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Abstract: The purpose of this study was to develop a method for simultaneously separating ibuprofen
enantiomers using electrospray ionization (ESI) liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS). LC-MS/MS was operated with negative ionization and multiple reaction monitor-
ing modes; transitions were monitored at m/z of 205.1 > 160.9 for ibuprofen enantiomers, 208.1 > 163.9
for (S)-(+)-ibuprofen-d3 [internal standard 1 (IS1)], and 253.1 > 208.9 for (S)-(+)-ketoprofen (IS2),
respectively. In a one-step liquid-liquid extraction, 10 pL plasma was extracted with ethyl ac-
etate:methyl tertiary-butyl ether of 7:3. Enantiomer chromatographic separation was carried out with
an isocratic mobile phase consisting of 0.008% formic acid in water—-methanol (v/v) at a flow rate
of 0.4 mL/min on a CHIRALCEL® OJ-3R column (150 x 4.6 mm, 3 pm). This method was fully
validated for each enantiomer and results were in compliance with the regulatory guidelines of the
U.S. Food and Drug Administration and the Korea Ministry of Food and Drug Safety. The validated
assay was executed for nonclinical pharmacokinetic studies after oral and intravenous administration
of racemic ibuprofen and dexibuprofen in beagle dogs.

Keywords: ibuprofen; dexibuprofen; enantiomer; LC-MS/MS; beagle dog plasma; validation; bioan-
alytical method validation; pharmacokinetics

1. Introduction

Ibuprofen, 2-(RS)-[4-(2-methyl propyl) phenyl] propionic acid, is a non-steroidal anti-
inflammatory drug (NSAID) introduced in England in 1969. It is a commonly used NSAID
with the lowest toxicity that plays an important role in the management of pain, in-
flammation, and fever owing to its inhibitory effect on cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2), which are elaborated in prostaglandin synthesis [1-4]. It is
mainly used as a racemic mixture comprising equal quantities of dexibuprofen [(25)-2-
(4-isobutylphenyl) propionic acid, (S)-(+)-ibuprofen] and (R)-(-)-ibuprofen [5]. (S)-(+)-
Ibuprofen is the primary active isomer with pharmacological effects and R-(-)-ibuprofen
is an inactive isomer; (S)-(+)-ibuprofen can inhibit cyclooxygenase (COX) at clinically rel-
evant concentrations, but R-(-)-ibuprofen is not a COX inhibitor [6]. [(S)-(+)-ibuprofen],
an ibuprofen enantiomer with pharmacological activity, was first launched in Austria in
1994 (Seractil™) as a film-coated tablet [7]. Racemic ibuprofen and (S)-(+)-ibuprofen differ
in their pharmacological properties, toxicity, water solubility, melting point, stability, and
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bioavailability [8-10]. On average, 63% of the administered dose of R-(-)-ibuprofen is stere-
ospecifically converted to (S)-(+)-ibuprofen in humans [11]. However, (S)-(+)-ibuprofen is
not reversed to R-(-)-ibuprofen; only a unidirectional reversal of R-(-)-ibuprofen to (S)-(+)-
ibuprofen occurs, and the in vivo metabolism of its carboxyl metabolite is not stereoselec-
tive [6,11-14]. A previous study suggested that (5)-(+)-ibuprofen is the preferred substrate
for both phase I and II metabolism compared to R-(-)-ibuprofen [15]. (S)-(+)-Ibuprofen is
preferentially metabolized by CYP2C9 and (R)-(-)-Ibuprofen by CYP2C8 [15-17]. According
to a previous study, the isomeric conversion after racemate is 35-85% and varies depending
on the formulation type, disease state, individual characteristics, and species [9,11,18].
(S)-(+)-Ibuprofen has the advantages of lower toxicity, greater pharmacological activity,
and less variation in clinical efficacy compared to racemic ibuprofen. (S)-(+)-Ibuprofen has
been developed as oral formulations, eye drops, and transdermal patches [9]. Intravenous
ibuprofen is also used to treat patent ductus arteriosus in neonates, control acute and
severe pain after surgery, and reduce the use of narcotic opioids when managing pain [19].
However, to our knowledge, no published pharmacokinetic reports of the intravenous
injection of (S)-(+)-ibuprofen have been quantified using an enantioselective LC-MS/MS
method.

Several bioanalytical methods have been developed to quantify ibuprofen in biological
samples, including high-performance liquid chromatography (HPLC) with ultraviolet (UV)
or fluorescence [20-30], gas chromatography (GC) [31], and gas chromatography—mass
spectrometry (GC-MS) [32-34]. Although HPLC is commonly used, there are limita-
tions to this method, such as the large sample volume (100-500 pL plasma) required
for bioanalysis [20-30] and lack of stereoselectivity [20,21]. Previously developed stere-
oselective HPLC with fluorescence detection after derivatization involves complicated
processing procedures, limiting its general applicability [26-30]. GC and GC-MS meth-
ods using derivatization require prolonged pretreatment time [33,34] and have low (or
insufficient) sensitivity (5-15 pug/mL) [31,32] and inadequate stereoselectivity [31,32,34].
Mass spectrometers are good alternatives for overcoming these limitations owing to their
high throughput, sensitivity, and selectivity [35-37]. Indeed, several previously developed
liquid chromatography methods with tandem mass spectrometry detection (LC-MS/MS)
are available for the analysis of ibuprofen enantiomers in biological samples [38—43]. Nev-
ertheless, most of these methods show comparably low sensitivity (limit of detection,
20-50 ng/mL) [38,41,42], insufficient recovery [38,41,43], and require a large sample vol-
ume (100-500 pL of plasma) for analysis [39,40,42,43]. An indirect method employing
derivatization to form diastereomers with LC-MS/MS has a short run time (5 min). How-
ever, the pretreatment process is complex and requires a longer pretreatment time [39,43].
Thus, our objective was to develop a sensitive, selective, reproducible, efficient, and sound
LC-MS/MS design for high-throughput stereoselective analysis of (S)-(+)-ibuprofen. The
bioanalytical method developed in this study was fully validated and successfully ap-
plied to nonclinical pharmacokinetic studies in beagle dogs receiving oral and intravenous
racemic ibuprofen and (S)-(+)-ibuprofen.

2. Materials and Methods
2.1. Chemicals and Reagents

(S)-(+)-Ibuprofen (purity 99.74%), (R)-(-)-Ibuprofen (purity 99.89%), and (S)-(+)-ibuprofen-
d3 [internal standard (IS1), purity 98.0%, isotopic 99.6%)] were purchased from TRC
(Toronto, ON, Canada). (S)-(+)-Ketoprofen [internal standard (IS2), purity 99.9%] and
formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade
methanol, ethyl acetate (EtOAc), and methyl tertiary-butyl ether (MTBE) were purchased
from Baker (Phillipsburg, NJ, USA). For the HPLC analysis, tertiary purified water (DW)
was obtained using a Milli-Q® water purification system (Millipore Co., Billerica, MA,
USA). HPLC-grade chemicals and solvents were used in the HPLC analyses.
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2.2. LC-MS/MS System

Liquid chromatography was performed on an Agilent 1200 Series HPLC system
(Agilent, Santa Clara, CA, USA), and chromatographic separation was carried out using a
CHIRALCEL® OJ-3R column (150 x 4.6 mm, 3 um) (Daicel Corporation, Osaka, Japan).
The mobile phase consisted of 0.008% formic acid in 85% methanol (MeOH/DW = 85:15,
v/v) and was pumped at a flow rate of 0.4 mL/min. Mass spectrometry was operated
on an API 4000 triple-quadrupole mass spectrometer (AB SIEX, Framingham, MA, USA)
equipped with an electrospray ion source. The optimized source parameters for (S)-(+)-
ibuprofen, (R)-(-)-ibuprofen, IS1, and IS2 are listed in Table 1. Analytical data were handled
using Analyst® 1.6.2. (AB SCIEX, Framingham, MA, USA).

Table 1. Retention time, ion transitions for mass spectrometric detection, and mass spectrometry
parameters of (S)-(+)-ibuprofen, (R)-(-)-ibuprofen, (S)-(+)-ibuprofen-d3, and (S)-(+)-ketoprofen.

Compounds Ion Transition DP EP CE CXP RT
(m/z) V) V) V) V) (min)
(S)-(+)-Ibuprofen 205.1 — 160.9 —62.0 —10.0 —-12.0 -9.0 10.38
(R)-(-)-Ibuprofen 205.1 — 160.9 —62.0 —-8.0 —10.0 —-9.0 9.44
(S)-(+)-Ibuprofen-d3 208.1 — 163.9 —-62.0 —10.0 —10.0 -9.0 10.31
(S)-(+)-Ketoprofen 253.1 — 208.9 -70.0 -10.0 —-12.0 —13.0 8.91

DP: declustering potential, EP: entrance potential, CE: collision energy, CXP: cell exit potential, RT: retention time.

2.3. Preparation of Calibration Standards and Quality Control (QC) Samples

Stock solutions containing 1 mg/mL (S)-(+)-ibuprofen, (R)-(-)-ibuprofen, IS1, and IS2
were made in 100% methanol. The working solutions were diluted with 50% methanol
(v/v), and all stock and working solutions were stored in a freezer at 20 °C. Calibration
standards were processed by spiking plasma with (S)-(+)-ibuprofen and (R)-(-)-ibuprofen
at 0.1, 0.5, 2, 10, 20, 40, and 80 pg/mL. Quality control samples were diluted with 50%
methanol (v/v) using other stock solutions to obtain low, medium, and high concentrations
of 0.3, 30, and 64 pg/mL. Solutions containing 10 pug/mL IS1 and IS2 were prepared in 50%
methanol.

2.4. Plasma Sample Preparation

Plasma samples treated with heparin were thawed at room temperature on the day of
analysis. Each plasma sample (10 pL) was placed in a microtubule. IS1 (20 pL, 10 pg/mL),
IS2 (20 uL, 10 pg/mL), 0.1% formic acid (50 uL), and 1 mL of EtOAc:MTBE = 7:3 (v/v) were
added to each microtube. After vortexing for 5 min and centrifuging at 20,800 g for 10 min,
the supernatant (1.0 mL) was moved to a clean microtube, evaporated, and dried under
N gas at 40 °C. The residues were reconstituted in 100 uL of 50% methanol. For analysis,
10 pL of the supernatant was injected into the analytical column.

2.5. Method Validation

The developed bioanalytical method was validated in terms of selectivity, lower limits
of quantification, linearity, precision, accuracy, recovery, matrix effect, stability, carryover,
and dilution integrity. Bioanalytical assay validation was accomplished according to the
method validation guidelines of the U.S. Food and Drug Administration (USFDA) and the
Ministry of Food and Drug Safety in Korea (MFDS) [44,45].

2.5.1. Selectivity and Sensitivity

Selectivity is a method for determining whether the analyte and IS are quantifiable
separately from the other substances present in the sample. Selectivity was determined by
analyzing seven randomly selected blank beagle dog plasma samples. Method selectivity
and sensitivity were evaluated by comparing chromatograms of blank plasma, plasma
spiked with IS1 (10 pg/mL) or IS2 (10 pg/mL), plasma spiked with (S)-(+)-ibuprofen
(80 png/mL) or (R)-(-)-ibuprofen (80 ug/mL), and plasma spiked with (S)-(+)-ibuprofen
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(0.1 pg/mL), (R)-(-)-ibuprofen (0.1 pg/mL), IS1(10 pg/mL), and IS2 (10 ug/mL). The lower
limit of quantification (LLOQ) was described as the lowest concentration of the calibration
curve with a signal-to-noise ratio (5/N) greater than 10. The limit of detection (LOD) was
described as the lowest concentration of mass detected with an S/N ratio greater than 3.

2.5.2. Linearity and Carryover

Calibration curves of the standards were composed at seven (S5)-(+)-ibuprofen and
(R)-(-)-ibuprofen concentrations (0.1, 0.5, 2, 10, 20, 40, and 80 pg/mL). Linearity was deter-
mined by the calculated peak area ratios (x) of the standard to IS versus the concentrations
of the standard (y) using weighted (1/ x?) linear least squares regression (i = ax + b). A cali-
bration curve with a correlation coefficient (r?) of 0.99 or greater was considered adequate.
Carryover evaluates whether the residual analyte of the previously injected sample before
the analysis affects the injection of the next sample during continuous measurement of the
sample. Carryover was evaluated by injecting a blank sample after injecting an upper limit
of quantification (ULOQ) of the calibration curve standard sample.

2.5.3. Precision and Accuracy

Inter- and intra-assays were performed using replicate analyses of validation sample
concentrations (0.1, 0.3, 30, and 64 ug/mL) on three consecutive days. The mean and
standard deviation (SD) of the concentrations calculated for these batches were estimated.
Accuracy and precision were calculated as relative error and coefficient of variation (CV),
respectively. The acceptance criterion was within +15% of the nominal concentration,
except for the LLOQ, which was within £20%.

2.5.4. Recovery and Matrix Effect

The recovery and matrix effects were evaluated at three QC concentrations and ana-
lyzed using analytes spiked before the pre-extraction matrix ([A]), analytes spiked after the
post-extraction matrix ([B]), and pure analyte solutions in 50% methanol ([C]). The recov-
eries of (5)-(+)-ibuprofen, (R)-(-)-ibuprofen, and ISs at QC concentrations were evaluated
using the ratio (A/B x 100)%. The matrix effect of (S)-(+)-ibuprofen, (R)-(-)-ibuprofen, IS1,
and IS2 associated with ion suppression or enhancement caused by the plasma matrix was
assessed using the ratio (B/C x 100)%.

2.5.5. Stability

The stability of the stock and working solutions was evaluated in triplicate for low
and high QC concentrations stored at room temperature for 3 and 7 h, respectively, by
comparing their peak areas with those of freshly prepared stock and working solutions. The
stability of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in plasma was evaluated by analyzing
samples in triplicate for each QC concentration of 0.3, 30, and 64 pg/mL under the following
experimental conditions: freeze-thaw stability after three freeze-thaw cycles at —70 °C;
short-term stability at room temperature, 4 °C, and —70 °C for 7 h; auto-sampler stability
at 10 °C for 54 h; and long-term stability at —70 °C for 196 days.

2.5.6. Dilution Integrity

Dilution integrity was investigated for samples with quantified concentrations outside
the calibration curve range. Beagle dog plasma samples with (S)-(+)-ibuprofen and (R)-(-)-
ibuprofen concentrations above the ULOQ (80 ng/mL) were diluted with blank beagle dog
plasma and reanalyzed. Diluted QC samples of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen,
which had 5-fold higher concentrations than those of the QC 0.3, 30, and 64 pg/mL, were
prepared as described in Section 2.3. The diluted QC samples were diluted five times with
blank beagle dog plasma at the original QC concentration and preparation, as described in
Section 2.4. Precision and accuracy were assessed in terms of CV (acceptable range: <15%)
and RE (acceptable range: within £15%), respectively.
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2.6. Application to a Pharmacokinetic Study

The newly developed quantitation method was executed to analyze plasma samples
obtained in a nonclinical pharmacokinetic study after oral and intravenous administration
of (5)-(+)-ibuprofen and racemic-ibuprofen to healthy male beagle dogs (1 = 12) weighing
8.68 £ 0.29 kg (Oriental bio Co., Ltd., Gapyeong, Republic of Korea). The animals were
maintained under standardized conditions and fasted for 16 h before ibuprofen administra-
tion. In the pharmacokinetic study, these beagle dogs were randomly assigned to one of
four treatment groups (1 = 3 per group): racemic ibuprofen 400 mg administered as an oral
tablet (Group 1: Brufen Tablet®, Samil-Pharm Ltd., Gyeonggi-do, Republic of Korea) and
intravenous injection (Group 2: Amoburofen Injection®, Huons Ltd., Chungcheongbuk-do,
Republic of Korea), and 300 mg (S)-(+)-ibuprofen administered as an oral tablet (Group 3:
Ronofen Tablet®, TaiGuk Pharm Ltd., Gyeonggi-do, Republic of Korea) and intravenous
injection (Group 4, BNC Korea Ltd. Sejong-si, Republic of Korea). Blood samples (2.0 mL)
were drawn from the jugular vein at the following time points: 0 (before oral adminis-
tration); 10, 20, and 40 min and 1, 1.5, 2, 2.5, 4, 6, 8, and 12 h (after oral administration);
0 (before intravenous administration); and 5, 10, 20, and 30 min and 1, 1.5, 2.5, 4, 6, 8, and
12 h after intravenous administration. Blood samples were collected in heparin-treated
tubes (5 IU/mL). The blood samples were centrifuged immediately, and the plasma was
separated and stored at —70 °C until LC-MS/MS analysis was executed. All study proce-
dures were performed in compliance with the Animal Experimental Ethics Regulations
of Notus Co., Ltd. (Guri, Korea, KNOTUS IACUC, protocol code: 21-KE-571; date of
approval: 11 August 2021).

Pharmacokinetic parameters including extrapolated AUC;;¢ (area under the plasma
concentration—-time curve from time zero to infinity), AUCj,4 (area under the plasma
concentration—time curve from time zero to the time of the last measurable concentration),
Cmax (maximum plasma drug concentration), Tmax (the time to reach Cax), terminal half-
life (t; /»), apparent total clearance of the drug from plasma after oral administration (CL/F),
apparent volume of distribution during the terminal phase after oral administration (V,/F),
and mean residence time (MRT) were determined using noncompartmental methods
(WinNonlin version 8.1; Pharsight Corporation, Mountain View, CA, USA).

2.7. Incurred Sample Reanalysis (ISR)

ISR was performed via computerized selection (sampling without replacement) of
15 subject samples near Crax and at the elimination phase of the pharmacokinetic profile.
The results were compared to the initial data obtained from the same samples using the
same procedure. The percentage change in the measured values did not exceed £ 20%.

3. Results and Discussion
3.1. Method Development
3.1.1. Mass Spectrometry

An infusion was performed to optimize mass spectrometric conditions. For infusion,
100 ng/mL (S)-(+)-ibuprofen, (R)-(-)-ibuprofen, IS1, and IS2 solutions were injected into
the mass spectrometer using a syringe pump at a flow rate of 10 uL/min. The maximum
intensities of the product and fragment ions of ibuprofen and IS were obtained with an
electrospray (ESI) negative interface because the negative mode of MS detection conditions
was better ionized, more sensitive, and had no interference. Full-scan mass spectra were
characterized by deprotonated molecules [M-H] ™ at m/z 205.1 for (5)-(+)-ibuprofen and
(R)-(-)-ibuprofen and m/z 208.1 for IS1 and m/z 253.1 for IS2. The selected product ion m/z
were 160.9 for both (S)-(+)-ibuprofen and (R)-(-)-ibuprofen, 163.9 for IS1, and 208.9 for IS2
(Figure 1). The ionization source settings of the mass parameter according to the signal
intensity were optimized by flow injection analysis tuning. The optimized mass parameters
of the temperature and ion spray voltage were 450 °C and —4500 V, respectively, bringing
about the highest signal intensity among the tested conditions. Chromatography revealed
that analytes and IS fragments did not interfere with each other.
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Figure 1. Product ion mass spectra and the fragmentation of (A) (S)-(+)-ibuprofen, (B) (R)-(-)-
ibuprofen, (C) (S)-(+)-ibuprofen-d3 (internal standard, IS1), and (D) (S)-(+)-ketoprofen (internal
standard, 1S2).

3.1.2. Chromatographic Conditions

We achieved an appropriate peak shape, separation, and run time through develop-
ing the chromatographic conditions for separating ibuprofen enantiomers, including the
columns, column temperature, mobile phase composition, and flow rate. In this study,
the following reversed-phase columns and chiral columns were evaluated for favorable
separation: DAICEL CHIRALPAK® AGP (150 x 2.0 mm, 5 um), DAICEL CHIRALCEL®
OJ-RH (150 x 4.6 mm, 5 pm), DAICEL CHIRALCEL® IJ-3 (150 x 4.6 mm, 3um), and
DAICEL CHIRALCEL® OJ-3R (150 x 4.6 mm, 3 pm). Among the tested columns, the
DAICEL CHIRALCEL® OJ-3R column exhibited the best results regarding peak shape,
separation, sensitivity, and retention time. Chiral columns, such as a-acid glycoprotein
(AGP), OJ-RH, and IJ-3 columns did not show complete separation, leading to inade-
quate peak shape and sensitivity. Mobile phases containing diverse buffers, such as formic
acid and ammonium acetate, were evaluated using gradient and isocratic methods. The
optimal column temperature and mobile phase flow rates were determined in various
trials regarding peak sensitivity and chromatographic separation of enantiomers. The
retention time of the peak was unstable when a gradient mobile phase was used with
two different pumps. Therefore, as suggested in previous studies using the LC-MS/MS
system [38—42], an isocratic mobile phase was used with the aqueous solvent mixed with
the organic solvent to reduce the variation in the separation performance of the LC system.
Among the tested solvents for the mobile phase, acetonitrile resulted in an excessively
high baseline and delayed analyte elution. Methanol also exhibited a high baseline, but
when formic acid buffer was added to the buffer, the baseline was considerably lowered
and stabilized. Therefore, methanol was selected as the optimal organic solvent for the
mobile phase, which was determined based on the peak shape and resolution. Depending
on the concentration of formic acid, a different sensitivity and chiral separation by the
interference of baseline was found. During the development of our method using various
concentrations of formic acid, the optimal concentration of formic acid was determined to
be 0.008% for achieving both chiral separation and sensitivity. The best separation results
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were obtained with the OJ-3R column at a temperature of 40 °C using an isocratic mobile
phase constituting 85% methanol (water:methanol = 15:85, v/v) with 0.008% formic acid at
a flow rate of 0.4 mL/min. Overall, the optimized chromatographic conditions mentioned
above achieved the best peak shape, separability, sensitivity, and reproducibility.

3.1.3. Sample Preparation

Various methods, such as solid-phase extraction (SPE), (liquid-liquid extraction) LLE,
and derivatization, have been used to extract ibuprofen [38-43]. A previous study ana-
lyzing ibuprofen enantiomers found lower matrix effects with LLE than with SPE when
extracting ibuprofen from biological samples [41]. In addition, LLE is a simpler and faster
extraction method than the derivatization or SPE methods; therefore, a simple, one-step
LLE extraction was utilized without the derivatization process as the extraction method in
our study. Various conditions were tested to obtain better recovery rates and sensitivities
using less plasma than previously reported methods [38—43]. To determine the optimal ex-
traction conditions with respect to recovery and matrix effects, various extraction solvents
were evaluated along with methylene chloride, EtOAc, n-hexane, MTBE, and mixtures of
MTBE:EtOAc (8:2, 7:3, 3:7, 2:8; v/v) and EtOAc:n-hexane (8:2, 7:3, 3:7, 2:8; v/v). Extraction
buffers, such as acetic acid, formic acid, hydrochloric acid, and reconstitution solvents,
including methanol and acetonitrile, were assessed to achieve the optimal analyte peak
shape and intensity. The best peak intensity and analyte recovery were obtained using
1 mL of MTBE:EtOAc (3:7; v/v) with 50 uL of 0.1% formic acid buffer as the extraction
solvent and 50% methanol as the reconstitution solvent in our present study. Therefore,
the developed plasma sample extraction method is a fast and simple extraction procedure
with good sensitivity using a small amount of plasma (10 uL); thus, an abundant number
of plasma samples can be analyzed.

3.2. Method Validation
3.2.1. Selectivity and Sensitivity

The chromatograms of blank plasma; plasma spiked with IS1 (10 pg/mL); plasma
spiked with IS2 (10 ug/mL); plasma spiked with (S)-(+)-ibuprofen only (80 ug/mL); plasma
spiked with (R)-(-)-ibuprofen only (80 ng/mL); plasma spiked with (S)-(+)-ibuprofen
(0.1 pg/mL), (R)-(-)-ibuprofen (0.1 pg/mL), IS1 (10 ug/mL), and IS2 (10 pg/mL) show
no interrupting peaks at the retention times of analytes and ISs, indicating acceptable
selectivity of the newly developed analytical method (Figure 2). The LLOQ is 0.1 pg/mL
for ibuprofen with signal-to-noise (S/N) ratios > 10, suggesting an adequately susceptible
method to assess ibuprofen in plasma after the oral and intravenous administration of
ibuprofen to beagle dogs. The LLOD is 0.01 pg/mL for ibuprofen with S/N ratios of >3.
Chromatograms of the samples at the LLOQ and LLOD are shown in Figure 3. This newly
developed method has lower LOD than previously reported methods [38,41,42].

3.2.2. Linearity and Carryover

Considering the higher anticipated plasma concentrations after intravenous adminis-
tration, we established a wider linearity range than that in previous reports [38-41,43]. All
calibration curves for (S)-(+)-ibuprofen and (R)-(-)-ibuprofen demonstrated seven concen-
trations in the range of 0.1-80 pg/mL and exhibited linearity for dog plasma samples. The
linear regression equation for the calibration curves (n = 5) was as follows: mean = stan-
dard deviation (SD) of the slope and intercept: y = 0.152 (£0.005) x — 0.00677 (£0.000809)
for (S)-(+)-ibuprofen (> > 0.9979) and y = 0.0444 (£0.0029) x — 0.000302 (4-0.000555) for
(R)-(-)-ibuprofen (r* > 0.9940). The correlation coefficient was higher than 0.99 for all curves,
and the CV of the slope was <15% in the analyzed concentration range. The linearity results
over the calibration range of ibuprofen enantiomers are displayed in Table 2. No significant
carryover was observed for (S)-(+)-ibuprofen or (R)-(-)-ibuprofen.



Pharmaceutics 2023, 15, 824

8of 17

(A) 600 P\, M\ 300
@ AV N N\
%. \/ AMV\\/J\/\'\/‘\ § A\ " VU"\/
0 0
(B) 350 5.0% 10 10.47
N\
g /\/‘\/\/\/ YW a e
0. o
0 0
o W 25x 10 S
8 MW WA g
2 g
g
£ £
0 0
1053
(D)1.4x 108 500
a 0
8 &
g g
$ s \/V\/J\d\”\vvv\/“/‘v\ Y s
= g
0 T o
E),,. 104 s 1.2 x 104
“w "
s &
g g
$ $
s £
0 0
10.44 1
F) 1600 6.0 x 10¢ e
3 2
° )
g g
N §
£ £
0 0
9.45 9,01
(G) 1700 2.0 x 10°
04
g S
2 —-—x/—v\«—f\,qf\,u\/\ AR s
2 g
2 E
- 0 0 "
(H) 6.0 103 10.38 5.0 10 10.32
® 9.45 -
2 8
g g
£ 2
] e
= £
0 0
() 5.0x10° 1938 2.0x10° e
9.45 2
g s
g £
z s
£ £
0
° 14 14
Time, min Time, min

Figure 2. Chromatograms of (A) blank dog plasma, (B) plasma spiked with IS1 (10 pg/mL),
(C) plasma spiked with IS2 (10 pg/mL), (D) plasma spiked with (S)-(+)-ibuprofen only (80 pg/mL,
ULOQ), (E) plasma spiked with (R)-(-)-ibuprofen only (80 ug/mL, ULOQ), (F) plasma spiked with (S)-
(+)-ibuprofen (0.1 ug/mL) and IS1 (10 pg/mL), (G) plasma spiked with (R)-(-)-ibuprofen (0.1 ug/mL)
and IS2 (10 ug/mL), (H) dog plasma sample at 1 h after oral administration of racemic ibuprofen
400 mg tablet ((S)-(+)-ibuprofen measured concentration 75.96 ug/mL), (I) dog plasma sample at 1 h
after oral administration of racemic ibuprofen 400 mg tablet ((R)-(-)-ibuprofen measured concentration
52.99 ug/mL). Boards on the right side are for IS.



Pharmaceutics 2023, 15, 824 90f17

(A) 9.43 10.53
5007
o (R)-(-)-ibuprofen (S)-(+)-ibuprofen
) o-4s 196 220 240 478 T.21_ T.O5 TIIS 1zas
5 '/\/\N\/\/\/\/\/\’\/\/\f/\/w
2 R
2
=
0
(B) 9.50 10.55
1600 A
@ l
o (R)-(-)-ibuprofen | \l (S)-(+)-ibuprofen
2 j== DA Ramemen IR _am ,') VS
c — - - i
3
=
0

Figure 3. Chromatograms of (A) LOD of ibuprofen enantiomers ((S)-(+)-ibuprofen and (R)-(-)-
ibuprofen) at 0.01 pg/mL and (B) LLOQ of ibuprofen enantiomers ((S)-(+)-ibuprofen and (R)-(-)-
ibuprofen) at 0.1 ug/mL.

Table 2. Linearity of calibration curves after regression analysis for the analytical method to determine
(S)-(+)- and (R)-(-)-ibuprofen in beagle dog plasma samples.

Compounds Number Slope Intercept r I3

1 0.154 —0.001340 0.9995 0.9990

S)-(+)- 2 0.155 —0.001220 0.9990 0.9980
Tbuprofen 3 0.158 —0.000825 0.9989 0.9978
4 0.150 —0.000686 0.9985 0.9970

5 0.145 0.000687 0.9988 0.9976

1 0.0419 —0.000404 0.9984 0.9968

(R)-(-)- 2 0.0410 —0.000674 0.9966 0.9932
Thuprofen 3 0.0456 —0.000104 0.9971 0.9942
4 0.0479 —0.000874 0.9970 0.9940

5 0.0458 0.000545 0.9959 0.9918

3.2.3. Precision and Accuracy

Table 3 summarizes the intra- and inter-day precision and accuracy of (S)-(+)-ibuprofen
and (R)-(-)-ibuprofen. The intra-day precision of the method for determining (S)-(+)-
ibuprofen and (R)-(-)-ibuprofen ranged from 0.53 to 7.31% and from 0.48 to 7.19%, with
accuracies ranging from 96.53 to 103.60% and 97.60 to 108.51%, respectively. The inter-day
precision ranged from 1.28 to 6.60% and 1.04 to 4.87%, with accuracies ranging from 96.45 to
103.00% and 99.07 to 110.90% for measuring (S)-(+)-ibuprofen and (R)-(-)-ibuprofen concen-
trations, respectively. All results were within the ranges of precision (%) and accuracy (%)
specified in the guidance of the MFDS and USFDA for bioanalytical applications [44,45].
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Table 3. Intra- and inter-day precision and accuracy of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen (n = 5).

Nominal Intra-Day (1 = 5) Inter-Day (n = 15)
Compounds Concentration Mean + SD Precision (CV, )b Mean + SD Precision (CV, %) ®

(ug/mL) (ug/mL) %) ccuracy (% (ug/mL) %) 2 ccuracy (%
0.1 0.10 £0.01 7.31 103.60 0.10 £ 0.01 6.60 103.00
(S)-(+)- 0.3 0.31 +0.01 2.03 103.60 0.31 £ 0.01 3.65 101.84
Ibuprofen 30 28.96 + 0.42 1.46 96.53 28.93 +0.37 1.28 96.45
64 66.13 + 0.35 0.53 103.33 65.04 +1.20 1.84 101.63
0.1 0.10 £0.01 7.19 97.60 0.10 &= 0.00 4.87 99.07
(R)-(-)- 0.3 0.30 £ 0.01 1.75 99.80 0.30 £ 0.01 3.04 100.49
Ibuprofen 30 31.16 £ 0.15 0.48 103.86 3227 £ 0.63 1.93 107.58
64 69.45 £+ 0.67 0.96 108.51 70.98 £ 0.74 1.04 110.90

2 CV (%) = (standard deviation of the calculated concentrations/mean concentration) x 100. ° Accuracy (%) =
(predicted concentration/nominal concentration) x 100.

3.2.4. Recovery and Matrix Effect

To develop a bioanalytical method with excellent reproducibility, it is important to
maximize recovery rates and minimize matrix effects [38,41,43]. Table 4 summarizes the
results of the evaluation of the matrix effects and recovery rates. After preprocessing with
the LLE method, the mean extraction recoveries of dog plasma at three QC concentrations
(0.3, 30, and 64 nug/mL, n = 6) were 82.23-85.28% for (S)-(+)-ibuprofen and 84.01-87.89%
for (R)-(-)-ibuprofen. The mean extraction recoveries for IS1 (10 pg/mL, n = 6) and 1S2
(10 ng/mL, n = 6) were 87.49% and 84.56%, respectively. The estimated CV (%) values of
the extraction recovery rates were within & 15%, suggesting the high reproducibility of the
sample preparation procedure.

Table 4. Recovery and matrix effect of (S)-(+)-ibuprofen, (R)-(-)-ibuprofen, (S)-(+)-ibuprofen-d3, and
(S)-(+)-ketoprofen (1 = 6).

Nominal Recovery (%) Matrix Effect (%)
Compounds Concentration  Nean + SD Mean + SD

(ug/mL) (%) CV (%) (%) CV (%)

0.3 85.28 +4.73 5.54 93.79 + 3.89 4.15

(S)-(+)-Tbuprofen 30 82.23 +1.44 1.75 86.74 +1.95 2.25

p 64 82.94 + 2.29 2.76 89.54 + 2.06 2.30

Mean 83.48 +2.82 3.35 90.02 £+ 2.63 2.90

0.3 87.89 + 2.59 2.94 100.99 + 1.71 1.69

(R)-(-)-Tbuprofen 30 85.02 £ 2.53 297 94.38 + 3.14 3.33

p 64 84.01 £2.22 2.65 94.63 + 2.54 2.69

Mean 85.64 + 2.45 2.85 96.67 £+ 2.46 2.57

(S)-(+)-Tbuprofen-d3 10 87.49+294 336 87.48 + 1.72 1.96

(S)-(+)-Ketoprofen 10 84.56 + 1.12 132 92.21+0.78 0.84

The mean matrix effects for (S)-(+)-ibuprofen and (R)-(-)-ibuprofen at QC concentra-
tions (0.3, 30, and 64 pg/mL, n = 6) were 86.74-93.79% and 94.38-100.99%, respectively. For
IS1 (10 ug/mL, n = 6) and IS2 (10 ug/mL, n = 6), the mean matrix effects were 87.48% and
92.21%, respectively. The CV (%) values of the matrix effects were within &+ 15%. Therefore,
our newly developed bioanalytical assay had no considerable matrix effects between en-
dogenous substances in dog plasma and analytes and no significant ion enhancement or
suppression effects by (S)-(+)-ibuprofen or (R)-(-)-ibuprofen.

3.2.5. Stability

The results of the stability study are represented in Table 5. Compared to a freshly
prepared stock solution of (5)-(+)-ibuprofen and (R)-(-)-ibuprofen, the mean % peak area of
the stock solution of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen at room temperature for 3 h
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was 99.04%-100.72%; the mean % peak area of the working solution of (S)-(+)-ibuprofen
and (R)-(-)-ibuprofen at room temperature for 7 h was 98.83%-101.73%. The mean stabilities
of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in beagle dog plasma were 97.11-109.75% at room
temperature, 97.29-111.81% at 4 °C, 97.76-109.90% at —70 °C for up to 7 h, and 93.32-99.59%
at —70 °C for 196 days. In addition, the mean freeze-thaw stabilities of (5)-(+)-ibuprofen and
(R)-(-)-ibuprofen after three freeze-thaw cycles were adequate (92.97-113.38%). In addition,
the (S)-(+)-ibuprofen and (R)-(-)-ibuprofen samples after LLE were stable (91.37-109.11%)
in the autosampler at 10 °C for 54 h. Deviations from the nominal concentration were
within £15%. Therefore, (S)-(+)-ibuprofen and (R)-(-)-ibuprofen were regarded as stable in
beagle dog plasma under all examined conditions, without any change in concentration.

Table 5. Stability for (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in methanol and beagle dog plasma
samples (1 = 3).

S(K}[‘;‘a‘l‘:“is;g"l/‘t)y Plasma Stability (Mean <+ SD, %)
Nominal .
Concentration IS{tOCk WI? rking Room Freeze-Thaw Aut 1 Long-Term
(ug/mL) T oom oom Temperature 4°C(7h) —70°C(7h) Stability u °Sam!? er (=70°C,
emperature Temperature Zh) @ Cycles) (54 h,10°C) 196 Days)
3B h) (7 h) Y y
(S)-(+)-Ibuprofen
0.3 99.04 £ 3.40 98.83 £+ 4.07 101.78 £ 0.01 100.56 £ 0.01 99.33 £ 0.01 98.00 £ 0.01 97.22 £+ 0.00 99.59 +4.21
30 - - 97.11 £ 0.43 97.29 £ 0.47 97.76 £ 0.51 92.97 £ 0.24 91.37 £ 0.05 93.32 £0.21
64 100.15 +2.15 99.55 + 2.64 100.69 £ 0.78 98.77 + 0.46 99.250 + 0.65 99.61 +0.82 98.48 £+ 0.30 97.24 +2.53
(R)-(-)-Ibuprofen
0.3 100.72 & 3.34 101.73 £7.57 97.78 £ 0.00 98.33 £ 0.00 100.22 £+ 0.01 95.22 + 0.00 99.33 £ 0.01 96.36 £ 5.34
30 - - 108.67 £ 0.21 109.47 £+ 0.20 109.90 &+ 0.26 104.70 £+ 0.21 108.44 £ 0.18 98.05 £ 0.47
64 99.84 £ 1.76 99.57 £ 1.51 109.75 £+ 1.08 111.81 + 0.44 109.74 + 1.53 113.38 + 1.29 109.11 £+ 0.90 94.87 £ 0.63

3.2.6. Dilution Integrity

For plasma samples with initially measured concentrations of (S)-(+)-ibuprofen and
(R)-(-)-ibuprofen exceeding the ULOQ (80 pug/mL), a five-fold dilution was performed
to quantify (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in the beagle dog plasma samples
within the calibration curve range. Dilution integrity was validated with five replicates
of plasma samples spiked with (S)-(+)-ibuprofen and (R)-(-)-ibuprofen diluted by a factor
of five with blank beagle dog plasma to the initial QC concentrations of 0.3, 30, and
64 pg/mL. Table S1 represents the results of the five-fold dilution validation experiment of
(S)-(+)-ibuprofen and (R)-(-)-ibuprofen in beagle dog plasma. The accuracy and precision
of diluted concentrations satisfied the acceptance criteria, defined as deviations from
nominal concentrations within +15%, suggesting the validity of the dilution integrity of
the bioanalytical method for samples with concentrations above the ULOQ.

3.3. Application to a Pharmacokinetic Study

Dexibuprofen ((S)-(+)-ibuprofen), an active enantiomer of ibuprofen, is available as
an oral tablet in the market [9,10,46]. In this study, the developed and validated LC—
MS/MS method was successfully implemented in a pharmacokinetic study to analyze 144
plasma samples from beagle dogs after oral and intravenous administration of racemic
ibuprofen and (S)-(+)-ibuprofen. The mean + SD plasma concentration—time profiles of
(S)-(+)-ibuprofen and (R)-(-)-ibuprofen in the beagle dogs are shown in Figure 4. Table 6
summarizes the pharmacokinetic parameters of racemic ibuprofen and (5)-(+)-ibuprofen.
Non-compartmental analyses were performed to calculate the following pharmacokinetic
parameters using the noncompartmental methods (WinNonlin version 8.1; Pharsight Cor-
poration, Mountain View, CA, USA): extrapolated AUC;,¢, AUClast, Conaxs Tmax, t1/2, CL/E
V,/E and MRT.
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Figure 4. Mean (+5D) plasma concentration-time profile of (S)-(+) ibuprofen (panels (A,C)) and
(R)-(-) ibuprofen (panels (B,D)) in beagle dogs after the oral administration of 400 mg racemic
ibuprofen tablet (o; Group 1) or 300 mg (S)-(+)-ibuprofen tablet (O; Group 3) (panels (A,B)) and
after the intravenous administration of 400 mg racemic ibuprofen solution (A; Group 2) or 300 mg
(S)-(+)-ibuprofen solution (A; Group 4) (panels (C,D)).

Table 6. Pharmacokinetic parameter estimates of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen after the oral

and intravenous administration of racemic ibuprofen and (S)-(+)-ibuprofen.

Oral
(S)-(+)-Ibuprofen (R)-(-)-Ibuprofen
Parameter (Mean + SD) (Mean + SD)
Group 1 Group 3 Group 1 Group 3
(Mean + SD) (Mean + SD) (Mean + SD) (Mean + SD)

Cmax (ng/mL) 77.76 £ 9.80 84.57 £ 12.30 74.74 + 20.02 -2
AUC| (ug-h/mL) 467.78 + 20.59 588.14 + 37.12 223.48 + 37.04 -
AUC¢ (ug-h/mL) 555.65 + 43.78 847.34 £+ 52.17 224.06 + 37.22 -
Tmax (h) 1.50 + 0.50 2.17 £ 0.58 1.50 + 0.50 -
ty/2 (h) 6.12 + 1.44 4.16 £ 0.54 2.07 £0.18 -
CL/F(L/h) 0.47 +£0.03 0.54 +0.04 1.82 +£0.33 -
V. /E(L) 414 £0.75 3.23 £0.22 549 +£1.51 -
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Table 6. Cont.

Intravenous
(S)-(+)-Ibuprofen (R)-(-)-Ibuprofen
Parameter (Mean + SD) (Mean + SD)
Group 2 Group 4 Group 2 Group 4
(Mean + SD) (Mean + SD) (Mean + SD) (Mean + SD)

Cmax (ng/mL) 153.91 + 18.22 211.52 £27.52 140.96 + 4.71 -a
AUC g (ng-h/mL) 461.71 £9.42 557.58 £ 66.76 181.28 + 13.53 -
AUCiy¢ (ug-h/mL) 677.43 + 98.12 640.78 + 63.27 181.70 + 13.36 -
Tmax (h) 0.11 £ 0.05 0.08 &+ 0.00 0.08 &+ 0.00 -
ty/2 (h) 7.06 £2.20 4.45 4+ 0.80 1.81 £0.52 -
CL(L/h) 0.60 £+ 0.09 0.47 £ 0.05 221 £0.16 -
V(L) 5.92 +1.03 3.04 £ 0.74 5.74 +1.53 -
MRT}, (h) 477 £ 043 3.68 4+ 0.23 1.56 + 0.04 -

2: (R)-(-)-ibuprofen was detected. Group 1: oral administration of 400 mg racemic ibuprofen tablet; Group 3:
oral administration of 300 mg (S)-(+)-ibuprofen tablet; Group 2: intravenous administration of 400 mg racemic
ibuprofen injection; Group 4: intravenous administration of 300 mg (S)-(+)-ibuprofen injection.

Consistent with previous studies evaluating ibuprofen pharmacokinetics after intra-
venous and oral administration of racemic ibuprofen in humans [47-49], the Cax values
of (S)-(+)-ibuprofen after intravenous administration of racemic ibuprofen and (S)-(+)-
ibuprofen were 1.98 and 2.50 times higher, respectively, than those after oral administration.
The Trmax values were 0.11 and 0.08 h after intravenous administration of racemic ibuprofen
and (S)-(+)-ibuprofen, respectively; these values were 1.50 and 2.17 h after oral admin-
istration of racemic-ibuprofen and (S)-(+)-ibuprofen, respectively. The AUC,,; values
of (S)-(+)-ibuprofen were comparable between the two different routes of administra-
tion (oral: racemic ibuprofen 467.78 and (S)-(+)-ibuprofen 588.14 ug-h/mL; intravenous:
racemic ibuprofen 461.71 and (S)-(+)-ibuprofen 557.58 pug- h/mL). The Cmax values of (S)-
(+)-ibuprofen after both oral and intravenous administrations of 300 mg (S)-(+)-ibuprofen
(oral: 84.57 ug/mL; intravenous: 211.52 pg/mL) were higher than those after administering
400 mg racemic ibuprofen (oral: 77.76 ug/mL; intravenous:153.91 pg/mL). Meanwhile,
the Cmax of (S)-(+)-ibuprofen only increased about 1.1 times after oral administration of
(S)-(+)-ibuprofen compared to racemic ibuprofen, and the Cnayx of (S)-(+)-ibuprofen after
intravenous administration of (5)-(+)-ibuprofen increased about 1.5 times higher compared
to racemic ibuprofen. Previous studies have reported comparable Cpax values of (S)-
(+)-ibuprofen and (R)-(-)-ibuprofen in human plasma after oral administration of racemic
ibuprofen [26,39,41,50]. The current study consistently demonstrated similar Crax values of
(S)-(+)-ibuprofen and (R)-(-)-ibuprofen (77.76 + 9.80 and 74.74 £ 20.02 pug/mL, respectively)
in beagle dogs. However, AUCj,q was larger for (S)-(+)-ibuprofen than for (R)-(-)-ibuprofen
after oral administration of racemic ibuprofen in the present study, consistent with pre-
vious studies in humans [26,29,39,40,50,51] and dogs [52]. This may have resulted from
isomeric inversion from inactive (R)-(-)-ibuprofen to active (5)-(+)-ibuprofen throughout
the body [6,12,13,18]. In addition, substantially different pharmacokinetic profiles between
(S)-(+)-ibuprofen and (R)-(-)-ibuprofen, particularly slower clearance for (S)-(+)-ibuprofen
compared to that for (R)-(-)-ibuprofen (0.60 = 0.09 vs. 2.21 £ 0.16 L/h), might contribute
to the larger AUC,g; for (S)-(+)-ibuprofen compared to (R)-(-)-ibuprofen. This inference is
consistent with a previous study that administered intravenous (S)-(+)-ibuprofen to beagles,
suggesting two times higher clearance for (R)-(-)-ibuprofen than that for (S)-(+)-ibuprofen
and two times longer MRT for (5)-(+)-ibuprofen than that for (R)-(-)-ibuprofen [53].

Compared to previous studies, the enantiomeric ratio of AUCs) (+)-ibuprofen/
AUCR)-()-ibuprofen estimated in our current study was smaller (2.09 after oral and 2.55
after intravenous administration vs. 3.27 to 6.00 in previous studies) [29,40,54]. The degree
of R-to-S inversion may vary depending on the dosage form [51,54] and study subject
species; the rate of isomeric inversion may vary in different species with different mecha-
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nisms of isomeric inversion, as well as with different routes of administration [55]. Similar
to the inference of our current study, Frihmat et al. suggested a lower isomeric inversion
ratio after oral administration than after intravenous administration of racemic ibuprofen
at the same dose (35.34% vs. 43.62%) in beagle dogs [52]. Overall, these results suggest
a lower isomeric inversion rate with oral administration than with intravenous admin-
istration [49]. Consistent with previous studies in humans [26,48,50] and dogs [52,53],
(R)-(-)-ibuprofen was not detected in the plasma after oral and intravenous administra-
tion of (S)-(+)-ibuprofen, suggesting that there was no significant isomeric inversion from
(S)-(+)-ibuprofen to (R)-(-)-ibuprofen. Although previous research has suggested bioequiv-
alence between (S)-(+)- and racemic ibuprofen tablets after oral administration of 400 mg
to humans [26], no pharmacokinetic or bioequivalence evaluation has been performed
for (S)-(+)-ibuprofen after intravenous injections of (S)-(+)- and racemic ibuprofen. Our
present study exhibited higher Cpax, AUClq, and AUC,¢ of (S)-(+)-ibuprofen after in-
travenous administration of 300 mg (S)-(+)-ibuprofen than after that of 400 mg racemic
ibuprofen, suggesting a potentially higher pharmacological activity of the newly developed
(5)-(+)-ibuprofen injection than the racemic ibuprofen injection.

3.4. Incurred Sample Reanalysis (ISR)

ISR was executed to determine the reproducibility of the developed analytical method
in the present study. Conforming to regulatory guidelines [44,45], the bioanalytical assay
was regarded as reproducible if at least 67% of the tested samples had a deviation within
£20% between the original measurement and the reanalysis results. Two of the fifteen
ISR samples exceeding the ULOQ were further diluted and reanalyzed as described in
Section 3.2.6. All the reanalyzed samples (n = 15) satisfied the pre-described regulatory ISR
acceptance criteria [56] for both (S)-(+)-ibuprofen and (R)-(-)-ibuprofen (Table S2).

4. Conclusions

In this study, a selective and reproducible analytical method was developed and
validated to determine the concentration of ibuprofen enantiomers in beagle dog plasma.
The developed method was fully validated according to the MFDS and USFDA guide-
lines [44,45], including the specificity, reliability, and reproducibility of the established quan-
titation method over the concentration range. In addition, our newly developed method
was successfully applied to pharmacokinetic research for the simultaneous quantification
of ibuprofen enantiomers after oral and intravenous administration of (S)-(+)-ibuprofen
and racemic ibuprofen in beagle dogs (tablets for oral administration, injection solutions for
intravenous administration). Based on the observed differences in plasma concentrations
of (S)-(+)-ibuprofen following oral or intravenous administration of (S)-(+)-ibuprofen and
racemic ibuprofen, the pharmacokinetic profiles of the two enantiomers were substan-
tially different. The unidirectional inversion of R-(-)-ibuprofen to (S)-(+)-ibuprofen after
the administration of racemic ibuprofen might contribute to the pharmacokinetic differ-
ences between the two enantiomers. Therefore, our findings may assist in understanding
the pharmacokinetic properties of ibuprofen after oral and intravenous administration to
support further clinical development of (S)-(+)-ibuprofen intravenous injection solutions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 / pharmaceutics15030824 /s1, Table S1: Results of 5-fold dilution
integrity experiment of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in beagle dog plasma (1 = 5); Table S2:
Incurred sample reanalysis (ISR) result summary of (S)-(+)-ibuprofen and (R)-(-)-ibuprofen in beagle
dogs.
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