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ABSTRACT

Until now, there are no publications about the preformulation studies on (S)-zaltoprofen
((S)-ZPF). Hence, we first investigated the solubility of (S)-ZPF, screened solubilizers and
performed the pharmacokinetic study of (S)-ZPF in the presence of the solubilizers. The
measurement of the solubility of (S)-ZPF in 26 different solvents was carried out, in-
cluding p-alpha tocopheryl polyethylene glycol 1000 succinate (TPGS), 2-hydroxypropyl-g-
cyclodextrin (HPCD), and mixtures of individual solvent. The plasma concentration of (S)-
ZPF and the amount of (S)-ZPF retained in stomach were determined after oral (35.0 mg/kg)
and intravenous (5.0 mg/kg) administration. The solubility of (S)-ZPF showed an increase
of 484-fold in TPGS compared to its aqueous solubility. There was a significant increase
of AUCy.o4p, for pure (S)-ZPF in the TPGS group (813.59+64.17 pg-h/ml) in comparison
with AUCo.241, in the HPCD group (595.57 +71.76 pg-h/ml) and water group (465.57 +90.89
pg-h/ml). In addition, the Tmqx of (S)-ZPF in the TPGS group was 2h, much faster than that
in the HPCD or water groups (5.50 or 5.67 h, respectively). This suggested that TPGS played
a significant role in the increase of solubility and bioavailability of (S)-ZPF.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Recently, stereoselectivity for the development of chiral drugs
has been focused because it might have a significantly

different pharmacological effect [1], toxicological [2] based
on pharmacodynamic and pharmacokinetic behaviour [3,4].
Consequently, the pure enantiomer might be preferred
for safety and efficacy. For example, the (S) configuration
such as (S)-ketoprofen [5] or (S)-ibuprofen [6,7] exclusively
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expresses the ability to the prostaglandin-inhibitory activities.
Recently, dexibuprofen ((S)-isomer of ibuprofen) was devel-
oped for arthritis, inflammation, pain, and fever [8].

There were publications that (S)-zaltoprofen ((S)-ZPF) dis-
plays greater anti-inflammatory and analgesic activities than
racemic (RS)-ZPF in rodents and has substantially higher
bioavailability than (R)-ZPF [9,10]. Interestingly, they insisted
that absorption of (R)-ZPF is higher than that of (S)-ZPF in a
racemic mixture. Subsequently, it resulted in slightly higher
initial plasma concentration of (R)-ZPF than that of (S)-ZPF.
However, higher plasma concentration of (S)-ZPF at 4h after
oral administration indicated that metabolism of (R)-ZPF was
faster than that of (S)-ZPF from (RS)-ZPF. In addition, the phar-
macokinetics profiles of (R)-ZPF and (S)-ZPF were considerably
different in experimental rats by stereoselective metabolism
of the enantiomers [9]. Also, there was a report that only (S)-
ZPF might exhibit anti-inflammatory activity in racemic (RS)-
ZPF [10].

However, no studies have examined the solubility, partition
coefficient, assay validation, and pharmacokinetic parameters
of (S)-ZPF in experimental animals so far. Hence, we focused
on these investigations as the preformulation work of (S)-ZPF
in this study.

2. Materials and methods
2.1. Materials

(S)-ZPF, (R)-ZPF and (RS)-ZPF were synthesized from the lab-
oratory of Prof. S.H. Jung (Chungnam National University,
Daejeon, Korea). D-alpha tocopheryl polyethylene glycol 1000
succinate (TPGS) and 2-hydroxypropyl-8-cyclodextrin (HPCD)
were purchased from Sigma-Aldrich (Steinheim, Switzerland).
Poloxamer 188 and poloxamer 407 were purchased from BASF
SE (Ludwigshafen, Germany). Cremophor EL, polyethylene gly-
col (PEG) 400, PEG 600, Tween 80, and propylene glycol (PG)
were purchased from Samchun Chemical Co., Ltd. (Pyungtaek,
Korea). HPLC-grade acetonitrile, methanol, n-hexane, and 2-
propanol were from JT Baker (Phillipsburg, NJ, USA). Distilled
water (DW) was used in this study. All solvents were analytical
grade and used without further purification.

2.2. Measurement solubility and partition coefficient

Excess (S)-ZPF was added to 15-ml centrifuge tubes contain-
ing 1ml of phosphate buffers with different pH values or sol-
vents at concentration of 10% (w/v) including water; nonionic
surfactants: poloxamer 188, poloxamer 407, TPGS, Tween 80
and cremophor EL; some solubilizers: PEG 400, PEG 600 and
HPCD; double mixtures containing TPGS and other individual
solubilizers; and two triple mixtures of TPGS, PEG 400, and PG.
The samples, then, were kept on an end-to-end labquake rota-
tor (Barnstead Thermolyne, Sparks, NV, USA) at rotation level
8 continuously for 72h at ambient temperature. The sam-
ples after rotating were filtered with 0.45-pm membrane fil-
ters (Whatman, Dismic-25, Japan), and the solubility of (S)-ZPF
was identified using reversed-phase HPLC. All solubility de-
terminations were performed in triplicate. The octanol/water
partition coefficient (log P) of (S)-ZPF was also determined by

the shake-flask method [11]. One mg of (S)-ZPF was dissolved
in the same volume of n-octanol and water in a 15-ml cen-
trifuge tube covered with Parafilm to prevent solvent loss. The
flasks were then shaken horizontally at ambient temperature
on an end-to-end labquake rotator (Barnstead Thermolyne,
Sparks, NV) at rotation level 8 continuously for 72h and then
allowed to settle for 30 min. Subsequently, the mixtures were
then centrifuged at 9425 x g for 10 min. Each phase was ana-
lyzed by reversed-phase HPLC. Each determination was per-
formed three times, and the mean values were used to calcu-
late the log P values.

2.3.  Surface tension measurement

A Sigma 703D force tensiometer (Biolin Scientific, Stockholm,
Sweden) was used to measure the surface tension of TPGS so-
lution, and the double mixtures, which was TPGS/Tween 80
mixture, TPGS/Cremophor EL mixture, TPGS/poloxamer 188
mixture, TPGS/HPCD mixture, and TPGS/PEG 600 mixture. The
surface tension of 30ml of each solution was measured at
25+ 1°C with a ring (width = 19.6 mm, thickness =0.1 mm).

2.4.  HPLC analysis

2.4.1. Reversed-phase HPLC

HPLC analysis was carried out on an Agilent HP 1100 HPLC.
Elution was performed using an isocratic mobile phase of ace-
tonitrile and water (55:45, v/v) at a flow rate of 1.2 ml/min. The
column temperature was 25 °C, and the injection volume was
20pl. A reversed-phase Cig column (4.6 mm x 150 mm, 5pm,
Bischoff Chromatography, Leonberg, Germany) was used, and
the chromatograms were monitored by an ultraviolet detector
set at 240 nm.

2.4.2. Chiral HPLC

Chiral HPLC analysis was carried out on an Agilent HP
1100 HPLC using a Chiralcel OJ-H column (4.6 mm x 150 mm,
5um, Daicel Corp., Tokyo, Japan). The mobile phase, hexane-
isopropanol-triflouroacetic acid (90:10:0.1, v/v/v), was filtered
(0.45pum), degassed, and delivered at a flow rate of 0.8 ml/min.
The column temperature was maintained at 25 °C, and the in-
jection volume was 20 pl. (RS)-ZPF, (R)-ZPF, and (S)-ZPF were
detected at 240 nm.

2.5. Calibration curves

Stock solutions of (S)-ZPF enantiomer and racemic ketopro-
fen (internal standard, IS) were prepared in methanol at
1000 pg/ml. Standard solutions (0.4, 4.0, 20.0, 40.0, 200.0, and
300.0 pg/ml) of (S)-ZPF were also prepared by diluting the stock
solution. Working IS solutions were prepared at 200 pg/ml by
diluting the stock solution in methanol. Then, 25pul of each
standard solution was transferred to a glass tube containing
50l blank rat plasma, and then 25l IS solution was added
to the glass tube. The resulting plasma containing 0.1, 1.0, 5.0,
10.0, 50.0, or 75.0 pg/ml of (S)-ZPF was processed as described
below (2.6. Sample preparation). Quality control (QC) solutions
were prepared similarly. For the (R)- and (S)-ZPF enantiomers
from (RS)-ZPF, calibration curves were constructed as for pure
(S)-ZPF but without using IS.
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2.6. Sample preparation

For pure (S)-ZPF, 100 pl of blank rat plasma, (S)-ZPF and IS men-
tioned above was placed into a glass tube with 10l of 10%
phosphoric acid and then vortexed for 1 min. The extraction
solvent was then added into the glass tube in the order as fol-
lows: 0.5ml of acetonitrile and then 3 ml of dichloromethane.
The process of liquid-liquid extraction (LLE) was continually
performed with extraction by vortexing samples for 15 min.
After that, the tubes were centrifuged at 2874 x g for 10 min,
and the organic phase was carefully removed to another set
of clean glass tubes and dried under a gentle nitrogen stream
at 40°C. Residues in these tubes were dissolved in 200 pl of a
mixture of acetonitrile and water (55:45, v/v), centrifuged at
9425 x g, and then 20 pl of the upper layer was used for HPLC
analysis. The other QC solutions were also prepared in the
same method.

For (R)-ZPF and (S)-ZPF from (RS)-ZPF, method for prepara-
tion of calibration samples was similar to the method for pure
(S)-ZPF above but without IS. Final residues in glass tubes were
dissolved in 200l of methanol, and then 20l of the upper
layer war measured using a chiral HPLC column.

2.7.  Validation of the HPLC method

2.7.1. Extraction recovery

Two sets of standards containing blank plasma, (S)-ZPF and
IS at five different concentrations (0.1, 1.0, 5.0, 10.0 and
50.0 pg/ml of (S)-ZPF) were prepared. At 0.1 pg/ml of (S)-ZPF,
one set was standard solution processed via sample prepara-
tion method above. The other set as a control, blank plasma
experienced through the LLE procedure was added (S)-ZPF and
IS and again measured by reversed-phase HPLC. Extraction
recoveries of (S)-ZPF followed the LLE procedure were calcu-
lated as the ratio of the peak area ratio of (S)-ZPF to IS from
the spiked plasma samples to those of the controls. The ex-
traction recoveries for other concentrations, 1.0, 5.0, 10.0 and
50.0 pg/ml of (S)-ZPF were calculated in the same manner.

2.7.2.  Accuracy and precision

The within-run accuracy and precision of the method were as-
sessed by analyzing three replicates containing (S)-ZPF at five
different QC levels, including 0.1, 1.0, 5.0, 10.0 and 50.0 pg/ml
on a single day. The between-run accuracy and precision were
determined by analyzing three replicates of each of the QCs of
(S)-ZPF described above for three consecutive days. Accuracy
was calculated as the percent of (S)-ZPF found in the intra-
day and inter-day samples to that of the nominal concentra-
tion. Precision was expressed as the coefficient of variation
(CV, %), and calculated as the ratio of the standard deviation to
the measured mean drug concentration. The within-run and
between-run accuracy and precision value should not exceed
15% for the QC samples, except for the lower limit of quantifi-
cation (LLOQ) which should not exceed 20%. The sensitivity of
detection of this method was estimated as the LLOQ, which
is the concentration of drug corresponding to a peak area five
times higher than the baseline noise.

2.7.3.  Stability test

The stability of (S)-ZPF in rat plasma was studied using the QC
samples at three levels: 1.0, 10.0 and 50.0 pg/ml. We prepared
the QC samples in sufficient volumes to divide into multiple
aliquots to be investigated in triplicate for each condition. The
results obtained by reversed HPLC column were then com-
pared with those of freshly prepared QC samples described
above. Stability studies were performed under the following
conditions: (1) three freeze/thaw cycles on 3 consecutive days;
and (2) exposure to 4 °C (refrigerator) for 24 h. In all tested con-
ditions, the transformation of (S)-ZPF into (R)-ZPF was also
evaluated using the chiral HPLC column.

2.8. Pharmacokinetics studies

All animal studies were carried out according to the “Guiding
Principles in the Use of Animals in Toxicology” adopted by the
Society of Toxicology (USA), and the experimental protocols
were approved by the Animal Care Committee of Chungnam
National University. Twelve male Sprague-Dawley (SD) rats
were purchased from the Samtako (Chungbuk, Korea). Three
rats were housed per cage in laminar flow, and the cages were
maintained at 22+2°C and 50%-60% relative humidity. The
rats were kept in these conditions for at least 1 week and were
fasted for at least 24 h before performing the experiment. For
oral administration, the suspension of (S)-ZPF in DW, 2% HPCD,
or 2% TPGS used was prepared. The suspension was then vor-
texed and placed in an ultrasonic bath for 30 min and 14.0 mg
of (S)-ZPF was administrated to each rat. To prepare the so-
lution for IV administration, 16 mg of (S)-ZPF was completely
dissolved in 0.4 ml of ethanol, and the solution was 10-fold di-
luted with 10% (w/v) cremophor EL solution before filtration
through a 0.2-pm filter. The amount of (S)-ZPF for oral and
IV administration were 35.0 mg/kg and 5.0 mg/kg, respectively.
Blood samples (0.8 mL) were collected from the orbital vein be-
fore drug administration (Oh) and at 0.5, 1, 2, 4, 8,12, and 24h
following oral administration of (S)-ZPF and at 5, 15, 30, 45, 1,
2,4, 8,12, and 24 h after IV administration. Within 30 min fol-
lowing blood withdrawal, the samples were centrifuged at 21
206 x g, 4 °C for 15 min. The plasma was collected, labeled and
stored at — 80 °C until HPLC analysis.

2.9. (S)-ZPF retained in the stomach

Rats were sacrificed, and the stomachs were excised imme-
diately after completed pharmacokinetics studies. Stomachs
were divided into small pieces with scissors and placed in
glass bottles with 10mL of methanol. The continuous stir-
ring was carried out to extract (S)-ZPF from stomach tissues
for 24h. And then, the glass bottles were placed in an ultra-
sonic bath for 1h. The extraction solution was centrifuged at
9425 x g for 10min and then purified through 0.45pum filters.
The final solution was analyzed by HPLC.

2.10. Pharmacokinetic analysis

Non-compartmental pharmacokinetic analysis was per-
formed using the WinNonlin Professional 2.1 software
(Pharsight, Mountain View, CA, USA). Pharmacokinetic pa-
rameters were calculated from the observed data, including
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the area under the curve (AUC), the maximum plasma con-
centration (Cmgx), the time to reach the maximum plasma
concentration (Tmax), the half-life (Ty/,), volume of distribution
(V4), clearance (CL), absolute bioavailability (AB), and relative
bioavailability (RB) for oral route administration.

2.11.  Statistical analysis

Student’s t-test was used to compare two different groups of
samples. A P-value < 0.05 was considered significant.

3. Results and discussion
3.1.  Solubility of (S)-ZPF in various solvents

(S)-ZPF was practically insoluble in DW with water solubility
of 13.79+0.78 ug/ml. The log P of (S)-ZPF was 2.68, indicating
its strong hydrophobicity. Therefore, we measured the sol-
ubility of (S)-ZPF in various nonionic surfactants including
poloxamer, TPGS, Tween 80 and cremophor EL as well as some
solubilizers such as PEG 400, PEG 600 and HPCD. Also, the solu-
bility of (S)-ZPF was examined in double mixtures of nonionic
surfactants containing 5%, 6% and 7% (w/v) TPGS. As well
as, the solubility of (S)-ZPF was observed in triple mixtures
of nonionic surfactants containing 1.43% and 2.61% (w/v)
TPGS [12]. In PEG 400 or PEG 600, the solubility of (S)-ZPF was
17.59 +£0.94 pg/ml or 30.79 £ 0.97 pg/ml, respectively. The solu-
bility of (S)-ZPF in poloxamer 407 solution was 2.44-fold higher
than that of (S)-ZPF in poloxamer 188 solution, which was
274.67 £12.45 pg/ml. The solubility of (S)-ZPF in cremophor EL
was lower than that of (S)-ZPF in Tween 80 but about 3.2-fold
higher than that of (S)-ZPF in HPCD. Interestingly, TPGS exhib-
ited the highest solubility of (S)-ZPF at 6675.82 +141.22 ug/ml,
that is 484-fold greater than aqueous solubility of (S)-ZPF.

The solubility of (S)-ZPF in TPGS/Tween 80 mixture was
rather decreased compared to the solubility of (S)-ZPF in single
TPGS and comparable the solubility of (S)-ZPF in single Tween
80. The similar results were obtained in TPGS/cremophor EL
mixture.

However, the solubility of (S)-ZPF in TPGS/HPCD mixture
was increased compared to that of (S)-ZPF in single HPCD.
Also, the solubility of (S)-ZPF in TPGS/HPCD mixture was
rather decreased compared to the solubility of (S)-ZPF in sin-
gle TPGS. This phenomenon was similar in TPGS/poloxamer
188 mixture as well as TPGS/PEG 600 mixture (Fig. 1).

The surface tension was examined to figure out the solu-
bilization mechanism. Surface tension was reported to affect
the solubility of drugs due to the interfacial tension between
the aqueous solution and hydrophobic solute [13-15]. In aque-
ous solutions with low surface tension, solutions contact with
hydrophobic compounds tends to be easier than that in so-
lutions with higher surface tension. Thus, aqueous solutions
with reduced surface tension probably enhance drug solubil-
ity compared to those with higher surface tension. This ar-
gument was consistent with data on the solubility of (S)-ZPF
when comparing between surfactants and HPCD, or PEG600
(Fig. 2). This knowledge can also be applied to interpret solu-
bility outcomes in cases of the mixtures of TPGS/HPCD, and
TPGS/PEG 600 (Fig. 2).

Although the surface tension of poloxamer 188 was lower
than the surface tension of TPGS solution (Fig. 2), the solu-
bility of (S)-ZPF in TPGS was significantly higher than that in
poloxamer solutions. This was likely resulted from the signifi-
cant differences in hydrophilic-lipophilic balance (HLB) values
of poloxamers and TPGS. The HLB values of poloxamer 188
and poloxamer 407 were significantly higher than the figure
for TPGS (29, 22, and 13.2, respectively) [16-18]. A surfactant
with an HLB value over 20 is hydrophilic/lipophobic. There-
fore, poloxamers have difficulties in dissolving hydrophobic
molecules like (S)-ZPF (log P =2.68), whereas TPGS can uptake
(S)-ZPF into its micelles easier. This assumption might also ex-
plain the differences in the solubility of (S)-ZPF in the double
mixtures of TPGS and poloxamer 188.

Cremophor EL and Tween 80 have insignificant differences
in HLB values compared with TPGS (13.9, 15, and 13.2, respec-
tively [19,20]), and the surface tension of cremophor EL and
Tween 80 even is lower than the figure for TPGS (Fig. 2). How-
ever, TPGS outstripped these nonionic surfactants in the sol-
ubility of (S)-ZPF. Because (S)-ZPF is weakly acidic (pKa of 4.21)
[21], we considered pH as a factor to elucidate significant dif-
ferences in the solubility of (S)-ZPF between TPGS, cremophor
EL and Tween 80. Fig. 3 shows that the solvent pH varied from
4.06 +0.03 in PEG 400 solution to 7.05+0.04 in poloxamer 188
solution and Fig. 4 illustrates the solubility of (S)-ZPF accord-
ing to buffers whose pH range from pH 4.0 to 7.4. Generally, the
solubility of (S)-ZPF strongly increased over buffer pH from 4.0
to 7.4. This result was consistent with the results of Li and
Zhao on the solubilization of flurbiprofen (pKa of 4.17) [22].
The pH values of cremophor EL or Tween 80 were markedly
lower than that of TPGS solution. These significant falls in pH
values, as well, possibly could be employed to explain for the
significant gap between the solubility of (S)-ZPF in TPGS solu-
tion and that in the double mixtures containing TPGS/Tween
80, TPGS/cremophor EL. A similar correlation between pH and
the solubility of (S)-ZPF in PEG 400 was observed. Decreases
in pH value might also explain the gap between the solubility
of (S)-ZPF in the double mixtures containing TPGS/Tween 80,
TPGS/cremophor EL.

Moreover, the differences in solubilization principles of
surfactants (by micelles), HPCD (by central cavities), and PEGs
(disrupting waters self-association, reducing waters ability to
squeeze out nonpolar, hydrophobic compounds) maybecon-
tributed to the differences in the solubility of (S)-ZPF.

From all data above, TPGS indicated as the best solubilizer
in 26 investigated solvents due to possessing a set of criti-
cal properties which facilitate the solubility of (S)-ZPF (self-
formed micelles, low surface tension, HLB value of 13.2, and
pH of 6.47 +£0.08).

For triple mixtures of TPGS/PEG 400/PG, the mixture con-
taining more TPGS had greater capacity to dissolve (S)-ZPF.
This finding, continually, revealed the important role of TPGS
in enhancing (S)-ZPF solubility.

3.2.  Linearity and sensitivity

We measured the peak area ratios of pure (S)-ZPF to the IS
and used the ratio as a surrogate for quantitation. A cali-
bration curve was prepared for (S)-ZPF over a wide range of
concentrations from 0.10 to 75.00 pg/ml, which covered the
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For (R)-ZPF and (S)-ZPF in (RS)-ZPF, chiral HPLC results ex-
hibited linearity in the calibration range of 0.5-37.5 pg/ml with
R?=0.9996 and 0.9997 for (R)-ZPF and (S)-ZPF, respectively. The

LLOQ was 0.5 pg/ml for both (R)-ZPF and (S)-ZPFE.
The validated methods were successfully applied to the
quantification and determination of pure (S)-ZPF as well as

0

(R)-ZPF and (S)-ZPF in the racemic mixture in a wide range of
concentrations in the pharmacokinetic study.
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3.3.  Extraction recovery

Fig. 2 - Surface tension of double mixtures against content
of TPGS in these mixtures. After investigating different extraction solvents, the mix-

ture of acetonitrile and dichloromethane at a ratio 1:6 (v/v)
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Table 1 - Calibration curves, linear range, limit of detection (LOD), and lower limit of quantification (LLOQ) for pure (S)-ZPF,

(R)-ZPF and (S)-ZPF from (RS)-ZPF (n=3).

Parameters pure (S)-ZPF (R)-ZPF from (RS)-ZPF (S)-ZPF from (RS)-ZPF
Slope 0.0209 +£0.0030 88.3937 £0.9394 91.2043 £1.2548
Intercept 0.0028 - 0.0007 —50.8197 +22.9106 —60.5433 4 22.8994
Correlation coefficient 0.9998 0.9996 0.9997
LOD (pg/ml) 0.06 0.3 0.3
LLOQ (pg/ml) 0.1 0.5 0.5
Linear range (pg/ml) 0.1-75 0.5-37.5 0.5-37.5
79 Single solvent o
Double mixture Table 2 - Recovery (%) of (S)-ZPF (n=3).
Conc. (ng/ml) Recovery (%)
6 0.1 85.24+4.87
1 88.324+2.65
:E_ 5 90.65+2.24
10 90.95+1.15
54 50 91.83+0.50
4

Solvent

All solvents were employed at the concentration of 10% (w/v). Double mixture (1), (2), (3)
contained 7%, 6%, and 5% (w/v) of TPGS, respectively.

*P < 0.05 compared to TPGS

Fig. 3 - pH values of investigated solvents.
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Fig. 4 - Solubility of (S)-ZPF according to buffers whose pH
range from pH 4.0-7.4.

w0 B | Ketoprofen

200{ C | Ketoprofen

(S)-ZPF

Fig. 5 - The reversed HPLC chromatograms of (A) rat blank
plasma, (B) blank plasma spiked with ketoprofen (IS), and
(C) blank plasma spiked with (S)-ZPF and IS.

exhibited the best extraction recovery. The extraction method
was followed as reported previously with some modification
[23]. Acetonitrile was used first as the protein precipitation
reagent, and then dichloromethane was added to efficiently
extract (S)-ZPF from plasma. Thus, the LLE procedure elimi-
nated the formation of an irregular protein emulsion, which
has been the major obstacle for use of dichloromethane alone
as the extract solvent. Because only a limited amount of
acetonitrile was used for the extraction, the extracts were
still clean. Furthermore, the addition of acetonitrile did not
substantially increase the evaporation time. The efficiency
of the solvent for the extraction of the (S)-ZPF enantiomer
ranged from 85.24% + 4.87% to 91.83% + 0.50% across the con-
centrations examined (Table 2). The results revealed that
the recovery (%) of the extraction method was high and
reproducible.
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Table 3 - Intra-day and inter-day precision and accuracy of (S)-ZPF (n=3).

Spiked (pg/ml) Intra-day Inter-day
Found (pg/ml) Accuracy (%) Precision (%) Found (pg/ml) Accuracy (%) Precision (%)
0.1 0.12 117.28 4.14 0.12 118.70 5.64
1 1.11 110.81 2.66 1.10 110.87 2.69
5 4.63 92.65 1.86 4.62 92.77 2.16
10 9.76 97.57 1.11 9.50 95.12 1.18
50 48.19 96.38 0.82 47.59 95.20 1.15

Table 4 - Stability of (S)-ZPF enantiomer in rat plasma (n=3).

Spiked (pg/ml) Freshly (pg/ml) Once (pg/ml) Three times (pg/ml) 4°C/24h (ng/ml) Transformation
1 1.07 £0.04 1.10+0.06 1.12+0.08 1.19+0.05 None
10 9.49+0.14 10.88+£0.14 10.91+0.17 11.28 £0.11 None
50 48.60+0.21 56.45 +0.66 56.70+0.7 56.75+0.41 None
Each value represents the means =+ SD of three determinations.
Freshly: initial concentration of (S)-ZPF.
Once: concentration of (S)-ZPF after one time of freeze-thaw.
Three times: concentration of (S)-ZPF after three time of freeze-thaw
4°C/24h: concentration of (S)-ZPF after storing at 4 °C for 24 h.
Interconversion: interconversion from (S)-ZPF to (R)-ZPE.

3.4.  Accuracy and precision 3.6.  Pharmacokinetic study of (S)-ZPF

The intra-day and inter-day accuracy and precision were esti-
mated from standard curves prepared from three concentra-
tions of standard solutions of (S)-ZPF. These results revealed
that the method was quite precise. The intra- and inter-day ac-
curacies were from 92.65% at 5.00 pg/ml intra-day to 118.70%
at 0.1 pg/mlinter-day. The intra- and inter-day precisions were
in the range of 0.82%-5.64% (Table 3).

3.5.  Stability of (S)-ZPF

3.5.1. Freeze-thaw stability

Table 4 shows the stability of the QC samples following three
freeze-thaw cycles. There were insignificant increases in the
concentration of (S)-ZPF after one or three freeze-thaw cy-
cles for 1.0 pg/ml (S)-ZPFE. For 10.0 pg/ml (S)-ZPF, the concen-
trations in fresh samples were measured at 9.49 +0.14 pg/ml
and 10.88+0.14pug/ml after the first freeze-thaw cycle and
10.91+40.17 pg/ml after the third cycle. Similarly, for 50.0 pg/ml
(S)-ZPF, the concentration was a little higher across the or-
der of freeze-thaw cycle. In general, (S)-ZPF was stable in
the frozen plasma at — 80 °C during at least three freeze-thaw
cycles.

3.5.2.  Stability in refrigerator

There was no degradation of (S)-ZPF for QC samples stored
at 4°C for 24h and no transformation of (S)-ZPF into (R)-ZPF
(Table 4). Using chiral HPLC, (R)-ZPF and (S)-ZPF were detected
separately at 10.5 and 11.4 min, respectively. The HPLC chro-
matogram of (R)-ZPF and (S)-ZPF using the chiral column is
shown in Fig. 6. The stability data demonstrated that (S)-ZPF
was stable and did not interconvert either after three freeze-
thaw cycles or after storage at 4 °C for 24 h.

After single oral administration of 35mg/kg (S)-ZPF or sin-
gle IV administration of 5mg/kg (S)-ZPF to male SD rats, the
plasma concentrations of (S)-ZPF were determined by the val-
idated method. For a racemic drug or stereo chemically pure
enantiomer, this indicates knowledge of the in vivo behavior
of the stereoisomers. Therefore, we first determined whether
there was any existence of the metabolic chiral inversion of
(S)-ZPF to (R)-ZPF after oral and IV administration of pure (S)-
ZPF in all plasma samples. The chiral HPLC chromatogram
revealed no interconversion of (S)-ZPF to (R)-ZPF in experi-
mental rats. This finding was consistent with the report from
Chu and co-workers [9]. Similarly, scientific evidence of (S)-
enantiomer inversion to the (R)-enantiomer among 2-APAs is
rare [24].

The plasma concentration of pure (S)-ZPF was in the linear
range of the validated analytical method for the entire test
period. The pharmacokinetic parameters were calculated
using a non-compartmental analysis. To investigate the
correlation of solubilization of (S)-ZPF and its oral bioavail-
ability, three groups of rats were orally administered different
(S)-ZPF suspensions according to the different solubility of
(S)-ZPF in TPGS, HPCD, and DW at the same dosing regimens
(35.0mg/kg).

We prepared suspensions at 2% TPGS or HPCD [25] us-
ing sonication to increase dissolution of (S)-ZPF. The final
concentrations of dissolved (S)-ZPF in DW, 2% (w/v) TPGS,
and 2% (w/v) HPCD were 23.70+3.91, 3140.86+94.94, and
680.57 +27.58 pg/ml, respectively (Fig. 7).

Fig. 8 shows the plasma (S)-ZPF concentration over
time. The AUCq.24y, for (S)-ZPF after IV administration was
149.96 + 8.23 pg-h/ml. For oral administration, AUCy-p4 1, of DW
group was the lowest at 465.57 +90.89 pg-h/ml, whereas that
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Fig. 6 - The chiral HPLC chromatograms of (A) rat blank

plasma, (B) blank plasma spiked with (RS)-ZPF, (C) blank
plasma spiked with (R)-ZPF, (D) rat blank plasma spiked
with (S)-ZPF, and (E) plasma sample spiked with (S)-ZPF
under a storage condition of three cycles of freeze-thaw.

of TPGS group was the highest at 813.59 +64.17 pg-h/ml and
that of HPCD group was 595.57 +71.76 pg-h/ml. Table 5 shows
similar trends in the Cmax and Ty, value with the highest
values in TPGS group (55.40+7.51pg/ml and 8.37 +£0.92h, re-
spectively), followed by HPCD group (41.87 +4.11pg/ml and
6.32+0.65h, respectively) and DW group (35.78 £4.81ug/ml
and 4.89 +0.53 h, respectively). The longer time for (S)-ZPF cir-
culated in rat blood in TPGS group compared to HPCD group
and Water group was probably explained by the enhancement
in the clearance of (S)-ZPF over formulations (0.015+0.001
I/h in TPGS, 0.021+£0.002 1/h in HPCD, and 0.029+0.005 1/h
in water). The relative bioavailability of (S)-ZPF from TPGS
group and HPCD group were approximately 1.75- and 1.23-fold
higher than that from DW group. There was a strong correla-
tion coefficient between the dissolved amount of (S)-ZPF in the
suspension and the oral bioavailability of (S)-ZPF (AUCq.241,)
(R>=0.97, y=0.1097x +488.16). A previous report indicated
that the bioavailability of paclitaxel prepared in three different
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Fig. 7 - Dissolved concentration of (S)-ZPF in water, 2%
HPCD, and 2% TPGS suspension. Total amount of (S)-ZPF
was administrated to each rat: 14.0 mg.
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Fig. 8 - Plasma concentration versus time following iv
dosing at 5.0 mg/kg and oral dosing of the three groups to
rats at 35.0 mg/kg.

groups, including paclitaxel alone, paclitaxel co-administered
with verapamil, and paclitaxel with TPGS, also showed the
highest increase in the bioavailability of paclitaxel when ad-
ministered with TPGS as the solubilizing agent [26]. In addi-
tion to working as a solubilizer, the considerable rise in AUC,
the shortening of Tpax, and the prolongation of the half-life in
oral bioavailability of (S)-ZPF with TPGS in comparison with
HPCD and water might be due to p-gp inhibition and perme-
ation enhancement [27,28].
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Table 5 - Pharmacokinetic parameters of (S)-ZPF (n=3).

TPGS group

HPCD group

Water group v

813.59+64.17*
55.40+7.51*

AUC0,24 h(pgh/ml)
Crmax (ng/ml)

Tmax (h) 2.00+1.73
Ty, (h) 8.37 £0.92*
Va (1) 0.18+0.03
CL (I/h) 0.015+0.001*
AB (%) 77.51

RB (%) 174.75

595.57 +71.76
41.87+3.1
5.5+4.33
6.32+0.65*
0.20+0.04

0.021 4 0.002

465.57 £90.89 149.95+8.23
35.78+4.8 =
5.67 £4.04 -
4.884+0.53 14.91+5.52
0.21+0.06 0.20+0.04
0.029 4 0.005 0.010 4 0.002
56.74 44.35 100
127.92 100

Each value represents the means =+ SD of three determinations.

*P < 0.05 compared to water group; P < 0.05 compared to HPCD group.

AB: absolute bioavailability to IV group.
RB: relative bioavailability to water group.
Oral dose =35.0 mg/kg.

IV dose = 5.0 mg/kg.

Interestingly, the pure (S)-ZPF suspension in TPGS group in
this study exhibited a considerably faster Tymax (2.00+1.73h)
than those of (R)-ZPF (4.89+1.03h) and (S)-ZPF (6.06 +0.74 h)
enantiomers from commercial (RS)-ZPF (C] Pharm. Co., Ltd.,
Seoul, Korea) in the study of Chu and colleagues [9]. Addi-
tionally, also in comparison with the PK parameters from
Chu group, the half-life of pure (S)-ZPF in TPGS (8.37 +0.92h)
was significantly longer than those of (R)-ZPF and (S)-ZPF in
the (RS)-ZPF (3.39+0.71h and 4.20+£0.52h, respectively) [9].
These indicated that not only the therapeutic concentration of
(S)-ZPF in the TPGS suspension of the pure (S)-ZPF enantiomer
was probably reached earlier than the figure for the racemic
mixture but also this concentration will be remained longer
than that of (RS)-ZPF in rat plasma. Therefore, the dosing in-
terval could be reduced when replacing the (RS)-ZPF with pure
(S)-ZPF prepared with TPGS for oral administration.

The plasma profiles of (S)-ZPF showed biphasic elimination
after oral administration, consistent with the plasma concen-
tration decreases of some other NSAIDs such as ibuprofen,
meloxicam, and etoricoxib [29-31].

3.7. (S)-ZPF retained in the stomach

Fig. 9 provides the amount of (S)-ZPF remained in the stom-
achs of SDrats after the last time point of the pharmacokinetic
study. Water group provided the highest percentage of (S)-
ZPF recovered from the stomach tissue at 1.38% =+ 0.16%, while
the value was lowest at 0.28% +0.01% in TPGS group. The in-
crease in the amount of (S)-ZPF in stomach tissues across
TPGS group, HPCD group, and Water group was in line with
the growth in the volume of distribution (V) of (S)-ZPF over
formulations (Table 5).

The greater plasma level of (S)-ZPF was, the lower (S)-ZPF
level in the stomach was examined (Fig. 9). The amount of (S)-
ZPF in the stomach of DW group was about five-fold higher
than that in TPGS group. Thus, TPGS facilitated the absorption
of (S)-ZPF into plasma. On the other hand, among the various
risk factors identified for NSAID-related GI effects, high dosage
was a key factor [32,33]. Thus, TPGS could play an important
role in decreasing the side effects of (S)-ZPF on the GI tract
because less (S)-ZPF was retained in the stomach.
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Fig. 9 - Correlation between AUCy4 ;, and amount of
(S)-ZPF retained in the rat stomach against different groups
after a 24 h-period pharmacokinetic study.

4, Conclusion

TPGS showed the highest capability to completely dissolve (S)-
ZPF among the 26 solvents studied, and the oral bioavailability
of (S)-ZPF was highest in the TPGS group. There was no chiral
inversion of (S)-ZPF to (R)-ZPF after oral or IV administration
of pure (S)-ZPF in experimental rats. In addition, the results of
this study revealed the strong correlation between solubiliza-
tion and oral bioavailability of (S)-ZPF. Therefore, TPGS will be
a potential surfactant for preparing formulations containing
(S)-ZPF in the future.
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