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Abstract
A direct fluorometric high‐performance liquid chromatography (HPLC) method was

developed and validated for the analysis of ibuprofen enantiomers in mouse plasma

(100 μl) and tissues (brain, liver, kidneys) using liquid–liquid extraction and

4‐tertbutylphenoxyacetic acid as an internal standard. Separation of enantiomers

was accomplished in a Chiracel OJ‐H chiral column based on cellulose tris(4‐
methylbenzoate) coated on 5 μm silica‐gel, 250 x 4.6 mm at 22 °C with a mobile

phase composed of n‐hexane, 2‐propanol, and trifluoroacetic acid that were deliv-

ered in gradient elution at a flow rate of 1 ml min−1. A fluorometric detector was

set at: λexcit. = 220 nm and λemis. = 290 nm. Method validation included the

evaluation of the selectivity, linearity, lower limit of quantification (LLOQ),

within‐run and between‐run precision and accuracy. The LLOQ for the two enantio-

mers was 0.125 μg ml−1 in plasma, 0.09 μg g−1 in brain, and 0.25 μg g−1 in for liver
and kidney homogenates. The calibration curves showed good linearity in the ranges

of each enantiomers: from 0.125 to 35 μg ml−1 for plasma, 0.09–1.44 μg g−1 for

brain, and 0.25–20 μg g−1 for liver and kidney homogenates. The method was

successfully applied to a pharmacokinetic study of ibuprofen enantiomers in mice

treated i.v. with 10 mg kg−1 of racemate.
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1 | INTRODUCTION

Ibuprofen, (R,S)‐2‐(4‐isobutylphenyl)propionic acid, is a
nonsteroidal antiinflammatory drug (NSAID) that is widely
used for the treatment of acute and chronic pain, fever,
osteoarthritis, rheumatoid arthritis, and related diseases.1

It contains a chiral carbon atom located on its propionic
side chain and, therefore, it exists in two stereoisomeric
forms: (+)‐S and (−)‐R. Although ibuprofen is
commonly marketed as a racemic drug formulation, the
wileyonlinelibrary.com/journa
pharmacodynamic, pharmacokinetic, and toxicological
properties of its enantiomers are different.2-5 Ibuprofen
exerts antiinflammatory activity mainly by inhibiting cyclo-
oxygenase (COX)‐1 and COX‐2 and there is evidence that
(+)‐S‐ibuprofen is much more potent than its antipode.6

Recent studies have also demonstrated other mechanisms
of action of this drug that are independent of COX, such
as: an inhibition of leukocyte function and production, an
influence on nitric oxide (NO) production, an inhibition
of production of transcription factors, MAP kinase, nuclear
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receptors, heat shock proteins, cytokines and antibodies, a
reduction of apoptosis, and an increase of endogenous can-
nabinoids in the central nervous system7,8 having positive
effects on memory deficits in the Alzheimer's animal
model9 and reducing the risk of various human cancers.10

In the human body, 53–65% of (−)‐R‐ibuprofen is inverted
to the active form (+)‐S‐ibuprofen.2,5,6 This inversion is
enzymatic and proceeds via formation of thioester of
(−)‐R‐ibuprofenyl adenylate with acyl coenzyme A
(CoA).6,8,11,12 It has been reported that this biochemical
reaction is tissue‐ and species‐specific. It is both a
presystemic13 and systemic process, which takes place
mainly in the liver and kidneys. In general, in mammals
inversion of (−)‐R‐ibuprofen to (+)‐S‐ibuprofen is unidi-
rectional, although Chen et al. observed bidirectional chi-
ral inversion of ibuprofen in guinea pigs and, minimally,
in rats and rabbits.14 Due to differences in pharmacokinet-
ics and pharmacodynamics between both ibuprofen enan-
tiomers, it is necessary to measure their plasma
concentrations separately following administration of race-
mic ibuprofen.

There are several assays to determine ibuprofen enan-
tiomers in biological fluids described in the literature.
High‐performance liquid chromatography (HPLC) coupled
with UV detection is the most frequently analytical
technique used.11,13,15-24 In addition, HPLC methods with
fluorescence1,25 or mass spectrometry26-29 detection was
applied. Methods using HPLC with UV detection are
characterized by a relatively low cost, wide availability,
and high precision and accuracy, but they are the least
sensitive. Higher sensitivity may be achieved using fluores-
cence or mass spectrometry detectors. Unfortunately, the
HPLC/ tandem mass spectrometry (MS/MS) systems are
not available in many laboratories, whereas most of vali-
dated HPLC‐fluorescence methods for ibuprofen enantio-
mer quantification are indirect,1,25 i.e., they require a
derivatization process. This means that sample preparation
is extensive and long‐lasting. Furthermore, formation of
diastereomeric derivatives may lead to the obtaining of a
false concentration of enantiomers due either to chiral
impurities in the reagent or to the racemization during the
process of derivatization.30 To avoid these problems, direct
enantiomeric analysis using enantioselective chiral station-
ary phases may be advisable. In the literature, several direct
HPLC methods to quantify ibuprofen enantiomers in
biological fluids can be found but they were coupled with
UV detection.11,13,17-19,23,24

The aim of this study was to develop and validate a
direct enantioselective HPLC method with fluorescence
detection for quantitative determination of ibuprofen enan-
tiomers in mouse plasma and tissues. Furthermore, the
method was applied to a pharmacokinetic study following
intravenous (i.v.) administration of a racemic drug in mice.
2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Ibuprofen sodium salt, 4‐tertbutylphenoxyacetic acid, used as
an internal standard (IS), and trifluoracetic acid (TFA) were
purchased from Sigma‐Aldrich (Germany). n‐Hexane,
2‐propanol, ethyl acetate, methanol, and hydrochloric acid
were of HPLC grade and were obtained from Merck
(Germany). Deionized water used during the experiment
was prepared in‐house using a Hydrolab water purification
system (Poland) with a 0.2 μm microfiltration capsule. Blank
blood samples and tissues (brain, liver, and kidneys) used for
the validation of the analytical method were collected from
healthy CD‐1 mice. Plasma was obtained by centrifugation
(10 min at 3000 rpm) of blood containing heparin (Polfa,
Poland) as anticoagulant and all samples were stored at
−80 °C (Skadi Telstar, Spain) until the time of analysis.
2.2 | Instrumentation and chromatographic
conditions

The analysis of ibuprofen enantiomers was performed with a
Hitachi HPLC system (Japan) consisting of a pump (model
L‐2130), an autosampler (model L‐2200), a column oven
(model L‐2350), a fluorometric detector (model L‐2485),
and a computer, Optiplex 745 (DELL) with EZChrom Elite
Client/Server v. 3.2 software for data collection and analysis.
Separation of both enantiomers and the IS was achieved at
ambient temperature (22 ± 1 °C) using a Chiracel OJ‐H chi-
ral column based on cellulose tris(4‐methylbenzoate) coated
on 5 μm silica‐gel, 250 x 4.6 mm (Daicel Chemical Indus-
tries, Japan) protected with a guard column 10 x 4 mm
(Daicel Chemical Industries) with the same packing material.

The mobile phase consisted of n‐hexane with TFA mixed
in a 1000:0.664 (v/v) ratio (A) and pure 2‐propanol (B) that
were delivered in gradient elution at a flow rate of
1 ml min−1. Gradient elution for plasma samples was as
follows: 98% A for 9.5 min, 98–90% A from 9.5 to 13 min,
90–98% A from 13 to 16 min, and 98% A from 16 to
22 min. In turn, gradient elution for liver, kidneys, and brain
samples was as follows: 99% A for 9.5 min, 98.5–92% A
from 9.5 to 12 min, hold 90% A from 13 to 14 min,
90–99% A from 14 to 19 min, and 99% A from 19 to
23 min. The total time of analysis was 23 min. The injection
volume was 20 μl for plasma and 30 μl for tissue samples.

The spectrofluorimetric detector was operated at an
excitation wavelength of 220 nm and an emission wavelength
of 290 nm. These settings were developed before the
validation process. As the excitation wavelength, the maxi-
mum of absorbance of ibuprofen in mobile phase was
selected, whereas the emission wavelength was developed
experimentally.
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2.3 | Preparation of standard solutions

A stock solution of racemic ibuprofen sodium salt
(500 μg ml−1 of each enantiomer) and IS (1 mg ml−1) were
prepared inmethanol andwere kept at 4 °C. The stock solution
of ibuprofen was subsequently diluted in methanol to prepare
working standard solutions in the ranges of each enantiomer:
0.125–30 μg ml−1 for plasma, 0.25–20 μg g−1 for liver and
kidneys, and 0.09–1.44 μg g−1 for brain. IS solutions
(IS1 = 125 μg ml−1, IS2 = 62 μg/ml, and IS3 = 31 μg ml−1)
were prepared by diluting the stock solution with methanol.
2.4 | Sample preparation

Ibuprofen enantiomers were isolated from plasma and tissue
homogenates by liquid–liquid extraction. Frozen plasma sam-
ples were thawed at room temperature and vortex‐mixed briefly
(Reax top, Heidolph, Germany). Then 100 μl of the plasma sam-
ples was transferred to a glass tube and IS1 working solution
(125 μgml−1, 20 μl) was added. The sampleswere acidifiedwith
100 μl of 1 M HCl, mixed briefly on the vortex mixer, and
extracted with 3 ml of ethyl acetate/n‐hexane (30:70, v/v) mix-
ture for 10min on a shaker (VXRVibrax, IKA,Germany). After
centrifugation (Universal 32, Hettich, Germany) at 3000 rpm for
15 min, the organic layers were transferred into conical glass
tubes and evaporated to dryness at 37 °C in the water bath under
a gentle stream of nitrogen. Frozen mouse tissues (brain, liver,
and kidneys) were thawed at room temperature, weighed, and
then homogenized (4 mg g−1) in distilled water with a tissue
homogenizer TH220 (Omni International, USA). The tissue
homogenates (200 μl for liver and kidneys and 500 μl for brain)
were transferred to the glass tubes. Then 20 μl of IS working
solution (IS1 for kidneys, IS2 for liver, and IS3 for brain) was
added and samples were acidified with 100 μl of 1MHCl. After
vortex mixing for 15 s, 1 ml of NaCl solution (20 g/100 ml) was
added to clear samples from proteins. Next, the samples were
vortex mixed again and extracted with 4 ml of ethyl acetate/
n‐hexane (30:70, v/v) mixture for 10 min on a shaker. After cen-
trifugation at 3000 rpm for 15 min, the organic layers were
transferred into conical glass tubes and evaporated to dryness
at 37 °C under a gentle stream of nitrogen. The residues were
reconstituted in 100 μl of mobile phase components in
99(A):1(B) ratio, vortexed for 1 min, and 20 (plasma) or 30 μl
(tissue homogenates) were injected into the HPLC system.
2.5 | Method validation

The method validation was performed in accordance
to US Food and Drug Administration (FDA) Guidance
for Industry (www.fda.gov/downloads/drugs/.../guidances/
ucm368107.pdf). Throughout the study, the suitability of the
chromatographic system was monitored by calculating the
capacity factor (k'), the resolution (R), the selectivity (α),
and column efficiency (N) for ibuprofen enantiomers and IS
in the eluting systems used for plasma and tissue samples.

The selectivity of the method was evaluated by analyzing
extracts of plasma and tissue homogenates (brain, liver, and
kidneys) from six different CD‐1 mice to investigate the
potential interference in the peak regions of ibuprofen
enantiomers and IS in chromatograms.

The calibration curves were prepared in the drug‐free plasma
or tissue homogenates by spiking them with 20 μl of each of the
standard working solutions to obtain the final concentrations of
ibuprofen enantiomers: 0.125, 0.25, 0.5, 2.5, 5, 10, 20, and
30 μg ml−1 for plasma samples; 0.09, 0.18, 0.36, 0.72, 1.08,
and 1.44 μg g−1 for brain samples; and 0.25, 0.5, 1, 5, 10, and
20 μg g−1 for liver and kidney samples. Three replicates were
prepared for each concentration, then the samples were submit-
ted to the extraction and analytical procedures described above.
The peak area ratios of ibuprofen enantiomers to IS were plotted
against spiked ibuprofen concentrations for the evaluation of lin-
earity and the coefficients of linear correlation. The regression
lines were used to calculate concentrations of ibuprofen enantio-
mers in the unknown plasma, brain, liver, and kidney samples.

The sensitivity of the method was characterized by the
lower limit of quantification (LLOQ) values, which were
established using five drug‐free samples of plasma or appro-
priate tissue homogenates spiked with a known amount of
ibuprofen racemate that after the extraction procedure were
analyzed with a coefficient of variation (CV) of ≤20% and
a relative error (RE) of ≤20%.

Precision and accuracy were determined within a run and
between runs for plasma samples and within a run for tissues
samples. Ibuprofen enantiomer quality control (QC) samples
were prepared at three concentrations: 0.5 μg ml−1 for plasma
samples, 0.36 μg g−1 for brain samples, and 0.5 μg g−1 for liver
and kidney samples as low quality control (LQC); 5 μg g−1 for
plasma samples, 0.72 μg g−1 for brain samples, and 5 μg ml−1

for liver and kidney as medium quality control (MQC); and
20 μg ml−1 for plasma samples, 1.44 μg g−1 for brain samples,
and 10 μg g−1 for liver and kidney samples as high quality con-
trol (HQC). In the interassay study each quality control sample
was analyzed in five replicates. In the intraassay study quality
control samples in duplicate were analyzed for 5 consecutive
days. The precision was expressed as the coefficient of varia-
tion and the accuracy as the relative error.

The extraction recovery of analytes was determined by
comparing the peak area of analytes in the extracted QC
samples with mean peak area of analytes obtained by a direct
injection of standard solutions of analytes and IS at
corresponding concentrations.

Prestudy stability studies of ibuprofen enantiomers were
carried out in many laboratories in the past.20,29-31 In all these
experiments both (−)‐R‐ and (+)‐S‐ibuprofen was stable
in short and long stability studies and also during freeze/
thaw stability evaluations. Therefore, in these studies

http://www.fda.gov/downloads/drugs/guidances/ucm368107.pdf
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postpreparative stability was only determined. To this end,
the QC samples after first injection into the chromatographic
system were maintained in the autosampler at 10 °C for 12 h
and after that time they were injected again.
FIGURE 1 Proposed pharmacokinetic model for ibuprofen
enantiomers in mice plasma after i.v. administration of the racemic drug
at a dose of 10 mg kg−1. VCR and VCS are volumes of the central
compartments for (−)‐R‐ and (+)‐S‐ibuprofen, respectively; k10R and k10S
are the first‐order elimination rate constants of both enantiomers; k12, k21
and k34, k43 are the first‐order distribution rate constants of (−)‐R‐ and (+)‐
S‐enantiomer, respectively, and kRS is the first‐order rate constant
representing the unidirectional conversion of (−)‐R‐ to (+)‐S‐ibuprofen
2.6 | Pharmacokinetic study in mice

The validated method was applied to a pharmacokinetic
study in mice treated with a single dose of 10 mg kg−1 race-
mic ibuprofen i.v. The experimental study was approved by
the First Local Ethical Committee on Animal Testing of the
Jagiellonian University (Krakow, Poland).

Male CD‐1 mice weighing 25–30 g were used in this study.
Animals were housed under controlled environmental condi-
tions (temperature 22 ± 1 °C) with a 12‐h dark/light cycle. They
had free access to water but 12 h before ibuprofen dosing they
were fasted. Racemic ibuprofen was diluted in 0.9% saline and
used within 1 day. Mice received the drug in a single i.v. dose
of 10 mg kg−1 mouse weight (4 ml kg−1). Animals were exsan-
guinated at 5, 15, 30, 45, 90, 120, 240, and 360 min postdose
(n = 3–4 per timepoint). Blood was collected into heparinized
tubes and plasma was separated by centrifugation at 3000 rpm
for 10 min and stored at −80 °C until analysis. Additionally, at
every timepoint brain, liver, and kidneys were harvested.

Pharmacokinetic analyses were performed using Phoenix
WinNonlin program v. 6.3 (Pharsight, Certara, Mountain
View, CA). Concentration versus time profiles of both ibupro-
fen enantiomers in plasma were analyzed simultaneously
using a one‐ or two‐compartment model with unidirectional
conversion of (−)‐R to (+)‐S‐ibuprofen (Figure 1). The unidi-
rectional conversion has been confirmed in a study with the
use of perfused mouse liver performed in our laboratory (data
not shown). To reduce the number of model parameters, in the
first step the total elimination rate constant (k10Rt) for (−)‐R‐
enantiomer was estimated using a two‐compartment pharma-
cokinetic model. Then the obtained value of 0.094 min−1 was
used in pharmacokinetic modeling to calculate the first‐order
elimination rate constant k10R according to the equation:
k10R = 0.094–kRS (where kRS is the first‐order rate constant
representing the unidirectional conversion of (−)‐R‐ to (+)‐
S‐ibuprofen). The final model was selected on the basis of
visual inspection of the fitting, examination of residuals,
parameter precision, and Akaike and Bayesian information
criteria. Concentration versus time profiles of ibuprofen enan-
tiomers in plasma were also analyzed by means of a
noncompartmental approach using the same pharmacokinetic
program. This method was also used in relation to the concen-
tration–time relationships obtained in the studied tissues
(brain, liver, and kidneys). The peak concentration (Cmax)
and the time to reach the peak concentration (tmax) in tissues
were obtained directly from the concentration versus time
data. The terminal elimination rate constant (λz) was assessed
by linear regression and terminal half‐life (t0.5λz) was
calculated as ln2/λz. Area under the concentration–time curve
(AUC) from time zero to the last sampling time at which con-
centrations were at or above the LLOQ (AUC0–t), was calcu-
lated by the linear trapezoidal rule. Clearance was calculated
as D/AUC and mean residence time (MRT) as AUMC/
AUC, where AMUC is the area under the first moment curve.
3 | RESULTS AND DISCUSSION

In this study we developed and validated a sensitive
enantioselective HPLC method with fluorimetric detection.
Until now, the method where the Chiracel OJ‐H chiral
column was used to separate both enantiomers of ibuprofen
directly, and 4‐tertbutylphenoxyacetic acid was employed as
an internal standard, has not been described in the literature.
Moreover, the pharmacokinetics and tissue distribution of
ibuprofen enantiomers in mice was not extensively studied
in the past, whereas this species is frequently used to study
the pharmacodynamics of ibuprofen.9,10
3.1 | Chromatographic conditions

To avoid the long‐lasting derivatization process, we chose to
separate ibuprofen enantiomers using a chiral stationary phase
column Chiracel OJ‐H containing cellulose
tris(4‐methylbenzoate) coated on 5 μm silica‐gel. This
column is recommended to separate ibuprofen enantiomers
on a producer's website (https://search.daicelchiral.com/name)

https://search.daicelchiral.com/name
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with the HPLC method coupled with UV detection and using
isocratic normal phase eluting (n‐hexane:2‐propanol:TFA,
98:2:0.1). Cellulose‐based chiral stationary phases (Chiralcel
OJ) have been used for the chiral separation of ibuprofen
enantiomers in one study, but they were analyzed after deriv-
atization into their amide.32 In turn, Ducret et al.33 used this
column for the resolution of ibuprofen esters. The Chiralcel
OJ stationary phase was also utilized for the thermodynamic
study of enantioseparation of arylpropionic acids.34 Tang
evaluated the influence of the mobile phase composition on
the enantioseparation of ibuprofen, ketoprofen, albuterol,
acebutolol, propafenone, betaxolol, methylphenidate, and
homatropine using a cellulose‐based chiral stationary phase.35

In turn, Valdermara et al. validated a direct enantioselective
method of ibuprofen using the Chiracel OJ column and UV
detection, although that study was not performed using bio-
logical fluids.23

In the present study, we used for the first time the
Chiracel OJ‐H column and a fluorometric detector to quan-
tify ibuprofen enantiomers in mouse plasma and tissues.
Because of the liquid–liquid extraction procedure applied
to isolate both analytes, we needed to add an internal stan-
dard to the analyzed samples. The internal standards, which
were used by other authors and HPLC/UV methods were
useless in the HPLC/fluorimetric assay. Among the different
compounds that were tested in the present study, for exam-
ple: salicylic acid, acetylsalicylic acid,
naproxen, ketoprofen, flurbiprofen, diclofenac, nimesulid, 4‐
aminosalicylic acid, p‐coumaric acid,
p‐chlorophenoxyacetic acid, and p‐tolylacetic acid, only
one of them that is 4‐tertbutylphenoxyacetic acid was
extracted from plasma and tissue homogenates in acidic
conditions repetitively with a recovery of 68.89 ± 6.75%
(CV = 9.80%) for plasma and of 71.39 ± 0.46%
(CV = 0.65%), 76.53 ± 6.54% (CV = 8.54%), and
78.72 ± 4.17% (CV = 5.31) for brain, liver, and kidney
homogenates, respectively. In addition, it gave a satisfactory
detector response at an excitation wavelength of 220 nm and
an emission wavelength of 290 nm. Because the IS had a
long retention time under isocratic chromatographic condi-
tions, the gradient elution was applied leading to the total
runtime of 23 min per sample.
TABLE 1 System performance parameters of ibuprofen enantiomers and
second for tissue samples (n = 5)

*Values are means (RSD%). RSD% = (Standard Deviation/Mean) × 100.
3.2 | Suitability of the method

Chromatographic parameters, such as resolution, selectivity,
capacity factor, and column efficiency for ibuprofen
enantiomers and IS in two eluting systems are listed in
Table 1. The calculated resolution values between each
peak‐pair were no less than 1.5 and selectivity was not less
than 1.1. k’ values were higher than 1 and lower than 10,
which indicates enough space between unretained
compounds and desired peaks and not too slow elution.
3.3 | Selectivity

Figure 2 shows the typical chromatograms of the blank
mouse plasma (A), brain (D), liver (G), and kidney (J)
homogenates. From this figure, no interfering peaks from
endogenous substances were observed at the retention times
of both enantiomers and the IS.
3.4 | Linearity

The linearity of the calibration curves for ibuprofen enan-
tiomers in mouse plasma was estimated using each enantio-
mer concentration in the range from 0.125 to 35 μg ml−1.
As presented in Table 2, the calibration curves were linear
in the tested concentration range as indicated by high coef-
ficients of determination (R2 = 0.999) for both
enantiomers.

The linearity of the calibration curves for ibuprofen
enantiomers in mouse tissues was estimated using each
enantiomer concentration in the ranges: 0.09–1.44 μg g−1

for brain, and 0.25–20 μg g−1 for liver and kidney homog-
enates. Similarly, all of the calibration curves were linear
and the coefficients of determination ranged from
0.99755–0.9989 (Table 3).
3.5 | Sensitivity

The LLOQ in plasma was 0.125 μg ml−1 (2.0 ng on‐column)
for the two enantiomers with the coefficient of variation (CV)
less than 20% (CV = 18.70% for (−)‐R and CV = 18.96% for
(+)‐S‐ibuprofen). In the case of tissue homogenates we
IS for two gradient eluting compositions: one used for plasma and the



FIGURE 2 HPLC chromatograms of blank mouse plasma (a) brain (D), liver (G), and kidney (J) homogenates; plasma containing ibuprofen
enantiomers at concentrations of 10 μg ml−1 (B), brain (E), liver (H), and kidney (K) homogenates containing ibuprofen enantiomers at
concentrations of 0.36 μg g−1, 5 μg g−1, and 5 μg g−1, respectively; plasma (C), brain (F), liver (I), and kidneys (L) samples collected 15 min after i.v.
administration of racemic ibuprofen at a dose of 10 mg kg−1 to CD‐1 mice. Peaks: 1‐ (−)‐R‐ibuprofen, 2‐ (+)‐S‐ibuprofen, 3‐ IS
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achieved an LLOQ of 0.09 μg g−1 for brain, and 0.25 μg g−1

for liver and kidneys, which gave about 2.5 ng for brain and
about 3 ng for liver and kidneys of each enantiomer on‐
column.
3.6 | Accuracy and precision

The accuracy and precision of the method was deter-
mined in both within‐day and between‐day assays for
plasma and within‐day for brain, liver, and kidney
homogenates. Tables 2 and 3 demonstrate the results
obtained with three concentrations of both enantiomers.
As can be seen, neither CVs nor relative errors exceeded
a value of 15%, which indicates that the validated
method has a good precision and accuracy in the tested
concentration ranges.
3.7 | Recovery

The liquid–liquid extraction from the acidified environment
was selected for isolation of both enantiomers from the
plasma and tissue samples. Several procedures of extraction
were examined. In the case of extraction of ibuprofen enan-
tiomers from plasma samples, 1 M HCl was selected from
a group of others acidifiers: 1 M H2SO4, 0.1 M HCl, and
0.1 M CH3COONa (pH = 4). A few extraction mixtures



TABLE 2 Validation parameters of the method for the enantioselective analysis of ibuprofen in mouse plasma

(−)‐R‐ibuprofen (+)‐S‐ibuprofen

Recovery ± SD% (CV%)

0.5 μg ml−1 81.17 ± 7.37 (9.08) 74.15 ± 8.66 (11.64)

5.0 μg ml−1 68.71 ± 8.32 (12.10) 67.85 ± 9.55 (14.07)

20.0 μg ml−1 65.10 ± 2.26 (3.46) 65.00 ± 2.50 (3.84)

Linearity (0.125–35 μg ml−1) y = 0.1476x + 0.0057 y = 0.1476x – 0.0104

R2 0.99912 0.99901

LLOQ (μg ml−1) 0.125 0.125

Precision (CV%, n = 5) 18.70 18.96

Accuracy (RE%) 10.22 12.61

Intraday precision (CV%, n = 5)

LQC (0.5 μg ml−1) 3.21 4.24

MQC (5.0 μg ml−1) 13.45 4.13

HQC (20.0 μg ml−1) 5.32 5.11

Interday precision (CV%, n = 5)

LQC (0.5 μg ml−1) 9.30 6.53

MQC (5.0 μg ml−1) 4.04 3.76

HQC (20.0 μg ml−1) 3.72 5.94

Intraday accuracy (RE%, n = 5)

LQC (0.5 μg ml−1) 6.44 13.31

MQC (5.0 μg ml−1) 3.89 6.58

HQC (20.0 μg ml−1) 6.13 2.96

Interday accuracy (RE%, n = 5)

LQC (0.5 μg ml−1) 10.25 12.43

MQC (5.0 μg ml−1) 6.10 5.67

HQC (20.0 μg ml−1) 1.28 0.34
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were tested and different recoveries were achieved, whereby
the highest one was observed for extraction with dichloro-
methane, which was about 85% for both enantiomers and
n‐heptane/2‐propanol (95:5, v/v) or n‐hexane/2‐propanol
(95:5, v/v) mixtures, ranging about 80% for both enantio-
mers. Despite relatively high recoveries, these extraction
mixtures were not selected because of interfering peaks
observed at the retention times of the analytes or IS in chro-
matograms or a lengthy evaporation process when using the
n‐heptane/2‐propanol mixture. The lowest recovery was
observed during extraction with methyl‐tert‐butyl‐ether,
which in addition gave dirty samples. The best selectivity
was achieved when using ethyl acetate/n‐hexane (30:70,
v/v) as an extraction mixture with a good recovery of about
70%, and finally this mixture was selected for the extraction
process. To isolate both analytes from tissue homogenates,
several methods of sample purification were tested: proteins
precipitation with cooled methanol or acetonitrile and 10%
trifluoroacetic acid solution, but the best method for sample
purification was to vortex the samples with 1 ml of NaCl
solution in water (20 g/100 ml). The best selectivity was
achieved in the case of the double extraction process, where
in the first step homogenate was extracted from acidic sam-
ples by the ethyl acetate/n‐hexane (30:70, v/v) mixture and
then the organic phase was transferred to a new tube and
0.1 ml of 2 M NaOH was added. Then, after vortex mixing
and centrifugation, the water phase was acidified and
extracted with the same extraction mixture. Despite the good
selectivity, a small recovery was achieved (about 45%).
Because of the small volume of distribution of ibuprofen,
low concentrations of this drug are expected in tissues.
Therefore, the procedure with a single extraction with the
ethyl acetate/n‐hexane (30:70, v/v) mixture after NaCl pro-
tein precipitation was selected for tissue homogenates. The
selectivity was improved by starting the eluting process with
solvent A and B at a ratio: 99:1%. Tables 2 and 3 show the
obtained recoveries from plasma, brain, liver, and kidney
homogenates, respectively. The coefficients of variation were



TABLE 3 Validation parameters of the method for the enantioselective analysis of ibuprofen in mouse brain, liver,
and kidneys

(−)‐R‐ibuprofen (+)‐S‐ibuprofen

BRAIN

Recovery ± SD % (CV%)

0.36 μg g−1 71.88 ± 5.63 (7.84) 74.93 ± 5.74 (7.66)

0.72 μg g−1 72.06 ± 2.25 (3.12) 73.39 ± 3.04 (4.14)

1.44 μg g−1 74.28 ± 3.37 (4.53) 74.44 ± 2.20 (2.95)

Linearity (0.09–1.44 μg g−1) y = 1.5872x + 0.0012 y = 1.5835x – 0.0395

R2 0.99773 0.99755

LLOQ (μg g−1) 0.09 0.09

Precision (CV%, n = 5) 15.18 6.56

Accuracy (RE%) 11.42 11.79

Inter‐day precision (CV%, n = 5)

LOQ (0.36 μg g−1) 10.65 6.11

MOQ (0.72 μg g−1) 1.63 5.71

HQC (1.44 μg g−1) 4.85 4.75

Inter‐day accuracy (RE%, n = 5)

LOQ (0.36 μg g−1) 9.76 4.69

MOQ (0.72 μg g−1) 2.57 0.27

HQC (1.44 μg g−1) 0.95 2.51

LIVER

Recovery ± SD % (CV%)

0.5 μg g−1 79.87 ± 2.85 (3.56) 78.32 ± 6.31 (8.05)

5.0 μg g−1 76.99 ± 5.82 (7.56) 75.31 ± 6.60 (8.76)

10.0 μg g−1 75.19 ± 3.96 (5.26) 72.38 ± 2.13 (2.95)

Linearity (0.25–20 μg g−1) y = 0.2015x + 0.0098 y = 0.1965x – 0.0134

R2 0.9989 0.99856

LLOQ (μg g−1) 0.25 0.25

Precision (CV%, n = 5) 9.34 5.38

Accuracy (RE%) 11.85 4.61

Inter‐day precision (CV%, n = 5)

LOQ (0.5 μg g−1) 0.90 2.36

MOQ (5.0 μg g−1) 0.63 1.87

HQC (10 μg g−1) 1.74 1.99

Inter‐day accuracy (RE%, n = 5)

LOQ (0.5 μg g−1) 4.02 11.98

MOQ (5.0 μg g−1) 7.20 2.00

HQC (10 μg g−1) 0.99 1.15

(Continues)
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TABLE 3 (Continued)

(−)‐R‐ibuprofen (+)‐S‐ibuprofen

KIDNEY

Recovery ± SD % (CV%)

0.5 μg g−1 79.88 ± 1.39 (1.73) 78.38 ± 0.69 (0.88)

5.0 μg g−1 74.43 ± 5.03 (6.75) 75.39 ± 4.96 (6.58)

10.0 μg g−1 75.43 ± 2.05 (2.72) 74.32 ± 5.03 (7.25)

Linearity (0.25–20 μg g−1) y = 0.0932x + 0.0298 y = 0.0923x + 0.0164

R2 0.9985 0.99875

LLOQ (μg g−1) 0.25 0.25

Precision (CV%, n = 5) 12.11 14.14

Accuracy (RE%) 3.99 2.00

Inter‐day precision (CV%, n = 5)

LOQ (0.5 μg g−1) 1.43 4.31

MOQ (5.0 μg g−1) 6.12 7.83

HQC (10 μg g−1) 8.96 9.23

Inter‐day accuracy (RE%, n = 5)

LOQ (0.5 μg g−1) 6.09 12.39

MOQ (5.0 μg g−1) 3.92 5.81

HQC (10 μg g−1) 3.52 4.10
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lower than 15%, thus confirming the repeatability of the
extraction procedures.
3.8 | Postprocessing stability

The results of postprocessing stability studies revealed that
there was no change in the area of the peaks of both ibuprofen
enantiomers and IS after keeping samples in the autosampler
at 10 °C for 12 h, provided that samples were tightly closed to
prevent evaporation of the solvent.
FIGURE 3 The mean observed (symbols ± SD) and
pharmacokinetic model predicted (lines) plasma concentration–time
profiles of ibuprofen enantiomers after intravenous administration of
racemic drug at a dose of 10 mg kg−1 to mice
3.9 | Pharmacokinetics of ibuprofen
enantiomers in mice

The developed method was applied for the determination of
ibuprofen enantiomers in the pharmacokinetic study per-
formed in CD‐1 mice, which were given 10 mg kg−1 of
racemic ibuprofen i.v. Based on the standard goodness‐of‐
fit criteria, a two‐compartment model presented in
Figure 1 best describes the pharmacokinetics of the studied
enantiomers.

Figure 3 presents the mean observed and pharmacoki-
netic model‐predicted plasma concentration–time profiles
of ibuprofen enantiomers and Table 4 shows the esti-
mated pharmacokinetic parameters and their respective
CVs. From this figure, the model very well captured
the observed concentrations of both enantiomers that
may be further confirmed by the relatively low CV
values presented in Table 4.

The volumes of distribution of both enantiomers were
comparable (188.01 and 190.94 ml kg−1 for (−)‐R‐ and
(+)‐S‐ibuprofen, respectively). Similarly, no differences
between volumes of distributions of ibuprofen enantiomers
were observed in rats16 and dogs36 after i.v. administration
of one enantiomer or the racemic drug. In turn, Cheng et al.
noticed some differences in healthy humans after i.v. admin-
istration of each enantiomer (Vss was 7.4 and 8.8 L for (−)‐
R‐ and (+)‐S‐ibuprofen, respectively).5 The inversion of



FIGURE 4 Mean brain, liver, and kidney concentration–time
profiles of ibuprofen enantiomers following a single i.v. administration
of 10 mg kg−1 racemic drug to mice. Symbols represent the means ± SD
of 3–4 mice

TABLE 4 Pharmacokinetic parameters of ibuprofen enantiomers
estimated following i.v. administration of a single dose of 10 mg kg−1 of
racemic ibuprofen to mice

Parameters Final estimate CV [%]

VCR [ml kg−1] 188.01 4.86

VCS [ml kg−1] 190.94 5.92

k10R [1 min−1] 0.038 (0.094–0.056) ‐‐‐

k10S [1 min−1] 0.018 20.37

kRS [1 min−1] 0.056 58.82

K12 [1 min−1] 0.027 39.64

K21 [1 min−1] 0.037 52.43

K34 [1 min−1] 0.018 47.43

K43 [1 min−1] 0.016 34.14

VCR volume of thecentral compartment for (−)‐R‐ibuprofen, VCS volume of the
central compartment for (+)‐S‐ibuprofen; k10R and k10S first order elimination rate
constants; kRS first‐order inversion rate constant; k12, k21, k34, and k43 distribution
rate constants.
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(−)‐R‐ to (+)‐S‐enantiomer (kRS = 0.056 min−1) was 3½
times faster than the elimination of (+)‐S‐
(k10S = 0.018 min−1) and (−)‐R‐enantiomer
(k10R = 0.038 min−1) from the central compartment. The rate
of this biochemical process in rats was almost the same
(kRS = 0.06 min−1) but the elimination rate constants were
higher (k10R = 0.05 min−1 and k10S = 0.1 min−1) than those
observed in the present study in mice.16 A relatively large
difference was observed in the elimination half‐lives of
both enantiomers in mice that were 7.37 (t0.5R = 0.693/
(k10R + kRS)) and 38.5 min (t0.5S = 0.693/k10S) for (−)‐
R‐ and (+)‐S‐ibuprofen, respectively. Slightly higher
differences were observed by Wang et al. in rats, who
found that t0.5 values of both enantiomers differed about
6 times after i.v. administration, but only 3 times after
oral drug intake.11 Smaller differences were observed
in dogs, where after i.v. administration of individual enan-
tiomer or racemic ibuprofen the ratio of t0.5 (+)‐S‐ibuprofen/
t0.5 (−)‐R‐ibuprofen was only 2.36 In human, there were small
differences in t0,5 values of each enantiomer after oral
intake2,13,37 or no differences after i.v.5 or oral administra-
tion of ibuprofen.38 The distribution rates constants were
also different for both enantiomers. As a result, Vdss

calculated as: (1 + k12/k21)Vc were 325.21 and
405.75 ml kg−1 for (−)‐R‐ and (+)‐S‐ibuprofen,
respectively.

Figure 4 shows the concentration versus time profiles
of both enantiomers in studied tissues, and pharmacoki-
netic parameters estimated based on the noncompartmental
analysis are listed in Table 5. The collected data indicate
that the highest concentrations of both enantiomers were
observed in plasma and the lowest in brain tissue
(Figure 4, Table 5). Moreover, AUC0‐t of (+)‐S‐ibuprofen
in plasma and tissues was considerably higher than that
of its optical antipode. (+)‐S‐ to (−)‐R‐ibuprofen AUC
ratios were 8.98, 9.10, 27.56, and 19.14 in plasma, brain,
liver, and kidneys, respectively. The values of t0.5λz
assessed in plasma, brain, liver, and kidneys were 4‐,
4‐, 6‐, 2.5‐times higher, respectively, for (+)‐S‐enantiomer
in comparison to (−)‐R‐enantiomer. Tissue‐to‐plasma
AUC ratios of (−)‐R‐ibuprofen were 0.03, 0.18, and
0.32 for brain, liver, and kidneys respectively, whereas
for (+)‐S‐enantiomer these values were 0.03, 0.54, and
0.69. The main reasons for all these differences are the
unidirectional inversion of (−)‐R‐ to (+)‐S‐enantiomer in
the body and a slower elimination of (+)‐S‐antipode from
plasma and all studied tissues. Taken together, these



TABLE 5 Plasma, brain, liver, and kidney pharmacokinetic parame-
ters of ibuprofen enantiomers in mice after a single i.v. dose of 10 mg
kg−1 of racemic drug using noncompartmental analysis

Pharmacokinetic parameters (−)‐R‐ibuprofen (+)‐S‐ibuprofen

PLASMA

tmax [min] 5.0 5.0

C0 [μg ml−1] 14.32 25.23

AUC0‐t [μg min ml−1] 239.88 2155.91

CL [ml min−1 kg−1] 20.16 2.20

t0.5λz [min] 22.65 89.39

MRT [min] 24.39 113.83

BRAIN

tmax [min] 5 15

Cmax [μg g−1] 0.51 1.15

AUC0‐t [μg min g−1] 7.03 64.04

t0.5λz [min] 10.09 42.95

MRT [min] 15.94 60.48

LIVER

tmax [min] 5 5

Cmax [μg g−1] 2.11 12.34

AUC0‐t [μg min g−1] 42.38 1169.19

t0.5λz [min] 14.08 90.35

MRT [min] 21.70 113.82

KIDNEYS

tmax [min] 5 5

Cmax [μg g−1] 3.95 12.01

AUC0‐t [μg min g−1] 77.29 1479.43

t0.5λz [min] 24.06 64.31

MRT [min] 27.96 115.68
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results indicate that after i.v. administration of racemic
ibuprofen to mice a stereoselective disposition of this
drug occurs, which is in agreement with the data
from pharmacokinetic studies in other species and
humans.5,11,16,19,36,39
4 | CONCLUSION

In the present study, a direct enantioselective HPLC method
coupled with fluorescence detection for quantitative determi-
nation of ibuprofen enantiomers in mouse plasma and tissues
was developed and validated. The proposed method is simple,
sensitive, and selective, meaning that ibuprofen enantiomers
could be measured in biological samples with acceptable
accuracy and precision. Finally, this method was successfully
applied to the pharmacokinetic study of ibuprofen enantio-
mers after i.v. administration of the racemic drug to
CD‐1 mice, where a small volume of plasma (100 μl) and
tissue homogenates (0.2–0.5 ml) was used for the analysis.
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