cleaner extracts and minimize excessive matrix components. Strata X 33 
µm Polymeric Reversed Phase 200 mg/3 mL SPE cartridges were utilized 
to load and retain INH and AcINH on the solid phase at pH 8.5 (using 50 
mM ammonium bicarbonate). 

The validation process demonstrated that the analytical method was 
robust, reproducible, accurate, and precise. Calibration curves were 
generated for both analytes, covering a range of 0.234 to 30.0 µg/mL. A 
quadratic regression weighted by 1/x was employed for INH, while a 
linear regression weighted by 1/x2 was used for AcINH. Accuracy (% 
Accuracy) and precision (% CV) were evaluated by analyzing QC sam-
ples across the concentration range. The regression statistics and values 
for accuracy and precision for all three runs are summarized in Table 2. 

Specificity and sensitivity assessments are illustrated in Fig. 2A and 
B, showcasing the overlaid chromatograms of the LLOQ samples and 
double-blank samples. A double-blank sample (without analyte and 
ISTD), analyzed after the highest calibration standard did not exhibit 
any chromatographic peaks at the retention times of the analytes, 
indicating the absence of carryover. 

The results of the stability assessment are presented in Tables 3 and 
4. The stock solutions of INH and Ac-INH were found to be stable at 
approximately − 80 ◦C for 108 and 105 days, respectively. Both analytes 
remained stable for 3 h at room temperature, on ice, and at approxi-
mately 4 ◦C, which corresponds to the maximum anticipated time that 
stock solutions will be used while preparing working solutions. Working 
solutions of both INH and AcINH were stable for 88 days at approxi-
mately − 80 ◦C and 4 h on ice. In sample extracts, both analytes were 
stable when left on the instrument at approximately 8 ◦C for at least 100 
h. Reinjection reproducibility experiments demonstrated that extracted 
samples could be reinjected within 100 h. INH and AcINH were shown to 
be stable in urine for at least three freeze–thaw cycles and on the bench 
for 4 h at room temperature and on ice. Short-term and long-term sta-
bility of INH in urine was verified for ten days at approximately − 80 ◦C 
and 24 h at approximately − 20 ◦C. AcINH exhibited short-term and 
long-term stability in urine for 233 days at approximately − 80 ◦C and 
40 days at approximately − 20 ◦C. The average percentage recoveries for 
high, medium, and low concentrations of INH and AcINH were 92.3 % 
and 99.8 %, respectively. The average process efficiency was determined 
to be 90.7 % for INH and 97.2 % for AcINH. No significant matrix effects 
were observed, with precision estimates across the average regression 
slopes of 3.0 % for INH and 2.8 % for AcINH. 

The inclusion of concomitant medications did not have a significant 
impact on the assay, as the deuterated internal standards adequately 
compensated for any potential interference, ensuring the accuracy of the 
measurements for both analytes. 

Application to a clinical study 

The validated analytical method was employed to measure the 
concentration of AcINH in urine samples obtained from participants of 
the PHOENIX MDR-TB study. In the interim analysis, a total of 733 
samples were assayed for AcINH. The clinical study team intends to 
publish the clinical data once the analysis of the study results has been 
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completed. 

Conclusion 

A selective and robust SPE LC-MS/MS assay was developed and 
validated following guidelines from the US FDA and EMA for the 
quantification of INH and AcINH in human urine. In a study involving 
participants from the PHOENIX MDR-TB study, this assay was employed 
to measure AcINH concentrations in urine samples as an indicator of 
adherence to treatment. The assay was implemented without adjust-
ments for fluid intake to compensate for the measured AcINH concen-
trations. However, for adherence monitoring purposes, the presence of a 
positive AcINH concentration would be sufficient to determine adher-
ence qualitatively. With the incorporation of fluid intake corrections, the 
assay has the potential to serve as a reliable quantitative method for 
pharmacokinetic studies of INH and AcINH in urine. Additionally, the 
assay demonstrates sensitivity, robustness, and the advantage of being a 
non-invasive procedure. 
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