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A novel and highly precise method were developed and rigorously validated for quantifying ivacaftor (IVA),
tezacaftor (TEZ), and elexacaftor (ELX) in human plasma. This method leverages multiple reaction-monitoring mass
spectrometry for its analytical approach. During the validation process, the method demonstrated its robustness across

a wide concentration range: 0.151 to 40.382 ng/ml for ELX, 0.101 to 30.010 ng/ml for IVA, and 20.187 to 6,026.032
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ng/ml for TEZ in human plasma. Importantly, this method exhibited exceptional accuracy and reproducibility even
at lower concentrations. The mobile phase employed in this analysis consisted of methanol and 0.1% formic acid at a
ratio of 85:15 (v/v), with a flow rate set at 1.0 ml/minute. Additionally, linear correlations were established within the
human plasma for ELX (R2=0.9983), IVA (R2=0.9992), and TEZ (R2=0.9989). In conclusion, this newly developed
method is dependable and precise for the accurate quantification of IVA, TEZ, and ELX, especially when dealing

with lower concentrations in human plasma analysis.

INTRODUCTION

Cystic fibrosis (CF) is a hereditary genetic condition
that follows an autosomal recessive pattern. The primary
cause of this condition lies in mutations within the cystic
fibrosis transmembrane conductance regulator (CFTR) gene.
The CFTR gene plays a pivotal role in the production of a
protein responsible for regulating the passage of chloride and
bicarbonate ions. When this protein malfunctions, it gives rise to
a range of systemic complications that impact multiple organs,
including the lungs, liver, pancreas, gastrointestinal system, and
even the reproductive system [1-7].

The respiratory system faces severe consequences,
leading to damaging events. These include a decrease in the
fluid lining the airways, reduced mucus clearance, recurring
bacterial infections, the onset of bronchiectasis, and organ
failure in severe cases [8,9]. Respiratory issues are the leading
cause of the high rates of illness and death linked to CF.
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Current treatments primarily aim to control these symptoms,
ranging from pancreatic enzyme supplements and physical
therapy for the lungs to hydration techniques and strong
antibiotics [10,11].

Recent strides in CF treatment have led to the
development of CFTR modulators, commonly called “caftor”
medications. These drugs are designed to fix the malfunctioning
CFTR protein in people with specific, treatable mutations.
A notable example is a drug called Kaftrio® in Europe and
Trikafta® in the United States, made by Vertex Pharmaceuticals
Inc. This medication combines three different agents: ivacaftor
(IVA), tezacaftor (TEZ), and elexacaftor (ELX), and is intended
for patients over 6 years old who have at least one F508del
mutation, the most frequently occurring genetic mutation in CF
cases [12—14].

In medical care, measuring drug levels in the blood
is crucial for fine-tuning medication doses, a process known
as therapeutic drug monitoring (TDM). TDM is particularly
helpful for drugs where there is a lot of difference in how
people react to them and where the concentration of the drug
in the blood is closely tied to its effectiveness or possible side
effects. It is valid for CFTR modulators such as IVA, TEZ, and
ELX [15-19].
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To aid in TDM, reliable ways to measure these
drugs in the blood are needed. In this study, we introduce an
innovative method that uses a type of liquid chromatography
combined with a specific kind of mass spectrometry (LC-MS/
MS) to accurately measure levels of IVA, TEZ, and ELX in
blood samples. This method is vital for gathering data on
dosage, concentration, and response, which is crucial for
managing CF effectively with these new CFTR modulators
[20-23].

Few methods have been documented for measuring
the concentrations of ELX, IVA, and TEZ in human plasma
using LC-MS/MS equipment. Various extraction approaches
have been explored for assessing the levels of these
medications in plasma using LC-MS/MS. An examination of
the existing literature reveals a need for updated analytical
techniques, primarily due to long operation times, complex
chromatographic conditions, and involved sample preparation
processes. The ideal analytical method should be robust,
straightforward, reliable, and cost-effective for determining
analyte concentrations in plasma. A new method using solid
phase extraction (SPE) was devised that operates on LC-
MS/MS. This method utilizes only 100 pl of plasma and
avoids the use of large volumes of chemicals. Additionally,
it boasts a shorter chromatographic runtime of just 2.0
minutes and employs lumacaftor (LUM) (Molecular formula:
C,HF,N,O,, Molecular weight: 452.414) as the internal
standard (IS) [24-26].

MATERIALS AND METHODS

Materials and chemicals

ELX, IVA, TEZ, and LUM standards were procured
from Clearsynth Labs Ltd in Mumbai, India. The molecular
configurations of these compounds can be seen in Figure 1. The

LC-MS/MS testing utilized water from a Milli Q purification
system provided by Millipore from Bangalore, India. J.T. Baker
in Phillipsburg, USA, supplied the HPLC-grade methanol.
Additionally, Merck Ltd in Mumbai, India, supplied the
analytical-grade formic acid. K.-EDTA human plasma samples
for control purposes were gathered from Deccan’s Pathological
Labs, Hyderabad, India.

Instrument configuration

We employed an LC-20AD model HPLC device
from Shimadzu Corporation, Kyoto, Japan. This was
integrated with an API 4500 Triple Quadrupole MS/MS
System, a product of Business unit of Analytical technologies
(MDS) Sciex and Applied Biosystems, hailing from Foster
City, CA, USA. This HPLC system encompassed a range
of components: a column oven for maintaining temperature
consistency, an autoinjector for sample introduction and
injection, as well as a Degasser unit, and pumps that directed
the mobile phase. The mass spectrometer drew its nitrogen
gas—used in sample ionization—from a generator provided
by Peek Scientific. In the context of data analysis, particularly
when quantifying analyte and IS concentrations in human
plasma, we depended on Analyst Software version 1.6.3.

METHODS

Stock solutions and dilutions

Initial stock solutions of ELX, IVA, TEZ, and LUM
were individually weighed and dissolved in pure methanol to
make 1 mg/ml solutions. One of these primary stock solutions
was used for calibration curve preparation (CC), and another
for quality control (QC).These primary stock solutions were
further diluted using a 70% methanol-water mixture. Similar
dilution conditions were applied for the IS.
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Figure 1. Chemical structures.
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Figure 2. Mass spectra of parents and products [M+H]" of ELX.

Buffer and mobile phase preparation

A 0.1% formic acid buffer was made by combining
1 ml of formic acid with 1,000 ml of HPLC-grade water. The
mobile phase was a mix of 150 ml of 0.1% formic acid and 850
ml of methanol.

Reagents and solutions

All additional reagents were prepared to their closest
concentrations utilizing HPLC-grade water.

Method development

The method development involved an exhaustive
investigation into various factors that affect the quantification
and detection of the target compounds. By altering one
parameter at a time while keeping all others fixed, a rigorous
evaluation was conducted. The factors under study included
mass parameters, stationary and mobile phase choices, ISs, and
the extraction solvent.

Mass spectrometry and chromatographic conditions

Source parameters such as curtain gas, ion spray voltage,
and GS1 and GS2, as well as compound parameters such as
declustering potential (DP), collision energy (CE), and collision
cell exit potential (CXP) were fine-tuned for higher responsiveness
and superior peak shapes. The sensitivity was enhanced through
meticulous tuning, using a standard concentration of 10 ng/ml
for both the analyte and IS. Experiments were conducted in both
positive (+ve) and negative (—ve) ion modes, with the positive ion
mode showing a better response.

The MDS Sciex API-4500 mass spectrometer,
featuring a Turboionspray™ interface heated to 550°C, was
employed for quantification in positive ion mode. The ion spray
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Figure 3.

Mass spectra of parents and products [M+H]" of IVA.
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Figure 4.

Mass spectra of parents and products [M+H]* of TEZ.
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Figure 5. Mass spectra of parents and products [M+H]" of LUM (IS).

voltage was consistently held at 5000 V. Source parameters,
encompassing nebulizer gas, auxiliary gas, curtain gas, and
collision gas, were set at fixed values of 35, 45, 40, and 8 psi,
respectively, in the specified order. Compound settings, such
as DP, CE, entrance potential, and CXP, were identical at 90,
38, 10, and 11 V for ELX, IVA, TEZ, and its IS. The multiple
reaction monitoring mode was the chosen observation
method, with transition m/z values outlined in Figures 2—5. We
ensured unit resolution for both Quadrupole Q1 and Q3, and
the analysis of data was carried out using Analyst Software
version 1.6.3.

Chromatographic separation

The chromatographic division was successfully
executed using a Zodiac C column. The mobile phase,
consisting of a methanol and 0.1% formic acid buffer mixture
(85:15, v/v), was propelled at a flow rate of 1.0 ml/minute.
This systematic approach to method development ensures the
accuracy and reliability of the analytical process, making it a
vital tool in pharmacological studies.

Sample preparation

Before tests, we ensured all cryopreserved
samples, reference metrics, and QC samples reached room
conditions. After thawing, we employed a cyclonic mixer
to guarantee uniformity. From each specimen, we drew
100 pl into designated Radio Immunoassay receptacles.
We then introduced a 10 pl aliquot of our benchmark mix,
sidestepping both the null and initial dosage samples.
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Figure 6. Chromatograms of plasma blank sample A) ELX B) IVA C) TEZ and
D) LUM.

Following this, we incorporated 500 pl of ultra-purified water,
ensuring a well-blended concoction. This prepared solution
was next channeled into primed Strata™-X cylinders. Upon
pressurizing these vessels, a purification sequence ensued,
allowing for compound retrieval, and priming them for
subsequent LC-MS/MS scrutiny.

Method validation

Under the validation section, various parameters
were assessed, encompassing selectivity, specificity, limit
of quantification (LOQ), linearity, precision, accuracy,
matrix effect, recovery, and stability (including freeze-thaw,
autosampler, benchtop, and long-term stability).

Selectivity and specificity

In the pursuit of selectivity and specificity, 10 lots
of blank plasma underwent rigorous scrutiny for potential
interference. From this selection, six lots that exhibited no
interference were chosen for in-depth studies. The criteria for
interfering peak areas were defined in relation to the lower limit
of quantification (LLOQ) of both the target analytes and the IS.



meticulously prepared and subjected to assay measurements
over several consecutive days.

Precision and accuracy

To evaluate both intra-day and inter-day precision
and accuracy, we meticulously prepared calibration and QC
standards and conducted comprehensive analyses.

Matrix effect

The matrix effect was studied by spiking extracted
blank plasma with mid QC concentrations and comparing it
with unextracted standards.

Recovery
The extraction recovery was examined through protein

precipitation methods, comparing extracted QC standards with
unextracted ones at different concentration levels.
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Figure 7. Plasma sample of blank with IS A) ELX B) IVA C) TEZ.
Table 1. Sensitivity data. Stability tests
ELX IVA TEZ Stability was carried out to determine the shelf-life
QClevel LLOQ Nominal Conc.(ng/ml) and handling conditions for samples. These included bench-
,E 510 010 top (48 hours), freeze-thaw (—70°C), autosampler (2°C-8°C,
‘ ‘ ‘ 36 hours), and extended-term stability (—70°C, 120 days), each
Mean 0.12 0.10 2051 with its own set of protocols.
SD 0.0051 0.0031 0.8343
% CV 404 310 407 RESULTS AND DISCUSSION
% Nominal 80.57 100.33 101.77 Selectivity
Count 6 6 6 The first step in method validation was selectivity
testing. Six different plasma lots along with one hemolyzed
Linearity and one lipemic K -EDTA human plasma lot were screened
To assess linearity, calibration standards were for interferences at the analyte and IS retention times. No

interferences were found, as depicted in Figures 6 and 7. By
carrying out a thorough and systematic method validation
process, we ensure that the analysis is not only accurate but also
reliable, making it invaluable in various applications including
pharmacological research. The lowest reliable concentration for
ELX was established to be 0.151 ng/ml. At this concentration
level, the precision was remarkably consistent at 4.24%, and
the accuracy was also notable at 80.57%. For IVA, the LLOQ
was 0.101 ng/ml, with a precision of 3.10% and an accuracy of
100.33%. TEZ showed an LLOQ 0f20.160 ng/ml, with precision
and accuracy figures at 4.07% and 101.77%, respectively.

Sensitivity

The sensitivity data for ELX, IVA, and TEZ are
summarized in Table 1. The table serves as a straightforward
reference for the observed precision and accuracy at the LLOQ for
each compound, making it easier to compare and analyze the data.
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Table 2. Linearity data for ELX .

281

o level Standard-1 Standard-2 Standard-3 Standard-4 Standard-5
(0.15 ng/ml) (0.30 ng/ml) (0.64 ng/ml) (1.62 ng/ml) (4.05 ng/ml)
Mean 0.1516 0.2994 0.6470 1.6360 4.2460
SD 0.00467 0.01557 0.01605 0.05045 0.13161
% CV 3.08 5.20 2.48 3.08 3.10
% Nominal 100.40 98.81 99.69 100.80 104.63
Count 5 5 5 5 5
Standard-6 Standard-7 Standard-8 Standard-9 Standard-10
CClevel (8.11 ng/ml) (16.23 ng/ml) (24.22 ng/ml) (32.30 ng/ml) (40.38 ng/ml)
Mean 8.3052 15.9566 24.1604 31.5662 39.4152
SD 0.07154 0.07472 0.33527 0.24916 0.50181
% CV 0.86 0.47 1.39 0.79 1.27
% Nominal 102.32 98.29 99.72 97.71 97.61
Count 5 5 5 5 5
r2: 0.9983
Table 3. Linearity data for IVA.
Standard-1 Standard-2 Standard-3 Standard-4 Standard-5
CClevel (0.10 ng/ml) (0 .20 ng/ml) (0.50 ng/ml) (1.00 ng/ml) (2.01 ng/ml)
Mean 0.10 0.19 0.49 0.97 1.97
SD 0.0024 0.0110 0.0082 0.0402 0.0378
% CV 241 5.66 1.66 4.11 1.92
% Nominal 102.18 97.21 98.09 97.43 98.22
Count 5 5 5 5 5
CC level Standard-6 Standard-7 Standard-8 Standard-9 Standard-10
(4.02 ng/ml) (8.04 ng/ml) (16.08 ng/ml) (24.00 ng/ml) (30.01 ng/ml)
Mean 4.13 7.86 17.31 23.10 30.72
SD 0.0253 0.3239 0.73262 1.08654 1.04534
% CV 0.61 4.12 4.23 4.70 3.40
% Nominal 102.80 97.79 107.66 96.22 102.40
Count 5 5 5 5 5
r2: 0.9992
Table 4. Linearity data for TEZ.
Stanadard-1 Stanadard-2 Stanadard-3 Stanadard-4 Stanadard-5
CClevel (20.18 ng/ml) (40.37 ng/ml) (100.93 ng/ml) (201.87 ng/ml) (403.74 ng/ml)
Mean 20.24 39.79 101.90 202.78 409.60
SD 0.5117 2.3682 3.0448 7.1707 25.3724
% CV 2.53 5.95 2.99 3.54 6.19
% Nominal 100.28 98.57 100.96 100.45 101.45
Count 5 5 5 5 5
CC level Stanadard-1 Stanadard-2 Stanadard-3 Stanadard-4 Stanadard-5
(807.48 ng/ml) (1,614.97 ng/ml) (3,229.95 ng/ml) (4,820.82 ng/ml) (6,026.03 ng/ml)
Mean 852.77 1,623.67 3,369.58 4,518.14 5,670.16
SD 8.8313 68.5136 174.6966 30.0860 36.8847
% CV 1.04 4.22 5.18 0.67 0.65
% Nominal 105.61 100.54 104.32 93.72 94.09
Count 5 5 5 5 5

r2:

0.9989
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Table 5. Intraday precision and accuracy data.

ELX
QC level LLOQ LQC MQC HQC
QC (0.42ng/ml)  (5.18 ng/ml)  (31.19 ng/
(0.15 ng/ml) ml)
Mean 0.13 0.39 5.16 31.40
SD 0.01 0.01 0.11 0.23
% CV 9.20 3.27 2.32 0.74
% 89.90 92.18 99.54 100.68
Nominal
Count 12 12 12 12
IVA
LLOQ QC LQC MQC HQC
QClevel (0.10 ng/ml)  (0.29 ng/ml) (4.95 ng/ml) (24.58 ng/
ml)
Mean 0.10 0.29 4.97 25.04
SD 0.005 0.009 0.22 0.75
% CV 5.31 3.26 4.51 3.03
% 102.57 99.84 100.43 101.90
Nominal
Count 12 12 12 12
TEZ
LLOQ QC LQC MQC HQC
QC level (21.01 ng/ (60.84 ng/ml)  (1,014.00 ng/ (5,029.76
ml) ml) ng/ml)
Mean 20.34 59.19 981.35 5,094.50
SD 1.53 3.96 71.54 161.50
% CV 7.54 6.69 7.29 3.17
% 96.79 97.30 96.78 101.29
Nominal
Count 12 12 12 12
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Figure 8. Representative CC of ELX.

Linearity

The correlation coefficient (#?) surpassed 0.99 for
each test substance, including ELX in the concentration span
of 0.151-40.382 ng/ml, IVA ranging from 0.101 to 30.010
ng/ml, and TEZ within 20.187-6,026.032 ng/ml. These
outcomes are detailed in Tables 2 through 4 and Figures 8
through 10.
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Figure 10. Representative CC of TEZ.

PRECISION AND ACCURACY

Intra-day precision and accuracy

For ELX, when assessing various concentration levels
including lowest level of quantification QC (LLOQ QC), lowest
QC (LQC), middle QC (MQC), and highest QC (HQC), we
observed the %CV values lying between 0.74% and 9.20%.
The accuracy of these measurements spanned from 89.90%
to 100.68%. IVA’s intra-day precision at the specified QC
concentrations was found to vary between 3.03% and 5.31%,
with accuracy measurements ranging from 99.84% to 102.57%.
As for TEZ, the intra-day precision for the given QC levels
fluctuated between 3.17% and 7.54%, and the accuracy values
spanned from 96.78% to 101.29%. Refer to Table 5 and Figures
11 through 14 for a comprehensive breakdown.

Inter-day precision and accuracy

When evaluating data across multiple days, the
precision and accuracy for ELX at LLOQ QC, LQC, MQC,
and HQC were found to have %CV values between 0.76% and
7.44%. The corresponding accuracy measurements ranged from
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Figure 12. LQC sample with IS of A) ELX B) IVA C) TEZ.

91.99% to 100.88%. In the case of IVA, the inter-day precision
measurements varied from 2.27% to 4.58% and accuracy values
ranged from 100.05% to 102.34%. For TEZ, the observed
precision spanned from 2.43% to 8.52%, while accuracy values
were between 98.36% and 100.98%. A detailed summary of
these findings can be viewed in Table 6.

Matrix effect analysis

When we examined the matrix effect for ELX, we
found minimal interference from endogenous components
in all the screened plasma lots at both the LQC and HQC
concentrations. At LQC, the interference was 99.42%, with a
percent CV of 3.38%; at HQC, it was 103.77%, with a percent
CV of 1.12%. These results indicate no significant interference
from endogenous components in the analyzed samples.

Furthermore, the selected matrix lots showed no
significant matrix effect. This means that the matrix in which the
samples were analyzed did not significantly impact the results.

For IVA and TEZ, the precision at the LQC level was
2.80% and 1.22%, respectively, and at the HQC level, it was
1.11% and 1.36%, respectively. These low precision values
indicate high consistency and repeatability in the measurements.

In terms of accuracy, IVA showed an accuracy of
99.54% at the LQC level and 100.24% at the HQC level. TEZ
demonstrated an accuracy of 98.12% at the LQC level and
100.30% at the HQC level. These accuracy values indicate
that the measurements were very close to the valid values. A
summary of these results is in Table 7.

Recovery and stability assessment

Recovery assessment

ELX demonstrated an average overall recovery rate of
80.62%. IVA and TEZ showed mean overall recovery rates of
77.85% and 80.96%, respectively. The mean recovery rate for
the IS, LUM, was 74.47%. LUM (IS) exhibited a recovery rate
of 78.31%.

Stability assessment

Bench top stability

ELX exhibited excellent stability, with a %Stability
ranging from 95.22% to 100.03% after 10 hours at both LQC
and HQC levels. The %CV at LQC and HQC ranged from
0.73% to 3.77% for ELX. IVA and TEZ were stable for up to
12 hours during benchtop stability testing, as confirmed by six
LQC and HQC samples. The percent stability for IVA and TEZ
ranged from 100.74% to 101.72% and 99.62% to 101.61%,
respectively. Precision for IVA and TEZ ranged from 0.58% to
2.85% and 2.25% to 2.87%. Detailed results are presented in
Table 8 for reference.

Short-term stability evaluation

For assessing short-term stability at a temperature of
—20°C, we embarked on a study storing six batches each of
LQC and HQC samples at said temperature after a collective
spiking. Within this 4-day span, ELX’s %Stability displayed
a range of 99.91%—-101.00%, and its %CV fluctuated between
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Table 6. Inter-day precision and accuracy.

Table 8. Benchtop stability data.

ELX
QClevel  LLOQ QC (Jﬁi/ MQC HQC
(0.15 ng/ml) .ml) 8 (5.18 ng/ml)  (31.19 ng/ml)
Mean 0.14 0.39 5.19 31.47
SD 0.01 0.01 0.08 0.23
% CV 7.44 3.25 1.66 0.76
% 93.33 91.99 100.17 100.88
Nominal
Count 30 30 30 30
IVA
LQC
LLOQ QC MQC HQC
QClevel ) 10 ng/mi) (&izfg/ (4.95ng/ml)  (24.58 ng/ml)
Mean 0.10 0.29 4.95 25.15
SD 0.004 0.008 0.16 0.57
% CV 4.58 2.88 3.35 227
% 100.49 100.43 100.05 102.34
Nominal
Count 30 30 30 30
TEZ
LQC MQC HQC
QC level LLOQ QC (60.84 ng/  (1,014.00 ng/  (5,029.76 ng/
(21.01 ng/ml)
ml) ml) ml)
Mean 20.73 59.83 1,016.50 5,078.86
SD 1.18 2.72 86.61 123.48
% CV 5.71 4.55 8.52 243
% 98.67 98.36 100.25 100.98
Nominal
Count 30 30 30 30
Table 7. Matrix effect data.
ELX IVA TEZ
LQC LQC LQC
QClevel 4 43 ng/mi) (0.30 ng/ml) (60.83 ng/ml)
Mean 0.42 0.30 59.69
SD 0.0142 0.0084 0.7258
% CV 3.38 2.80 1.22
% Nominal 99.42 99.54 98.12
N 6 6 6
HQC
HQC HQC
QClevel @ 1:1 ?)“g/ (24.98 ng/ml) (5,029.28 ng/ml)
Mean 32.37 25.04 5,044.60
SD 0.36 0.27 68.57
% CV 1.12 1.11 1.36
% Nominal 103.77 100.24 100.30
N 6 6 6

ELX (10 Hours)
QC level LQC HQC
(0.42 ng/ml) (31.19 ng/ml)
Mean 0.40 31.20
SD 0.0152 0.2283
% CV 3.77 0.73
% Stability 95.22 100.03
Count 6 6
IVA and TEZ (12 Hours)
IVA TEZ
QC level LQC HQC LQC HQC
(0.29 ng/ml) (24.58 ng/ml)  (60.84 ng/ (5,029.76
ml) ng/ml)
Mean 0.29 25.00 61.81 5,010.41
SD 0.0085 0.1457 1.7712 112.53
% CV 2.85 0.58 2.87 2.25
% Stability 100.74 101.72 101.61 99.62
Count 6 6 6 6

Table 9. Short-term stability at —20°C data.

ELX (3 Days)
QC level LQC HQC
(0.42 ng/ml) (31.19 ng/ml)
Mean 0.40 31.11
SD 0.004 0.26
% CV 1.19 0.84
% Nominal 94.71 99.74
Count 6 6
% Stability 101.00 99.91
IVA and TEZ (4 Days)
IVA TEZ
LQC LQC HQC
C level
Q (0.29 ng/ Q4 ;;?l;ml) (60.84  (5,029.76 ng/
ml) ’ ng/ml) ml)
Mean 0.2918 24.80 58.46 5,024.19
SD 0.006 0.45 2.21 55.20
% CV 2.06 1.85 3.78 1.10
% Nominal 98.26 100.91 96.10 99.89
Count 6 6 6 6
%Stability 99.14 98.76 99.95 99.86

0.84% and 1.19%. Similarly, the stability of both IVA and TEZ
was analyzed while conserving plasma specimens at —20°C in a
specialized freezer over 4 days. We measured six batches of both
LQC and HQC by comparing them to freshly spiked calibration
standards, which reflected the concentration parameters set for
precision and accuracy metrics. IVA and TEZ’s stabilities over
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Table 10. Freeze-thaw stability data.
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the 4 days spanned from 98.76% to 99.14% and from 99.86%

to 99.95%, respectively. Their precision measurements were

QClevel e e between 1.85% and 2.06% for IVA, and 1.10% and 3.78% for
(0.425 ng/ml) (31.19 ng/ml) >
Mean 0.40 3127 TEZ. Comprehensive results are presented in Table 9.
SD 0.004 0.12 Freeze-thaw stability analysis
n eV 112 040 In the endeavor to determine freeze-thaw stability,
% Stability 96.08 100.26 we subjected six batches each of LQC and HQC specimens
Count 0 6 to intensive testing, categorizing them as Freeze-thaw (FT)
IVA and TEZ (V Cycles) samples. After an initial 24-hour freeze, the FT batches were
IVA TEZ thawed and kept aside for the FT-1 cycle. Post a 12-hour
QClevel Nominal Conc.(ng/ml) interval, the samples underwent another freeze-thaw iteration,
LQC HQC LQC HQC tagged as FT-2. This procedure was replicated until a total of
(0.29 ng/ (2458  (60.84ng/  (5,029.76 ng/ml) four cycles were completed, post which the samples earmarked
ml) ng/ml) ml) for stability were analyzed. CC samples, freshly constituted and
Mean 0.29 2533 59.80 5,119.62 treated, were paralleled with stability QC samples before being
SD 0.0111 0.6443 1.4030 227.8919 initiated into the analysis phase.
% CV 378 554 535 4.45 ELX’s stability percentag'e oscilla‘Fed. between
% Stability 99.39 103.08 9830 10179 96.08% and 100.26%, and the coefficient of Val‘lat.IOI.l (%CV)
was observed to be from 0.40% to 1.12%. These insights are
Count 6 6 6 6 cataloged in Table 10. As for IVA and TEZ in human plasma,
Table 11. Extended-term stability at -70°C data.
ELX (50 Days)
LQC HQC LQC HQC
QC level (0.425 ng/ml) (31.196 ng/ml) (0.425 ng/ml) (31.196 ng/ml)
0 hours 50 Days
Mean 0.38 31.27 0.42 30.01
SD 0.0115 0.2014 0.0320 0.18321
% CV 3.01 0.64 7.55 0.61
% Nominal 90.67 100.25 99.96 96.23
Count 6 6 6 6
% Stability 110.25 95.98
IVA (60 Days)
LQC HQC LQC HQC
QC level (0.425 ng/ml) (31.196 ng/ml) (0.425 ng/ml) (31.196 ng/ml)
0 Day 60 Days
Mean 0.29 25.11 0.29 24.97
SD 0.0117 1.1118 0.0124 0.2535
% CV 4.00 4.43 4.28 1.02
% Nominal 99.11 102.18 97.90 101.60
Count 6 6 6 6
% Stability 98.78 99.44
TEZ (60 Days)
€ level LQC HQC LQC HQC
(60.84 ng/ml) (5,029.76 ng/ml) (60.84 ng/ml) (5,029.76 ng/ml)
0 Day 60 Days
Mean 58.49 5031.15 59.21 5,012.18
SD 4.8822 185.6347 1.8379 166.7235
% CV 8.35 3.69 3.10 3.33
% Nominal 96.15 100.03 97.33 99.65
Count 6 6 6 6
% Stability 101.23 99.62
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their endurance across five freeze-thaw iterations was gauged.
Each LQC and HQC specimen was analyzed six times after
these cycles. The freeze-thaw QC batches were quantified
against a newly spiked CC, echoing the concentration
benchmarks for precision and accuracy, as delineated in
Tables 5 and 6.

IVA and TEZ’s stability percentages were recorded
between 99.39% to 103.08% and 98.30% to 101.79%,
respectively. Precision readings for IVA and TEZ oscillated
from 2.54% to 3.78% and 2.35% to 4.45% in that order. These
exhaustive results are encapsulated in Table 10.

Extended-term stability

To assess the extended-term stability within the
matrix, we initiated an experiment by storing six sets of LQC
and HQC samples at —70°C following bulk spiking. On the
day designated for the stability assessment, we prepared and
processed a fresh CC in addition to stability quality controls
(QCs), which were subsequently injected into the system.
Over a period of 50 days, ELX exhibited varying levels of
stability, with percentages ranging from 95.98% to 110.25%.
The corresponding coefficient of variation (%CV) fluctuated
between 0.61% and 7.55%.

In the case of IVA and TEZ, the evaluation extended
to 60 days, during which their percent stability was observed
to range from 98.78% to 99.44% and 99.62% to 101.23%,
respectively. The precision values for IVA and TEZ spanned
from 1.02% to 4.28% and 3.10% to 3.33%, respectively. A
summary of these findings can be found in Table 11.

This research work is unique and innovative due to
several factors:

1. Thorough method development: The researchers conducted
an exhaustive investigation into various factors that affect the
quantification and detection of the target compounds. They
systematically evaluated mass parameters, stationary and
mobile phase choices, ISs, and extraction solvents, ensuring a
comprehensive approach to method development.

2. Rigorous method validation: The validation process covered
selectivity, specificity, LOQ, linearity, precision, accuracy,
matrix effect, recovery, and stability. This extensive validation
ensured the accuracy and reliability of the analytical process,
meeting FDA validation standards.

3. Advanced analytical techniques: The study utilized
advanced mass spectrometry and chromatographic
conditions, including meticulous tuning for enhanced
sensitivity, positive ion mode for better response, and
sophisticated mass spectrometer features such as the
Turboionspray™ interface.

4. Efficient sample preparation: The researchers employed
a cyclonic mixer for uniformity in sample preparation and
utilized purification sequences for compound retrieval, ensuring
thorough and precise sample processing.

5. Detailed stability testing: The stability tests included various
conditions such as bench-top, freeze-thaw, autosampler, and
extended-term stability, each with its own set of protocols. This
comprehensive stability testing provided insights into the shelf-
life and handling conditions for the samples.

Overall, the combination of thorough method
development, rigorous validation, advanced analytical
techniques, efficient sample preparation, and detailed stability
testing makes this research work unique and innovative in the
field of pharmacological studies.

CONCLUSION

The manuscript presents a developed and validated
method across specific concentration ranges: 0.151 to 40.382
ng/ml for ELX, 0.101 to 30.010 ng/ml for IVA, and 20.187 to
6,026.032 ng/ml for TEZ. The method consistently maintained
the precision within batches (intra-batch) and between batches
(inter-batch), as denoted by %CV, below 15.0%, and the
%accuracy exceeded 95%. Furthermore, the overall %Recovery
for ELX, IVA, and TEZ surpassed 90%. The method’s
selectivity, sensitivity, precision, and accuracy suit the intended
study.

To summarize, our study’s methodology stands out
because it is uncomplicated, executes rapidly, and can yield
precise, accurate, and discriminating outcomes, perfectly in
sync with FDA validation standards. It meets all the criteria of
the strict standards set beforehand. Significantly, it identifies the
minimum limits for quantification and detection, maintaining
the LOQ precision consistently under the 1% mark. We
achieved efficient extraction of both the analyte and IS via SPE.
We made analytical enhancements in areas such as the linearity
spectrum, choice of column, mobile phase, flow velocity,
injection quantity, and the volume of plasma used. As a result,
this method boasts superior selectivity, sensitivity, linearity, and
repeatability in comparison to earlier methodologies.
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