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A B S T R A C T   

Opnurasib (JDQ-443) is a highly potent and promising KRASG12C inhibitor that is currently under clinical 
investigation. Results of the ongoing clinical research demonstrated the acceptable safety profile and clinical 
activity of this drug candidate as a single agent for patients with NSCLC harboring KRASG12C mutations. In this 
early stage of development, a deeper insight into pharmacokinetic properties in both preclinical and clinical 
investigations of this drug is very important. Thus, a reliable quantification method is required. To date, no 
quantitative bioanalytical assay of opnurasib was publicly available. In this study we present a validated assay to 
quantify opnurasib in mouse plasma and eight mouse tissue-related matrices utilizing liquid chromatography- 
tandem mass spectrometry. Erlotinib was used as internal standard and acetonitrile was utilized to treat 10 µl 
of the sample with protein precipitation in a 96-well plate format. Separation and detection were achieved using 
a BEH C18 column under basic chromatographic conditions and a triple quadrupole mass spectrometer, 
respectively. We have fully validated this assay for mouse plasma and partially for eight mouse tissue-related 
matrices over the range of 2–2000 ng/ml. The accuracy and precision of the assay fulfilled international 
guidelines (EMA & U.S. FDA) over the validated range. The method was proven selective and sensitive to 
quantify opnurasib down to 2 ng/ml in all investigated matrices. The recoveries of both analyte and internal 
standard in mouse plasma were ~100 % with no significant matrix effect in any of the matrices. Opnurasib in 
mouse plasma was stable up to 12 h at room temperature, and up to 8 h at room temperature in tissue ho
mogenates (except for kidney up to 4 h). This presented method has been successfully applied to quantify 
opnurasib in preclinical samples from a mouse study and demonstrated its usability to support preclinical 
pharmacokinetic studies.   

1. Introduction 

Kirsten rat sarcoma virus (KRAS) is one of the most often observed 

mutated human oncogenes in solid tumors such as lung, colorectal, and 
pancreatic cancer [1,2]. The association of the presence of mutant KRAS 
gene with a poor prognosis in patients with non-small cell lung 
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carcinoma (NSCLC) has been reported [3,4], indicating the possibility of 
improvement with a KRAS targeted therapy. 

Shokat et al. was the first group introducing the possibility to directly 
target the long-considered undruggable KRASG12C mutant through co
valent inhibition in 2013 [5]. This group also identified the new allo
steric pocket beneath the switch II region as the additional target site 
inhibition. Subsequently, the introduction of the first in-vivo active 
KRASG12C inhibitor ARS-162 in 2018 initiated a new journey of KRAS 
inhibitors development [6]. Following this step, the approval of 
KRASG12C inhibitors sotorasib (previously known as AMG510) and 
adagrasib (previously known as MRTX-849) by the US FDA in 2021 and 
2022, respectively, to treat patients with NSCLC highlighted the fast 
development of KRAS inhibitors [7,8]. Continuing on this momentum, 
several other promising KRASG12C inhibitors with potent activity both in 
vitro and in vivo were developed [9]. 

One of the promising candidates is opnurasib (also known as JDQ- 
443). The preclinical investigation of this compound showed a compa
rable efficacy to sotorasib [10,11]. Opnurasib, similar to sotorasib and 
adagrasib, has an acrylamide moiety responsible for its covalent 
engagement with C12 of the KRASG12C protein [11,12]. The differences 
between opnurasib and its predecessor in its molecular structure is the 
unique 5-methylpyrazole as its core structure and a spiro-azetidine 
moiety as its linker to the acrylamide warhead intended to achieve an 
optimum engagement with its target site (Fig. 1A) [12]. Opnurasib has 
advanced to an open label phase Ib/II clinical study to assess its safety 
and tolerability as a single agent and in combination with other therapy 
to treat advanced solid tumors in patients who harbored the KRASG12C 

mutation (KontRASt-01, NCT04699188) [13]. An updated result of this 
ongoing study showed an acceptable safety profile of opnurasib as a 
single therapy for patients with advanced solid tumors at a dose of 200 
mg BID, and it showed clinical activity in patients with NSCLC [14]. 

Opnurasib is intended as therapy for cancer patients. Such therapies 
are often characterized by a narrow therapeutic window and the ne
cessity of individual dose adjustment considering the patient’s condition 
to ensure the safety-efficacy balance of the therapy [15,16]. Therefore, a 
deeper insight into the pharmacokinetic profile both on preclinical and 
clinical levels is essential. To obtain such knowledge, a reliable quan
titative determination of opnurasib in biological samples is crucial. To 
our knowledge, there is no quantification method for opnurasib 

published to date. Therefore, in this study, we aim to provide a quan
titative assay of opnurasib in mouse plasma, seven tissue homogenates, 
and small intestinal content homogenates. This validated bioanalytical 
assay can be used further to support preclinical investigation of opnur
asib to obtain more insight into its pharmacokinetic profile and tissue 
distribution. 

2. Material and methods 

2.1. Chemicals and reagents 

Opnurasib (JDQ-443, Mw = 526.03 g/mol, >98 %) was supplied by 
DC Chemicals (Shanghai, China). Erlotinib (Mw = 393.44 g/mol, as 
hydrochloric acid, >99 %) as internal standard was obtained from 
Sequoia Research Products (Pangbourne, UK). ACS grade of ammonium 
hydroxide solution (28–30 % NH3 basis) and ACSl grade of formic acid 
(98–100 %), used as pH modifier, were purchased from Sigma-Aldrich 
(Steinheim, Germany) and Merck (Darmstadt, Germany), respectively. 
Water (ULC-MS grade), methanol (HPLC grade), and acetonitrile (HPLC 
grade) were supplied by Biosolve (Valkenswaard, The Netherlands). 2- 
propanol (analytical grade) was obtained from Serva Electrophoresis 
(Heidelberg, Germany). Pooled CD-1 mouse lithium heparin plasma 
(mixed gender) and pooled human lithium heparin plasma (mixed 
gender) were both acquired from BioIVT (West Sussex, UK). 

2.2. Analytical instruments 

Analytical instruments utilized for quantification of opnurasib were 
an Infinity II LC (Agilent, Singapore) and a 6475 Triple Quadrupole MS 
system (Agilent, Singapore). This system consisted of an Infinity II high 
speed pump, an Infinity II multisampler, an Infinity II multi column 
thermostat, and a 6475 triple quadrupole mass spectrometer equipped 
with an Agilent jet stream electrospray source. Mass Hunter work station 
software consisted of Mass Hunter LC-MS/MS data acquisition version 
12.0, Mass Hunter qualitative analysis version 10.0, and Mass Hunter 
quantitative analysis version 12.0 was used for all data collection and 
both qualitative and quantitative data processing. 

Fig. 1. Molecular structures of opnurasib (A) and erlotinib (internal standard) (B).  
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2.3. LC-MS/MS conditions 

An Acquity UPLC® BEH C18 column (30 × 2.1 mm, dp = 1.7 µm, 
Waters, Milford, MA, USA) protected with UPLC® BEH C18 Vanguard 
pre-column (5 × 2.1 mm, dp = 1.7 µm, Waters) was utilized as the 
separation column. The chromatographic eluent consists of water 
modified with 0.1 % (v/v) ammonium hydroxide and 0.01 % (v/v) 
formic acid (eluent A) and acetonitrile (eluent B). Eluent A was prepared 
daily, and its pH was noted (pH range of 9.9–10.0). After an injection of 
2.5 µl of sample, a linear gradient at a flow rate of 0.5 ml/min was 
applied as follows: 0 min, 35 % B; 1.00 min, 70 % B; 1.01 min, 100 % B; 
1.50 min, 100 % B; 1.51 min, 35 % B; 2.00 min, 35 % B. Utilizing the 
divert valve, the whole eluate was transferred to the ionization interface 
between 0.3 and 1.3 min after the injection. During the analysis, the 
temperatures of multisampler and thermostat column were maintained 
at 4 ◦C and 40 ◦C, respectively. Selected reaction monitoring (SRM) in 
the positive ion mode was used as the detection mode with optimized 
parameters utilizing nitrogen gas: capillary voltage 4,300 V, nozzle 
voltage 1,500 V, gas temperature 100 ◦C, gas flow 10 L/min, sheath gas 
temperature 400 ◦C, sheath gas flow 12 L/min, and nebulizer gas 25 psi. 
These parameters were optimized by flow injection analysis (FIA) of 
1000 ng/ml opnurasib in a mixture of 0.1 % formic acid in water (v/v) 
and methanol (2:8, v/v). In short, 0.5 µl of 1000 ng/ml opnurasib was 
introduced to the column at 0.5 ml/min flow rate of 0.1 % formic acid in 
water (v/v) – acetonitrile (55:45, v/v) utilizing optimization algorithm 
options within Mass Hunter software. The individual SRM parameters 
for both opnurasib and erlotinib (IS) are listed in Table 1. 

2.4. Stock and working solutions 

A stock solution of 0.5 mg/ml of internal standard (IS) was made by 
dissolving 200–300 µg erlotinib in methanol. A serial dilution of a stock 
solution with acetonitrile was performed to obtain 1000 ng/ml and 10 
ng/ml erlotinib in acetonitrile. The 10 ng/ml of erlotinib in acetonitrile 
was used as daily IS and precipitating agent. 

Two separate stock solutions of 0.5 mg/ml of opnurasib were pre
pared by dissolving 300–350 µg of opnurasib in methanol. Two subse
quent working solutions of 50,000 ng/ml were then made by diluting 
the stock solution with 50 % (v/v) methanol. These two working solu
tions were used further to prepare calibration and quality control (QC) 
samples in mouse plasma independently. All the solutions were stored in 
the freezer with controlled temperature at − 30 ◦C. 

2.5. Calibration and quality control samples 

The highest calibration sample of 2,000 ng/ml opnurasib was pre
pared by diluting the first working solution (50,000 ng/ml opnurasib) 
with blank pooled lithium heparin mouse plasma in a polypropylene 
tube. The highest calibration sample was diluted further daily to 1000, 
200, 100, 20, 10, 5, and 2 ng/ml of opnurasib in blank mouse plasma to 
be used as daily calibration samples. QC samples were prepared from the 
second working solution (50,000 ng/ml opnurasib) via a sequential 
dilution to QC-high (1,500 ng/ml opnurasib), QC-med (150 ng/ml 
opnurasib), QC-low (6 ng/ml opnurasib), and QC-LLoQ (2 ng/ml 
opnurasib) in pooled blank mouse plasma. QC-med (150 ng/ml 

opnurasib) samples were also prepared in pooled blank mouse tissue- 
related homogenates of brain, kidney, liver, spleen, small intestines, 
small intestinal content, lung, and testis for the partial validation in 
these tissue-related homogenates. The highest calibration and QC sam
ples were stored at − 30 ◦C until further use. 

2.6. Sample preparation 

A protein precipitation method was used to treat all mouse plasma 
and tissue-related homogenate samples. Shortly, ten µl of mouse plasma 
or tissue-related homogenate was pipetted into a 200 µl polypropylene 
96-well plate with a conical bottom. Further, a 30 µl IS solution was 
added to these samples, followed by brief shaking of the closed 96-well 
plate with a vortex mixer. The plate was then centrifuged at 3500× g, at 
a temperature of 20 ◦C for 5 min with an Heraeus Multifuge 3S-R 
centrifuge (Kendro laboratory products, Hanau, Germany). Thirty µl of 
supernatant was transferred into a 96-deep well polypropylene plate 
with a round bottom. Next, 150 µl of 25 % methanol (v/v) was added to 
the deep well, followed by a short gentle shaking of the well plate. The 
prepared plate was placed in the multisampler for an injection. Finally, 
2.5 µl of sample was injected onto the analytical column. 

2.7. Bioanalytical method validation 

Full validation of the quantification method was performed on 
mouse plasma, while partial validation was conducted for all investi
gated tissue-related homogenates in the range of 2–2000 ng/ml opnur
asib. The validation procedures in this paper follow the latest guidelines 
on bioanalytical method validation of European Medicine Agency 
(EMA) [17] and United States Food and Drug Administration (US FDA) 
[18]. 

2.7.1. Selectivity 
The selectivity of the assay was investigated in six individual blank 

mouse plasma (non-hemolyzed and non-lipemic) and 32 individual 
blank tissue-related homogenates (4 individual blanks for each investi
gated tissue-related) at QC-LLoQ level. 

2.7.2. Calibration curve and range 
Calibration samples with a range of 2–2,000 ng/ml opnurasib, a 

blank (IS only), and a double blank (no analyte and no IS) were prepared 
in pooled lithium heparin mouse plasma. This sample set was daily 
prepared in duplicate (n = 20). The calibration curve was defined by a 
linear regression of the area ratio of opnurasib/IS against the concen
tration of opnurasib. The inversed square of the opnurasib concentration 
was utilized as the weighting factor of the calibration curve. 

2.7.3. Accuracy and precision 
To define the performance of the assay, accuracy and precision were 

assessed at four different concentration levels (QC-LLoQ, QC-low, QC- 
med, and QC-high) in pooled mouse plasma and at one concentration 
level (QC-med) in all investigated tissue-related homogenates (pooled). 
Precision and accuracy were determined in sextuple analysis in three 
independent runs on three different days (n = 18 per QC level). The 
percentage of coefficient of variance/CV (%) and the percentage of bias/ 
bias (%) determined the precision and accuracy of the method. These 
two parameters were calculated both intra- and inter-day. 

2.7.4. Matrix effect 
Similar to selectivity, the matrix effect was investigated in six indi

vidual mouse plasma and four individual samples for each tissue-related 
homogenate. QC-low and QC-high samples were prepared in these in
dividual blank matrices and quadruplicate analysis was performed for 
each individual matrix. The accuracy and precision were calculated to 
define the effect of the different sources of matrix on the quantification 
of opnurasib. 

Table 1 
Individual selected reaction monitoring (SRM) parameters of opnurasib and 
internal standard erlotinib.  

Compound Q1 (m/z) Q3 (m/z) Fragmentor (V) CE (V) 

Opnurasib 526.2  79.0* 200 44  
77.0 200 124 

Erlotinib 394.2  74.9* 170 124 

m/z = mass over charge, CE = collision energy, V = volts. *used for 
quantification 
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The matrix effect of hemolyzed plasma was investigated in pooled 
matrix. In short, pooled mouse plasma was spiked with 10 % of pooled 
mouse hemolyzed whole blood. This matrix was used to prepare QC-low 
and QC-high samples of opnurasib. The analysis of the effect of hemo
lyzed matrix was performed in quadruplicate analysis for each QC level. 

2.7.5. Recovery 
The recovery was investigated by a quadruplicate analysis at QC-low, 

QC-med, and QC-high samples (n = 12) in pooled lithium heparin mouse 
plasma and pooled lithium heparin mouse plasma. 

2.7.6. Carry-over 
Carry-over was determined by injecting a blank or double blank 

sample after the injection of the highest calibration samples. The 
response at the retention time of opnurasib was recorded (if any) and 
compared to the response of opnurasib at QC-LLoQ level to determine 
the carry-over of the method. 

2.7.7. Dilution integrity 
Dilution integrity was investigated by diluting a mouse plasma 

sample containing 5000 ng/ml opnurasib with lithium heparin human 
plasma. The dilution integrity was defined at the dilution factors of 5- 
fold, 10-fold, 11-fold, and 51-fold (n = 6 for each dilution factor). 

2.7.8. Stability 
The stability of opnurasib in mouse plasma was investigated at QC- 

low and QC-high levels (n = 4 for each level). Quadruplicate analysis 
of each investigated QC-level was performed following sample exposure 
to room temperature for 6, 8, 12, and 24 h to assess bench top stability. 
In addition, QC-low and QC-high samples were also exposed to − 30 ◦C 
for 3 months (long term stability) and at − 30 ◦C interrupted by three 
freeze–thaw cycles (thawing at room temperature for 2 h and refreezing 
at least for 12 h). Meanwhile the stability of opnurasib in tissue-related 
homogenates was investigated at QC-med level after its exposure to 
room temperature for 8 h (n = 4 for each tissue-related homogenate) as 
partial validation of tissue-related homogenates. 

The stability of opnurasib in whole blood was also investigated via a 
sequential dilution of 50,000 ng/ml of opnurasib in 50 % methanol (v/v) 
with pooled and freshly collected mouse whole blood to obtain QC-high 
and QC-low samples. These samples were exposed to both room tem
perature and on ice condition for 30, 60, 120, 180, 240 and 360 min (n 
= 4 for each exposure time and condition). The whole-blood samples 
were added with lithium heparin human plasma (10-folds dilution) 
directly after the exposure time prior to further analysis. 

The stability of opnurasib in processed samples was determined by 
reinjecting the QC-low and QC-high samples after 7 days storage at 4 ◦C 
(multisampler temperature). The stability samples in different matrices 
and processed samples were calculated by comparing the calculated 
concentration to its nominal concentration. 

The stability of opnurasib in both stock and working solutions was 
assessed after the exposure to room temperature with the presence of 
light for 6 h and after 4 months storage at − 30 ◦C. The response of these 
solutions was compared to the response of freshly prepared stock and 
working solutions at the same level. 

2.7.9. Incurred samples reanalysis 
A reanalysis of 60 samples from the mouse study (n = 12 for plasma 

and n = 6 for each investigated tissue-related homogenates) was per
formed 1 week after the first measurement. In between the two analyses, 
these samples were stored at − 30 ◦C. The percentage of difference of 
these two independent analyses was calculated and plotted. 

2.8. Blood-to-plasma concentration ratio (Rb) 

To assess the blood-to-plasma concentration ratio (Rb) of opnurasib 
the mouse whole blood (freshly collected and pooled) was spiked with 

opnurasib at 1,500 ng/ml (QC-high). The spiked whole blood was then 
incubated at 37 ◦C for 1 h (n = 4). After the incubation, 10 µl of the 
spiked whole blood was supplemented directly with 90 µl lithium hep
arin human plasma (WB sample). The remaining spiked whole blood 
was centrifuged at 6000 × g speed and temperature of 4 ◦C for 6 min to 
obtain the plasma. The collected plasma (plasma-derived sample) and 
the WB sample were then further analyzed utilizing the validated 
method to determine Rb. 

2.9. Preclinical study 

2.9.1. Mouse treatment 
The preclinical study to show the applicability of the method was 

performed in six male wild-type mice (FVB genetic background) with 
ages between 8 and 16 weeks. The housing and handling of the mice 
followed the institutional guidelines of The Netherlands Cancer Institute 
and complied with the Dutch and EU legislation. The mice received 
orally administered opnurasib at a dose of 30 mg/kg body weight after 
they had been fasted for approximately 2–3 h. Their blood was with
drawn from the tail vein at 0.25, 0.5, 1, 2, and 4 h after drug adminis
tration (~50 µl per sample), using heparinized microvettes. The final 
blood collection was performed by cardiac puncture eight hours after 
opnurasib administration. Finally, the mice were sacrificed by cervical 
dislocation, and the tissues of interest (brain, liver, spleen, kidney, small 
intestines, lungs, and testis) were immediately harvested. Small intes
tinal content was also collected during organ harvesting. Plasma sam
ples were obtained from withdrawn blood via centrifugation at 6000 g 
for 6 min at 4 ◦C. All the harvested organs were prepared according to 
Section 2.9.2. Prior to homogenization with 2 % (w/v) BSA, small in
testines and lungs were first rinsed with saline. All samples were stored 
at − 30 ◦C before further quantification. All the plasma samples and liver 
homogenates were diluted 5 times, while small intestines and small 
intestinal contents homogenates were diluted 11 times with human 
lithium heparin plasma before quantitative analysis. The remaining 
biological matrices were directly prepared according to Section 2.6. 

2.9.2. Tissue homogenization 
The mouse tissue-related homogenate samples, both blank samples 

for the validation and preclinical samples, were prepared by mixing the 
whole harvested organ (weighed) with 2 % (w/v) of bovine serum al
bumin (BSA) in milli-Q water in an iced condition. The volumes of BSA 
added for every organ were as follows: 1 ml of BSA solution was used for 
the brain, spleen, lung, and testis; 2 ml of BSA solution was added for 
kidney and small intestinal content; 3 ml of BSA solution was used for 
the liver and small intestines. A FastPrep-24™ 5G instrument (M.P 
Biomedicals, Santa Ana, USA) was utilized for the homogenization 
process. 

2.9.3. Preclinical data calculation 
Microsoft Excel was used to calculate all the corrected concentra

tions of opnurasib in mouse plasma and mouse tissue obtained from 
preclinical samples. The pharmacokinetic parameters of opnurasib in 
individual mouse were calculated utilizing PK Solver 2.0 [19] and 
further processed in Microsoft Excel to obtain the average and standard 
deviation for each parameter. The reported pharmacokinetic parameters 
were calculated following non-compartmental analysis and the area 
under curve (AUC) was calculated following trapezoidal rules. The 
concentration of opnurasib in tissue and small intestinal content was 
calculated based on their individual weights. All the graphs were created 
utilizing GraphPad Prism 9 (GraphPad Software, La Jolla, CA). 

3. Results and discussion 

To the best of our knowledge this is the first description of a validated 
quantification method for opnurasib, developed for mouse plasma and 
several tissue-related homogenates. The described quantification 
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method of opnurasib is efficient with a two-minute run time preceded by 
a straightforward protein precipitation to treat all samples. Moreover, 
we developed this assay specifically for analyzing a small volume of 
sample (10 µl) in a 96-well plate format enabling the possibility of high- 
throughput analysis and enhancing the applicability of this method to 
support preclinical studies in a small rodent, specifically a pharmaco
kinetic study of opnurasib in mice orally administered with 30 mg/kg 
body weight of opnurasib. 

3.1. Method development 

The jet stream ionization was optimized in positive mode for a single 
protonated opnurasib (m/z = 526.2) to obtain a maximum response. The 
product masses optimized during the ionization step were m/z 54.9, 
77.0, and 79.0. The m/z 79.0 was selected as quantifier due to its lower 
noise background resulting in higher signal to noise ratio compared to 
other masses. Similar optimization was also performed for single pro
tonated erlotinib (m/z 394.1), the internal standard. The product ion 
monitored for erlotinib was m/z 74.9. The product spectra of single 
protonated opnurasib and erlotinib are shown in Fig. 2. The fragmen
tation of protonated opnurasib into product ion of m/z 79.0 was pro
posed to follow the protonated benzene contained in its molecular 
structure (Fig. 1A). 

The chromatographic separation was developed and optimized on 
the Acquity UPLC™ BEH C18 column based on MS response, peak shape, 
and retention time. Acetonitrile was selected as the organic phase 
because it offered lower back pressure than methanol in the same 

proportion. Both acidic and basic conditions utilizing water modified 
with either 0.1 % formic acid (v/v, pH 2.8) and 0.1 % NH4OH (v/v, pH 
10.7) were investigated. We observed an approximately 5-fold higher 
response of opnurasib in basic than acidic conditions. Since the method 
sensitivity was crucial for our preclinical samples, we opted to use basic 
condition to further develop our assay. However, the introduction of 
biological matrices, i.e., mouse plasma and human plasma resulted in a 
significant decrease of opnurasib response compared to the neat solu
tion. To circumvent the effect of the biological matrices, we performed 
matrix effect investigations utilizing direct infusion technique. We found 
that the pH value has a significant effect on the response of opnurasib 
when biological matrix was introduced. Our investigation indicated that 
mouse and human plasma showed an ion suppression at the retention of 
both opnurasib and IS when they were eluted in 0.1 % NH4OH (v/v) but 
not when they were eluted 0.1 % formic acid (v/v) (data not shown). 
Due to the lower opnurasib response in an acidic mobile phase, a basic 
eluent modified with a small percentage of acid was investigated for the 
possible mobile phase. For this purpose, a direct infusion of 20 ng/ml 
opnurasib in 25 % methanol (v/v) was introduced to the MS interface at 
5 µl/min flow rate while the isocratic flow of water modified with 0.1 % 
NH4OH (v/v) and 0.01 % formic acid (v/v) (eluent A) and acetonitrile 
(eluent B) (50:50, v/v) was applied at 0.5 ml/min flow rate. An injection 
of double blank mouse plasma (lithium heparinized) did not show any 
ion suppression at the retention time of both opnurasib and IS (around 
0.8 min), as demonstrated by Fig. 3B. In contrast, when the same 
experiment was performed with 0.1 % NH4OH (v/v) only as the modifier 
of eluent A, an ion suppression indicated by a decreased intensity 

Fig. 2. Product ions of (A) protonated opnurasib (m/z 526.2) and (B) protonated erlotinib (m/z 394.2). CE = collision energy.  

Fig. 3. The response of continuous infusion of 5 µl/min flow rate of opnurasib 20 ng/ml (monitored at m/z 526.2 → 79.0) and IS 10 ng/ml (monitored at m/z 394.2 
→ 74.9) when a double blank lithium heparin mouse plasma was injected. (A) Water modified with 0.1 % NH4OH and acetonitrile (50:50 v/v) at 0.5 ml/min used as 
mobile phase. (B) Water modified with 0.1 % NH4OH & 0.01 % formic acid and acetonitrile (50:50 v/v) at 0.5 ml/min used as mobile phase. 
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between 0.6 and 0.9 min was observed in both opnurasib and IS tran
sitions (Fig. 3A). Therefore, we utilized water modified with 0.1 % 
NH4OH (v/v) and 0.01 % formic acid (v/v) as final eluent A to validate 
this analytical method. Since eluent A has high pH value (pH 9.9–10.0) 
that is prone to pH drop due to reaction with carbon dioxide during the 
storage [20,21], fresh eluent A was always daily prepared before the 
routine use. 

Since this quantification method was developed to support 

preclinical studies of opnurasib in mouse, hundreds of samples with low 
volume of sample, i.e., 10 µl of mouse plasma were expected. Therefore, 
a fast and straightforward sample pretreatment was preferred. Protein 
precipitation as sample pretreatment was optimized because of this. 
Both acetonitrile and methanol were empirically tested as the precipi
tating agent. Acetonitrile was selected because it provided a higher 
response of opnurasib with less volume of organic solvent. Moreover, a 
96-well plate format protein precipitation was used to enable high 

Fig. 4. Representative chromatograms of opnurasib in processed mouse plasma (A–D) and homogenates of mouse brain (E). (A) Double blank (DB), (B) Blank (B, 
containing 10 ng/ml IS), (C) LLoQ (containing 2 ng/ml opnurasib and 10 ng/ml IS), (D) ULoQ (containing 2000 ng/ml opnurasib and 10 ng/ml IS), (E) study sample 
(containing 4.6 ng/ml opnurasib and 10 ng/ml IS). 
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throughput analysis. 
The use of internal standard (IS), ideally stable isotope labelled 

compound (SIL), in a quantification method utilizing LC-MS/MS is a 
common practice to normalize possible phenomena occurring during 
sample pretreatment and quantification. Due to the lack of commercially 
available SIL-opnurasib, several tyrosine kinases and KRAS inhibitors 
were empirically investigated as the possible analog IS for opnurasib. 
KRASG12C inhibitors sotorasib and adagrasib have been investigated as 
possible IS candidate. However, both compounds did not provide suit
able retention time in the initial elution condition of opnurasib (0.1 % 
NH4OH (v/v) as eluent A). Adagrasib did not elute within two minutes 
run, while sotorasib eluted close to the dead time of the selected column. 
Among other tyrosine kinase inhibitors., erlotinib was selected as the 
analog IS since it has a similar retention time as opnurasib under the 
developed LC conditions and it has stable response across the investi
gated biological matrices. Representative chromatograms for opnurasib 
and IS are shown in Fig. 4. 

3.2. Method validation 

The presented method was fully validated for lithium-heparinized 
mouse plasma and partially validated for mouse brain, liver, spleen, 
kidney, lung, testis, small intestines, and small intestines content ho
mogenates according to the guidelines of bioanalytical method valida
tion from both EMA and US FDA [17,18]. 

3.2.1. Selectivity 
Selectivity was assessed at the QC-LLoQ level (2 ng/ml of opnurasib) 

in various individual matrices. The selectivity is demonstrated in 
Table 2. The average back-calculated concentrations across different 
mouse matrices were 1.82–2.35 ng/ml which are within the required 20 
% deviation of nominal concentration. Moreover, the responses of 
attributable interfering component of opnurasib and erlotinib at QC- 
LLoQ level were below 15 % and 0.5 %, respectively, in all investi
gated mouse matrices. These percentages were lower than the guidelines 
requirement [17,18], confirming the selectivity of this method for 
opnurasib quantification in mouse plasma and eight mouse tissue- 
related homogenates down to 2 ng/ml. 

3.2.2. Calibration curve and range 
The relative response of opnurasib over erlotinib as IS showed a 

linear trend over the concentration range of 2–2000 ng/ml opnurasib. 
Thus, a linear equation is utilized for the quantification of opnurasib. 
The linear equation used a typical Y = a ⋅ X + b form, where Y is the 
relative response of area opnurasib to area erlotinib, X denotes the 
concentration of opnurasib in ng/ml, a determines the curve’s slope, and 
b defines the intercept of the calibration curve. The regression coeffi
cient is expressed by the R2 value, in which the inverse square of the 
opnurasib concentration is used as the weighting factor. The average 
calibration equation of nine consecutive calibration runs was Y = 0.056 
(±0.014) X + 0.0048 (±0.0027) with R2 = 0.989 (±0.013). 

The quantification of opnurasib in mouse plasma and mouse tissue- 
related homogenates utilized a daily calibration equation that was run 
in the same analytical run as these samples. 

3.2.3. Accuracy and precision 
The method performance on mouse plasma was demonstrated by 

accuracy/bias (%) and precision/CV (%) at four different QC-levels 
(Table 3). All calculated CV (%) and bias (%) values both intra- and 
inter-day were below 15 % for QC-low, -med, -high and were below 20 
% for QC-LLoQ fulfilling the current guidelines requirements [17,18]. 

As for the method performance on different mouse tissue-related 
homogenates, the same strategy was applied at QC-medium level only 
as the partial validation of this method in those matrices. The detailed 
calculated bias (%) and CV (%) are reported in Table 4 which showed 
less than 15 % for both parameters either intra- or inter-day in all 
investigated tissue-related homogenates. All of these data demonstrated 
the reliability of the method in producing accurate and precise data 
when applied for measuring opnurasib in mouse plasma and eight 
mouse tissue-related homogenates samples. 

3.2.4. Matrix effect 
The presence of the co-eluting matrix components may reduce or 

enhance the ion intensity of the analyte, possibly affecting the accuracy 
and precision of the assay. When the sample to be measured and the 
calibration samples do not have identical matrix components, i.e., in our 
case measuring the mouse tissue-related homogenates samples using the 
calibration samples of mouse plasma, the matrix effect has to be 
addressed properly. According to our data presented in Table 5, all the 
tested mouse matrices had accuracies between 89.9 %–107.6 % with a 
range of 2.0 %–8.3 % and 3.5 %–10.1 % of intra- and inter-individual 

Table 2 
Selectivity data of opnurasib at QC-LLoQ level (2 ng/ml) in all investigated in
dividual mouse matrices.  

Mouse matrices Mean measured 
concentration (ng/ 
ml) 

Mean area 
ratio* of 
opnurasib (%) 

Mean area 
ratio* of 
erlotinib (%) 

n 

Plasma (lithium 
heparinized) 

1.82 ± 0.26 6.66 ± 4.42 0.24 ± 0.35 6 

Brain 
homogenates 

2.17 ± 0.27 10.85 ± 3.41 0.10 ± 0.02 4 

Liver 
homogenates 

2.13 ± 0.20 12.25 ± 4.91 0.12 ± 0.07 4 

Kidney 
homogenates 

2.35 ± 0.29 9.20 ± 4.01 0.21 ± 0.20 4 

Spleen 
homogenates 

2.24 ± 0.42 7.93 ± 2.67 0.18 ± 0.09 4 

Small intestines 
homogenates 

1.90 ± 0.29 6.23 ± 2.60 0.11 ± 0.03 4 

Small intestinal 
content 
homogenates 

1.93 ± 0.20 9.68 ± 5.30 0.13 ± 0.04 4 

Lung 
homogenates 

2.02 ± 0.28 10.43 ± 5.34 0.21 ± 0.10 4 

Testis 
homogenates 

1.95 ± 0.26 13.13 ± 5.05 0.08 ± 0.07 4 

*Area ratio was calculated from the area of opnurasib or IS in the blank 
compared to the area at LLoQ level. The data is presented as the average con
centration or area ratio ± SD. 

Table 3 
Accuracy and precision of the developed method in lithium heparinized mouse 
plasma.  

Day Statistics Opnurasib 

QC-LLoQ 
2 ng/ml 

QC-low 
6 ng/ml 

QC-medium 
150 ng/ml 

QC-high 
1500 ng/ml 

1 Intra-day     
Mean (n = 6)  2.05  5.97  154.7 1515 
CV (%)  19.8 %  13.9 %  2.5 % 2.0 % 
Bias (%)  2.5 %  − 0.5 %  3.1 % 1.0 % 

2 Intra-day     
Mean (n = 6)  2.02  5.82  161.0 1596 
CV (%)  17.9 %  7.3 %  3.8 % 2.2 % 
Bias (%)  1.1 %  − 3.0 %  7.3 % 6.4 % 

3 Intra-day     
Mean (n = 6)  2.04  5.79  152.3 1456 
CV (%)  10.9 %  11.0 %  4.3 % 1.4 % 
Bias (%)  1.8 %  − 3.6 %  1.5 % − 2.9 % 

1–3 Inter-day     
Mean (n = 18)  2.04  5.86  156.0 1522 
CV (%)  15.6 %  10.5 %  4.2 % 4.3 % 
Bias (%)  1.8 %  − 2.3 %  4.0 % 1.5 % 

QC = quality control, LLoQ = lower limit of quantification, CV = coefficient of 
variation 

I.A. Retmana et al.                                                                                                                                                                                                                             



Journal of Chromatography B 1232 (2024) 123964

8

precisions, respectively, for both QC-high and QC-low level. These data 
indicate that there is no significant matrix effect in both mouse plasma 
and mouse-tissue related homogenates interfering with the quantifica
tion of opnurasib in this developed assay. 

The effect of hemolyzed plasma in pooled matrix was investigated as 
the worst scenario if hemolysis happens during the blood withdrawal 
while the effect of lipemic plasma was not investigated because we did 
not expect to receive such samples due to the controlled diet of the mice 
used in this study. The accuracy and precision data of the hemolyzed 
plasma sample (Table 5) demonstrated that there is no significant matrix 
effect hampering the measurement of opnurasib in hemolyzed plasma 
sample. 

3.2.5. Recovery & carry-over 
The recovery of opnurasib and IS was determined at QC-low, -me

dium, and -high level in both mouse and human lithium heparin plasma. 
We also investigated the recovery in human plasma because we used 
human plasma to dilute some of our preclinical samples to fit the cali
bration range. Opnurasib had a range of % recovery of 93.4 %–103.5 % 
and 99.3 %–104.3 % for mouse and human plasma, respectively, while 
in the same order IS had a range of 101.6 %–106.7 % and 100.9 %– 

101.7 % in all investigated QC levels. With % recovery value being 
around 100 % for both analyte and IS in both human and mouse plasma, 
we showed that there is no significant loss of the analytes and IS during 
the protein precipitation utilized in this method potentially hampering 
the sensitivity of this assay. 

The injection of blank and double blank samples right after the 
highest calibration sample showed a slightly over 20 % response of the 
QC-LLoQ samples. However, this response decreased down to less than 
20 % after the second blank injection. Therefore, we always put at least 
two blank or double blank samples after the expected high concentration 
samples. 

3.2.6. Dilution integrity 
Dilution integrity was determined to accommodate some preclinical 

samples that have a concentration over the upper limit of quantification 
(ULoQ, 2,000 ng/ml). According to our experience, this is likely to 
happen due to the possibility of the high tissue concentration in some 
tissues. The selected dilution factors to be validated were 5-, 10-, 11-, 
and 51-fold. All the dilution was performed utilizing lithium heparin 
human plasma (pooled gender). The bias (%) and CV (%) were reported 
as 11.2 % and 1.8 % (5-fold), 11.4 % and 2.6 % (10-fold), 11.3 % and 

Table 4 
Accuracy and precision of the developed method on mouse tissue-related matrices at QC-medium level (150 ng/ml).  

Day Statistic Mouse-related tissue homogenates 

Brain Liver Kidney Spleen SI SIC Lung Testis 

1 Intraday         
Mean (n = 6)  156.3  159.2  161.3  148.9  154.1  142.8  147.5  151.5 
CV (%)  3.7 %  7.2 %  7.9 %  7.3 %  2.0 %  2.3 %  2.6 %  6.9 % 
Bias (%)  4.2 %  6.2 %  7.6 %  − 0.7 %  2.7 %  − 4.8 %  − 1.7 %  1.0 % 

2 Intraday         
Mean (n = 6)  169.8  138.4  164.9  130.0  146.4  133.5  133.3  141.8 
CV (%)  6.3 %  6.5 %  9.3 %  8.9 %  3.5 %  10.9 %  9.1 %  11.2 % 
Bias (%)  13.2 %  − 7.8 %  10.0 %  − 13.4 %  − 2.4 %  − 11.0 %  − 11.1 %  − 5.4 % 

3 Intraday         
Mean (n = 6)  151.1  130.2  148.9  137.1  165.1  133.5  148.7  148.4 
CV (%)  3.7 %  5.0 %  9.3 %  3.6 %  2.4 %  8.8 %  2.9 %  13.0 % 
Bias (%)  0.8 %  − 13.2 %  − 0.7 %  − 8.6 %  10.1 %  − 11.0 %  − 0.9 %  − 1.1 % 

1–3 Inter-day         
Mean (n = 18)  159.1  142.6  158.4  138.6  155.2  136.6  143.2  147.3 
CV (%)  6.9 %  10.7 %  9.4 %  8.7 %  5.7 %  8.2 %  7.1 %  10.4 % 
Bias (%)  6.1 %  − 4.9 %  5.6 %  − 7.6 %  3.5 %  − 8.9 %  − 4.6 %  − 1.8 % 

SI = small intestines, SIC = small intestinal content. 

Table 5 
Matrix effect of individual mouse matrices on opnurasib at QC-low (6 ng/ml) and -high level (1500 ng/ml).  

Mouse matrices Mean calculated concentration (ng/ml) Accuracy (%) Intra-individual precision (%) Inter-individual precision (%) n* 

Plasma 5.71 ± 0.59  95.2  7.5 10.1 6 
1614 ± 77  107.6  3.3 4.7 6 

Brain homogenates 5.79 ± 0.46  96.5  7.3 7.7 4 
1457 ± 64  97.2  2.0 4.2 4 

Liver homogenates 6.09 ± 0.54  101.5  7.2 8.6 4 
1409 ± 83  93.9  4.1 5.7 4 

Kidney homogenates 6.35 ± 0.39  105.9  4.4 6.0 4 
1574 ± 76  104.9  4.2 4.7 4 

Spleen homogenates 6.15 ± 0.45  102.5  6.2 7.1 4 
1417 ± 71  94.5  2.6 4.8 4 

Small intestines homogenates 6.17 ± 0.45  102.9  5.9 7.0 4 
1583 ± 87  105.5  2.6 5.3 4 

Small intestinal content homogenates 5.65 ± 0.43  94.1  6.1 7.5 4 
1349 ± 93  89.9  5.5 6.7 4 

Lung homogenates 6.07 ± 0.37  101.2  4.1 6.0 4 
1388 ± 73  92.5  3.7 5.1 4 

Testis homogenates 6.05 ± 0.57  100.8  8.3 9.1 4 
1401 ± 50  93.4  2.6 3.5 4 

Hemolyzed mouse plasma (pooled) 5.85 ± 0.67  97.5  11.4 1 
1503 ± 20  100.2  1.4 

* n = the number of investigated individual sources. Mean calculated concentration reported the average of 24 data (plasma) and 16 data (each tissue homogenates, 
except for brain was 15 data) ± SD. 
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2.3 % (11-fold), and lastly 14.4 % and 2.8 % (51-fold) demonstrated the 
accuracy and precision of these dilution factors. 

3.2.7. Stability 
The stability of opnurasib in the investigated mouse matrices is 

presented in Table 6. Opnurasib in mouse plasma is stable up to 12 h at a 
room temperature, up to 3 months when the sample is stored at − 30 ◦C 
and after three cycles of freezing and thawing the sample. In most of the 
investigated tissue-related homogenates, opnurasib is stable up to 8 h at 
ambient temperature. However, opnurasib showed a rather short-lasting 
stability at room temperature in kidney homogenates, only up to 4 h, 
which is shorter than in other tissue-related homogenates. Therefore, we 
also tested the stability of opnurasib in mouse kidney homogenates on 
an ice condition. We showed that on an iced condition, opnurasib in 
kidney homogenates was stable up to 5 h. In relation to this matter, 
preparation of kidney homogenates samples on iced condition should be 
considered. This may be driven by a possibility of the affinity of 
opnurasib with the urea transporter in kidney due to the presence of 
acrylamide which is an urea analogue [22]. 

The stability of opnurasib in whole blood was investigated at several 
time points and the results are illustrated in Fig. 5. The graph shows that 
opnurasib in whole blood was stable up to 2 h at room temperature and 
up to 5 h on iced condition (refer to Table 6 for % recovered after the 
mentioned exposure conditions). This information needs to be taken into 
consideration when handling mouse blood during a mouse study, 
including blood withdrawal and processing into plasma. 

The reanalysis of processed samples at QC-low and -high were per
formed one week after a storage at multisampler temperature. The bias 
(%) and CV (%) for QC-high were 92.0 % and 2.4 % respectively, while 
for QC-low these values were 99.2 % and 9.9 %. The data demonstrate 
that opnurasib in processed samples was stable up to 7 days after storage 
at 4 ◦C, allowing us to do a reliable processed sample remeasurement 
within that period. Opnurasib stock solution (in methanol) and working 
solution (in 50 % methanol, v/v) showed a stable response compared to 
freshly prepared stock and working solutions after storage at − 30 ◦C for 
4 months and after exposure at room temperature for 6 h (Table 7). 

Table 6 
Stability of opnurasib in different mouse matrices (reported as the mean of 
percentage of the recovered concentrations ± SD, n = 4 for each concentration 
on each exposure condition).  

Mouse matrix Exposure 
conditions 

QC level Conc. 
(ng/ml) 

Stability 
(%) 

Plasma (lithium 
heparinized) 

12 h at RT QC-low 6 101.5 ±
10.2 

QC-high 1500 93.4 ± 6.3 
three freeze 
thaw cycle 

QC-low 6 98.8 ± 5.2 
QC-high 1500 87.7 ± 4.4 

3 months at 
− 30 ◦C 

QC-low 6 85.1 ±
15.2 

QC-high 1500 95.7 ± 1.5 
Brain homogenates 8 h at RT QC- 

medium 
150 86.7 ± 6.5 

Liver homogenates 8 h at RT QC- 
medium 

150 91.1 ± 1.4 

Kidney homogenates 8 h at RT QC- 
medium 

150 78.9 ± 9.4 

4 h at RT QC- 
medium 

150 87.8 ± 3.6 

5 h on iced 
condition 

QC- 
medium 

150 86.5 ±
10.0 

Spleen homogenates 8 h at RT QC- 
medium 

150 89.6 ± 8.3 

Small intestines 
homogenates 

8 h at RT QC- 
medium 

150 97.7 ± 3.0 

Small intestinal 
content 
homogenates 

8 h at RT QC- 
medium 

150 86.9 ±
11.0 

Lung homogenates 8 h at RT QC- 
medium 

150 86.4 ± 1.7 

Testis homogenates 8 h at RT QC- 
medium 

150 96.1 ±
12.2 

Whole blood (lithium 
heparinized) 

2 h at RT QC- 
medium 

150 100.4 ±
3.6 

QC-high 1500 86.1 ± 4.9 
5 h on iced 
condition 

QC- 
medium 

150 104.7 ±
8.9 

QC-high 1500 88.5 ± 2.6 

QC = quality control, Conc. = concentration, RT = room temperature. 

Fig. 5. The percentage of remaining opnurasib in mouse whole blood samples compared to nominal concentrations after exposure to room temperature and iced 
conditions for 5 h. QC-high = 1500 ng/ml opnurasib, QC-medium = 150 ng/ml opnurasib, RT = room temperature. 

Table 7 
Stability of opnurasib stock and working solutions (reported as the percentage of 
the response of freshly prepared solution, n = 2).  

Conditions Stability (%) 

Working solution* after 6 h at RT  104.2 
Working solution* after 4 months at − 30 ◦C  110.9 
Stock solution** after 6 h at RT  98.1 
Stock solution** after 4 months at − 30 ◦C  97.2 

*Working solution was prepared in 50 % methanol (v/v), **stock solution was 
prepared in methanol, RT = room temperature. 
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3.2.8. Incurred samples reanalysis 
To verify the reliability of the reported sample concentration from 

preclinical samples, reanalysis of some preclinical samples was per
formed one week after the initial measurement. The incurred sample 
reanalysis (ISR) of a total 60 preclinical samples resulted in 53 out 60 
samples producing < 20 % differences between initial and ISR mea
surements. This number is in line with the guidelines requirement that 
stipulates at least 40 out of 60 samples should have differences within 
±20 % between two measurements [17,18]. The detailed data on ISR is 
presented in Fig. 6. The extreme outlier value was possibly owing to its 
calculated concentrations that are lower than the established LLoQ. 

3.3. Blood-to-plasma concentration ratio (Rb) 

The Rb was determined by calculating the ratio of back-calculated 
concentration of mouse WB samples over mouse plasma-derived sam
ples (n = 4). The obtained average Rb was 1.02 with a standard deviation 
of 0.04. The value of 1.02 illustrated the equal distribution of opnurasib 
between mouse plasma and mouse red blood cells. This information 
demonstrated that the measured plasma concentration of opnurasib is a 
good representation of its systemic concentration in mouse. 

3.4. Preclinical study 

The validated method was utilized to measure opnurasib concen
trations in mouse plasma and mouse tissue homogenates in a pilot 
pharmacokinetic mouse study. This pilot study was performed in six 
male wild-type mice (FVB genetic background) that received orally 
administered opnurasib at 30 mg/kg body weight. This pilot study has a 
total 8 h study duration. The mouse plasma concentration over time 
curve of the six mice is illustrated in Fig. 7. The curve clearly showed 
that the Cmax of opnurasib is achieved around 1 h after the oral 

administration. The calculated pharmacokinetic parameters obtained 
from plasma concentration were: Cmax = 2.66 ± 1.15 µg/ml, Tmax = 1.17 
± 0.41 h, T1/2 = 1.91 ± 0.50 h, Ke = 0.38 ± 0.07 h− 1, AUC0 → 8 = 9.3 ±
3.4 µg⋅h⋅ml− 1, & AUC0 → ∞ = 9.9 ± 3.3 µg⋅h⋅ml− 1. 

The tissue concentration of opnurasib in several investigated tissue- 
related matrices was calculated and presented in Fig. 8. The graph 
showed that the brain has the lowest opnurasib concentration compared 
to the other investigated tissues, perhaps due to the presence of the 
blood brain barrier. Besides brain, testis also showed a low opnurasib 
distribution illustrating the possibility of a low risk of opnurasib tera
togenicity in males. In contrast, the highest distribution of opnurasib 8 h 

Fig. 6. Bland Altman plot of two different measurements of sixty preclinical samples. Average concentration is the mean concentration of two measurements of the 
same sample. The difference (%) describes the percentage of the difference between two measurements of the same sample against the average concentration of those 
measurements. 

Fig. 7. Plasma concentration over time curve of opnurasib in six male wild- 
type mice administered with 30 mg/kg bodyweight of opnurasib. 
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after a single dose of opnurasib was observed in small intestinal content. 
This high concentration may be caused by a possible affinity of opnur
asib for intestinal efflux transporter. 

4. Conclusions 

A reliable bioanalytical method utilizing LC-MS/MS to quantify 
KRASG12C inhibitor opnurasib in mouse plasma and mouse tissue related 
homogenates has been successfully developed and validated. The re
ported method was capable to reliably measure opnurasib down to 2 ng/ 
ml in 10-µl samples volume with a straight-forward protein precipitation 
as sample pretreatment in a 96-well plate format. The accuracy and 
precision of this method at all investigated levels and in all tested mouse 
matrices were within the latest guideline requirements. The absence of a 
significant matrix effect and extraction loss that possibly hampered 
opnurasib quantification in investigated matrices was successfully 
demonstrated. Finally, this validated method has been successfully 
applied to support a mouse pharmacokinetic and tissue distribution 
study, and therefore it can be used further to support similar preclinical 
studies in the near future. 
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