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Abstract

To-date, there has been no effective chiral capillary electrophoresis-mass spectrometry (CE-MS)
method reported for the simultaneous enantioseparation of the antidepressant drug, venlafaxine
(VX) and its structurally-similar major metabolite, O-desmethylvenlafaxine (O-DVX). This is
mainly due to the difficulty of identifying MS compatible chiral selector, which could provide both
high enantioselectivity and sensitive MS detection. In this work, poly-sodium A-undecenoyl-L,L-
leucylalaninate (poly-L,L-SULA) was employed as a chiral selector after screening several
dipeptide polymeric chiral surfactants. Baseline separation of both O-DVX and VX enantiomers
was achieved in 15 min after optimizing the buffer pH, poly-L L-SULA concentration, nebulizer
pressure and separation voltage. Calibration curves in spiked plasma (recoveries higher than 80%)
were linear over the concentration range 150-5,000 ng/mL for both VX and G-DVX. The limit of
detection (LOD) was found to be as low as 30 ng/mL and 21 ng/mL for O-DVX and VX,
respectively. This method was successfully applied to measure the plasma concentrations of
human volunteers receiving VX or O-DVX orally when co-administered without and with
indinivar therapy. The results suggest that micellar electrokinetic chromatography electrospray
ionization-tandem mass spectrometry (MEKC-ESI-MS/MS) is an effective low cost alternative
technique for the pharmacokinetics and pharmacodynamics studies of both O-DVX and VX
enantiomers. The technique has potential to identify drug-drug interaction involving VX and O-
DV X enantiomers while administering indinivar therapy.
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1. Introduction

Venlafaxine (VX, Fig.1B, left), is a prescription medication, which is famous for its
effectiveness as an antidepressant drug and is always administered as a racemic mixture [1,
2]. However, the two enantiomers of VX exhibit different pharmacological activity. The R-
(=) enantiomer inhibits both the noradrenaline and serotonin synaptic re-uptake, while the S
(+) enantiomer inhibits the serotonin one [3, 4]. The O-desmethylvenlafaxine (O-DV X, Fig.
1B, right), which has been developed and marked as a new anti-depressant drug, is the main
metabolite of VX. The O-DVX is metabolized by the cytochrome P-450 (CYP) in the liver
and presents a pharmacological profile similar to VX [2, 5, 6]. Therefore, it is of great
significance to develop a chiral assay, which can be used to determine the enantiomeric
concentrations of both VX and G-DVX in human plasma. In addition, it can help understand
pharmacodynamics and pharmacological contribution of each enantiomer [4,7-8]. VX and
O-DVX and the disposition of its /(=) and S-(+) enantiomers remains to be fully elucidated
with only a few animal and human studies as drug-drug interactions are rarely identified in
various disease states affecting drug disposition that involve stereospecificity [9,10].

Currently, the most commonly used separation technique for the determination of VX and
O-DVX in biological samples is high performance liquid chromatography (HPLC), which is
based on either achiral or chiral methods with ultraviolet (UV) [11-13], fluorescence [14—
15] and MS detection [16-18]. However, the use of HPLC not only requires expensive chiral
columns but also careful maintenance of these columns. In addition, HPLC generates large
volume of toxic mobile phases, particularly normal phase HPLC-MS using non-polar and
flammable mobile phase (e.g., hexane) require safety protocols. More importantly, when the
volume of biological samples is limited, the relatively large injection volume requirement in
HPLC makes it inferior to capillary electrophoresis (CE).

The use of CE is preferable in drug monitoring compared to chromatographic methods such
as HPLC. This is because CE requires less biological samples, and lower operating cost [19-
21], application of CE for chiral drug analysis is expected to expand. However, trace level
detectability of VX and O-DVX by open tubular CE-UV using chiral selectors (e.g., ionic
liquid and/or B-CD) in biological samples are not reported [22]. On the other hand, packed
column CEC-UV using vancomycin and teicoplanin chiral stationary phases seems to show
good potential for analysis of VX and its metabolites in human plasma [23-25]. The use of
0.75% highly sulfated y-CD as a chiral selector provided nearly baseline separation of VX
in 24 min by electrokinetic chromatography (EKC)-MS [26]. Interestingly, upon increasing
the concentration of sulfated -y-CD to only 0.85%, second enantiomer was never eluted (due
to infinite run time). In addition, no LOD for VX by EKC-MS was reported [26].

Micellar electrokinetic chromatography (MEKC)-MS using chiral polymeric surfactants
(aka. molecular micelles) is one of the newly emerging mode in CE-MS, which exhibits
higher efficiency, higher resolution and higher enantioselectivity compared to conventional
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HPLC-MS [27, 28]. Especially, covalently stabilized micellar aggregates are not fragmented
in the gas phase of ESI-MS [29, 30-31]. In addition, MEKC-MS needs very small amount of
exotic polymeric surfactant as chiral selectors, which when added to the background
electrolyte (BGE) provides pseudophases, which has wide range of hydrophobicity and
wider elution window as well as sensitivity similar to HPLC-MS [31].

Despite all of the aforementioned advantages of MEKC-MS, one of the major challenges of
this hyphenated technique is to identify chiral surfactants, which provides both high
separation selectivity and MS sensitivity. To address this issue, high molecular mass
polymeric chiral surfactants should be screened to overcome the limitation of low molecular
weight chiral selectors in CE-MS. In this study, three amino acid based polymeric dipeptide
surfactants: [polysodium Atundecenoyl- L, L-leucyl-alaninate (poly-L,L-SULA), polysodium
N-undecenoyl-L, L-leucylvalinate (poly-L,L-SULV) and polysodium A-undecenoyl-L,L-
leucyl-leucinate (poly-L,L-SULL)] with different dipeptide head groups (Fig. 1A), were first
synthesized according to previously reported work [32-33]. Next, the MEKC-ESI-MS/MS
method for O-DVX and VX was successfully developed by varying the polymeric dipeptide
surfactant head groups, buffer pH, surfactant concentration and separation voltage. In
addition, simultaneous enantioseparation of O-DVX, VX and A-DVX was profiled
suggesting A-DVX does not interfere in the quantitation of O-DVX and/or VX. Solid phase
extraction (SPE) using a strong cation exchange column was used to isolate the enantiomers
of O-DVX and VX as well as to quantitate both O-DVX and VX in plasma samples in
MEKC-ESI-MS/MS.

As mentioned earlier, conversion of VX to 0-DVX is the major biotransformation pathway
in human subjects. A minor metabolic pathway in humans is VX conversion to the A-DVX
metabolite (1%) [34]. The hepatic enzymes responsible for VX metabolism to O-DVX and
N-DVX are the cytochrome P450 (CYP) 2D6 and 3A4, respectively [35]. The O-DVX
metabolite shows pharmacologic activity that is comparable to VX in several preclinical
assessments while the A-DV X metabolite displayed much weaker or negligible activity [36].
Therefore, based upon this information, VX and O-DVX plasma concentrations were
evaluated for this study. The MEKC-ESI-MS/MS method was validated and applied to the
potential drug-drug interactions of G-DVX or VX when co-administered with indinavir in
human volunteer subjects. The drug-drug interaction study previously reported that VX and
O-DVX did not influence indinavir disposition [9]. However, the reverse effects of indinavir
upon VX and O-DVX were not previously evaluated.

2. Experimental

2.1. Reagents and materials

Racemic mixture of VX, O-DVX and R-atenolol (used as internal standard (1S), HPLC-
grade methanol (MeOH), analytical-grade ammonium acetate (as 7.5 M NH4OAc solution),
triethylamine (99%, TEA), phosphoric acid (85%, H3PO4), hydrochloric acid (36%, HCI)
were all purchased from Sigma-Aldrich (St. Louis, MO, USA). The R-(+) enantiomer of VX
was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). The S-(-) enantiomer
of O-DVX was provided by Professor Chin B. Eap, (Unit of Pharmacogenetics and Clinical
Psychopharmacology, Dept. of Psychiatry, Lausanne University Hospital, Hospital of Cery,
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Prilly, Lausanne, Switzerland). Ammonium hydroxide and acetic acid were supplied by
Fisher Scientific (Springfield, NJ, USA). Dipeptides (L,L-leucyl-alaninate, L,L-
leucylvalinate, L,/L-leucylleucinate) were purchased from Bachem (Torrance, CA, USA).
Triply deionized (DI) water used in this experiment was obtained from Barnstead Nanopure
Il water system (Barnstead International, Dubuque, 1A, USA). Strata-X-C polymeric strong
cation cartridges (3cc, 60mg) were obtained from Phenomenex (Torrance, CA, USA). The
surfactant monomers (L,L-SULA, L,L-SULV, L,L-SULL) were polymerized under 20 M rad
using 89Co y-radiation by Phoenix Memorial Laboratory (University of Michigan, Ann
Arbor, MI). Human subject plasma samples were supplied by Mercer University Southern
School of Pharmacy (Atlanta, GA, USA) and stored under —80 °C until the day when chiral
assay was performed.

2.2. CE-MS/MS instrumentation

All MEKC-ESI-MS/MS experiments were carried on an Agilent CE system (Agilent
Technologies, Palo Alto, CA, USA) interfaced to an Agilent 6410 series triple quadrupole
mass spectrometer (Agilent Technologies, 207 Palo Alto, CA) equipped with an Agilent CE-
MS adapter kit (G1603A), and an Agilent CE-ESI-MS sprayer kit (G1607). An Agilent 1100
series isocratic HPLC pump was used to deliver the sheath liquid with a 1 :100 splitter.
Nitrogen was used as nebulizing gas and drying gas. The Agilent ChemStation software and
Agilent Mass-Hunter Workstation (version B.02.01) were employed for instrumental control
and data acquisition as well as for qualitative and quantitative data analysis. A 60 cm long
fused silica capillary, used in the experiment, (375 um O.D., with 50 um 1.D) was obtained
from Polymicro Technologies (Phoenix, AZ, USA).

2.3. MEKC-MS/MS conditions, preparation of background electrolytes and sheath liquids

All MEKC-MS experiments were performed under the normal polarity CE mode. The
standards, blank plasma and patient plasma were injected by applying a pressure of 5 mbar
for 100 s. Unless otherwise stated, the following ESI-MS conditions were used: the
composition and the flow rate of the sheath liquid were 80/20 MeOH/H,0 (%v/v)
containing 5 mM NH4OAc at pH 6.8 and 5 uL/min, respectively. Capillary voltage, +3000 V.
The fragmentor voltage, collision energy and product ion formations for all three analytes
were optimized using optimizer software of Agilent LC-MS in flow injection mode with the
following details: fragmentor voltage, 113 V for O-DVX, 117 V for VX and 137 V for I.S;
collision energy, 17 eV for O-DVX and VX, 25 eV for .S using drying gas flow rate of 8.0
L/min; drying gas temperature, 200°C; nebulizer pressure, 3 psi. The ESI-MS/MS detection
was performed in the multiple reaction monitoring (MRM) positive ion mode to monitor G-
DVX (m/z 264.2 — m/z 58.1), VX (m/z 278.2 — m/z 58.1) and IS (m/z 267.2 — m/z
145.2) transitions. The BGEs for simultaneous enantiomeric separations of -DVX and VX
were : 20 mM NH4OAc, 25 mM TEA were prepared by diluting the 7.5 M NH4OAc stock
solution and 99% TEA in triply deionized water (DI) water. Next, adjusting to various pH
values by acetic acid. The final running MEKC-ESI-MS/MS buffer solutions were prepared
by addition various concentrations of dipeptide polymeric surfactant to the BGE solution.
The sheath liquids were prepared by mixing aqueous 5 mM NH4OAc buffer at pH 6.8 with
appropriate volume ratio of MeOH/H50.
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2.4, Solid phase extraction (SPE)

The SPE was performed with Strata-X-C polymeric strong cation cartridges (3 cc, 60 mg).
The cartridges were first activated with 2 mL of MeOH and then with 2mL of triply DI
water. Aliquots of 250 L patient plasma sample, 2.5 pL of 1S (Img/mL) and 250 pL of 4 %
(v/v) H3PO4 were added to a 1.5 mL microcentrifuge tube. After vortexing for 30 s, the
mixed solution was centrifuged at 1000 rpm for 10 min. Thereafter, the supernatant (~ 450
uL) was loaded on the pretreated Strata-X-C cartridge. Next, the supernatant was adsorbed
into the cartridge, which took about 15 sec, the loaded sample on the cartridge was washed
with 2 mL of 0.1 M HCI followed by 2 mL of MeOH. After the two washes, the cartridge
was dried under gentle stream of air for 30 s. The analytes were then eluted with 2 mL
NH4OH/MeOH (5/95 v/v) in a 10 mL glass tube and the solvent was evaporated in a vacuum
chamber under a gentle stream of air. Finally, the residue in the tube was reconstituted with
50 pL of MeOH/H,0 (10/90, v/v) before injecting for analysis by MEKC-ESI-MS/MS.

2.5. Preparation of standard solutions

Individual stock solution of racemic O-DVX, racemic VX and IS were prepared by
dissolving the appropriate amount of each authentic standard in pure MeOH at 1.0 mg/mL.
A mixture of O-DVX, VX and IS was prepared by taking certain aliquot of each stock
solution and diluting to the desired concentration in MeOH/H,0 (10/90, v/v). The elution
order of the VX and O-DVX enantiomers was determined by spiking the standard racemic
mixture with R-(+)-VX and S-(-)-O-DVX, respectively. For example, a comparison of
unspiked racemic mixture of O-DVX versus the racemic mixture of O-DVX spiked with S
(-)-O-DVX is shown in Fig. S1.

2.6 Calibration curves

Calibration standards were prepared by spiking a 250 pL of blank human plasma with 5 uL
of standard stock solutions (15, 30, 90, 135, 270, 360, 500 pg/mL) of racemic mixture of
both O-DVX and VX, 2.5 uL of IS at Img/mL to yield the final concentration of 0.15, 0.3,
0.9, 1.35, 2.7, 3.6 and 5 pg/mL of R (+)- and S(-)-O-DVX and VX. All spiked calibration
standards followed the procedure of SPE as discussed above in section 2.4. Finally, the
calibration curves were built by taking the ratio of the peak area of each respective
enantiomer to the IS versus the spiked concentrations of enantiomer in the blank plasma.

2.7. Extraction recovery and matrix effect

The extraction efficiency of VX and O-DVX enantiomers was determined by analyzing three
replicates of plasma samples at three concentration levels of 150, 1350 and 5000 ng/mL for
both /- and S enantiomers. The extraction recovery was calculated by comparing the peak
area ratio of the extracted blank plasma sample versus peak area ratio of the unextracted
enantiomers standards [where the peak area ratio is defined as individual enantiomer peak
area divided by the peak area of IS (atenolol)]. Non-deuterated IS such as imipramine [24],
tramadol [4] and atenolol [37] all have been successfully used for the quantitation of VX and
O-DVX. The reason that prompted us to choose atenolol as IS was its +1 charge similar to
VX or O-DVX. Futhermore, atenolol eluted in the beginning of the electropherogram before
elution of VX and O-DVX decreasing the total analysis time.
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To evaluate the matrix effects, the £/5 mixture of VX and O-DVX at three concentration
levels containing IS at fixed concentration were added to 0.5 mL blank plasma extract, dried
and reconstituted with 100 mL of methanol-water (10:90, v/v). The corresponding peak area
ratios (a) were compared with those of the standard solutions containing equivalent amount
of the two RIS standards solutions of the two compounds and the IS dried directly and
reconstituted with the same solvent (b). The ratio (a/b) x 100) % was used to evaluate the
matrix effect.

3. Results and discussion

3.1. Optimization of MEKC-MS/MS conditions for the simultaneous enantioseparation of O-
DVvX and VX

First, enantioresolution, analysis time and electrospray sensitivity of O-DVX and VX were
compared using three dipeptide polymeric surfactants. Second, using the optimum surfactant
head group, the pH of the running buffer was varied. Finally, the concentration of surfactant,
nebulizing gas and voltage enabled the simultaneous baseline enantioseparation of both O-
DVX and VX with the shortest possible run time.

3.1.1.Effect of polymeric dipeptide surfactant head groups—According to the
previous studies on enantioseparations, head group of amino acid based polymeric
surfactants plays a significant role in both chiral resolution and MS sensitivity [29, 38-39].
Accordingly, three different polymeric dipeptide surfactants (i.e., poly-L,L-SULA, poly-L,L-
SULV and poly-L,L-SULL) with same A-terminal amino acid but different C-terminal
amino acid were synthesized and evaluated for enantioseparation of both O-DVX and VX.

The effect of polymeric dipeptide surfactant head groups on the chiral resolution (Rs) and
migration time of G-DVX and VX enantiomeric pairs is shown in Fig. 2. Two major trends
are noted. First, the migration time of 0-DVX and VX increases greatly with an increase in
the hydrophobicity of side chain of the amino acid located at the C-terminal end of the
dipeptide surfactant head group. Second, the chiral Rsof both O-DVX and VX decreases in
the following order: poly-L,L-SULA> poly-L,L-SULV>poly-L,L-SULL. Therefore, poly-
L,L-SULA, which was the least hydrophobic surfactant was considered to be the best
surfactant among the three with respect to shortest migration time and highest chiral Rs of
both VX and O-DVX. As expected, higher S/V of chiral analytes was observed with poly-
L,L-SULA and poly-L,L-SULV compared to poly-L,L-SULL due to longest migration time
obtained with the latter polymeric dipeptide surfactant.

3.1.2. Effect of buffer pH—The pH of the BGE influence the charge on the analyte and
chiral polymeric surfactant as well as the magnitude of the electroosmotic flow (EOF).
Based on the previous study in our group [30, 39-40], the enantioseparation of most of the
cationic compounds was achieved at pH 8.0 using polymeric amino acid surfactant. In this
study, there was essentially no enantioresolution of VX when pH was below 8.0 and above
10.0 (data not shown). Therefore, relatively narrow range of pH was investigated from 8.0 to
9.5 to simultaneously enantioseparate VX and O-DVX.
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Fig.3 shows overlaid electropherograms of pH ranging from 8.0 to 9.5. The migration time
of both O-DVX and VX slightly increases with an increase of pH from 8.0 to 9.0. This could
be possibly explained by an increase in ionic strength (due to pH adjustment of the buffer
with NH4OH) resulting in a slower electroosmotic flow. Further increase in pH to 9.5 cause
changes in the migration time of both O-DVX and VX differently. Note that VX is
structurally similar to O-DVX to a larger extent. However, as mentioned above the trend of
migration time is somewhat different at pH > 9.0 for O-DVX compared to VX. Perhaps, the
deprotonation of substituted hydroxyl proton located in the benzene ring of O-DVX begins
at pH 9.5 (resulting in electrostatic repulsion with the poly-L,.-SULA). Therefore, slightly
zwitterionic character on O-DV X results in significant decrease in migration time for this
enantiomeric pair. On the other hand, the enantiomers of VX remain partially positive at the
same pH resulting in essentially unchanged migration times. Nevertheless, both O-DVX and
VX have lower efficiency (N,yg) and lower chiral Rsat pH 9.0 compared to pH 8.5. Despite
the fact that both G-DVX and VX have higher S/N,q at pH 9.0 compared to pH 8.5, the
latter pH shows a reasonable trade-off between the chiral Rsand S/N,,g while maintaining
high efficiency.

Under optimized pH of 8.5, multiple reaction monitoring (MRM) precursor to product ion
transition was employed for simultaneous separation and multianalyte detection of O-DVX,
VX and A-DVX (Fig. 4). Perhaps, two small enantiomeric peak appeared around 23-25 min
in the EIC of VX (bottom most electropherogram) corresponds to the transition of A-DVX
suggesting some cross talk between MRMs of VX and A-DVX. This on line MEKC-MS
result is somewhat surprising as the spray chamber optimization in the off-line flow injection
LC/MS mode showed no significant abundance from precursor ion (/m/z = 263) to product
ion (m/z = 58) transition. Thus, in contrast to LC-MS single ion reaction monitoring (SIR),
MEKC-MS/MS provide high selectivity, and a cross talk of product ions but result in no
quantitation error as long as the enantiomeric peaks of VX and its metabolites (O-DVX and
N-DVX) are all electro-phoretically resolved. Furthermore, the method can also be used in
SIR mode in MEKC-MS. The effect of percent methanol on simultaneous enantioseparation
of O-DVX and VX is summarized in a series of electropherograms shown in Fig. S2.
Although the migration time of both pairs of enantiomer gets longer but essentially no gain
in chiral resolution and selectivity was observed.

3.1.3. Effect of polymeric dipeptide surfactant concentration—The concentration
of polymeric surfactant plays a significant role in chiral Rsand S/N,q ratio in MEKC-
MS/MS. The molecular weight of poly-L,/-SULA is over 10,000, which is similar to that of
poly-L,L-SULYV, [41]. Hence no spectral clutter or background ions are seen in MEKC-ESI-
MS/MS in positive ion mode. Because the polymeric surfactant has zero critical micelle
concentration (CMC), very low surfactant concentration can be used in MEKC-MS. Too low
concentration of polymeric surfactant can provide high S/Nq ratio in MEKC-ESI-MS/MS
but it results in unsatisfactory chiral resolution [29]. Thus, the concentration of poly-L,L-
SULA in the range of 5-35 mM in the running buffer was studied to determine the optimum
poly-L,L-SULA concentration for the simultaneous separation and detection of the two
enantiomeric pairs. As shown in Fig. 5, there is no chiral and achiral Rsof O-DVX and VX
at 5 mM poly-L,L-SULA but resolution increases significantly at 15 mM. Further,
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increasing the poly-L,L-SULA concentration from 15 mM to 35 mM, decreases Mg, chiral
and achiral Rs, as well as S/\q but increases migration time of both enantiomeric pairs.

For example, at 35 mM poly-L,L-SULA the chiral Rsof O-DVX and VX decreases only

slightly but the total analysis time increased significantly from 20 min to 31 min and S/N,yq
is deteriorated to almost half compared to 15 mM. Because complete baseline separation of
both O-DVX and VX enantiomers was achieved in the shortest time with highest efficiency
and $/Nayg, 15 mM poly-L,L-SULA was considered as the optimum polymer concentration.

3.1.4. Effect of nebulizing gas pressure—For open tubular MEKC-ESI-MS, when the
separation capillary is inserted to the sheath flow interface (i.e., nebulizer), a suction effect at
the outlet end of capillary is generated because of nebulizer pressure, which strongly affects
chiral /s, migration time and S/N,q [29,40, 42]. In addition, recent report suggest that
suction affect can also be generated at the separation capillary outlet where mixing of three
fluids (i.e., sheath liquid flow, background electrolyte flow, and drying gas flow) occurs due
to differences in the respective velocity of each one of them [43-44]. Therefore, optimizing
nebulizing pressure at small increment ranging from 2 psi to 5 psi was investigated. At 2 psi,
no signals were observed due to poor nebulization resulting in low electrospray
performance. However, as shown in Fig.6, the S/N,,,, decreased significantly perhaps due to
drop in efficiency when the nebulizing pressure increased from 3 psi to 5 psi but the Rs
changes were minimal. Our results are consistent with the studies of Rudaz and coworkers
[45] who found that at low chiral selector concentration the chiral Rsis less affected by the
nebulizer pressure. Moreover, some arcing was observed at 5 psi than at 4 psi. Thus, the
peak shape of VX at 5 psi was much worse. A nebulizer pressure of 3 psi was chosen as the
best nebulizing pressure because of higher A,yand S/Nj,

3.1.5.Effect of separation voltage—It is now well-established that higher separation
voltage decreases the migration time but could generate joule heating, resulting in variation
in migration time, poor peak shape and low Rs[45]. Based on our study (data not shown),
baseline separation of both O-DVX and VX enantiomers were maintained when the voltage
was increased from 10 kV to 25 kV. To achieve a compromise between good run time
repeatability and short analysis time, the voltage was varied in the range of 10-25 kV. It is
clear from Fig. S.3 that the total analysis time was over 40 min at 10 kV but it was within 15
min at 25 kV. Moreover, it is worth mentioning that no peak was observed in 50 min even
for the first eluting enantiomer at voltage less than 10 kV. Because the analysis time was
almost doubled at 15 kV compared to 25 kV, the latter voltage of 25 kV was considered as
the optimum voltage though the % RSD of migration time is slightly higher compared to 15
kV.

3.2. Method validation

3.2.1. Extraction Recovery and Matrix effects—Liquid-liquid extraction (LLE) is
simpler and more convenient than SPE for extracting O-DVX and VX in human plasma
samples. However, the extraction recoveries of O-DVX and VX by LLE using ethyl acetate,
diethylether and dichloromethane were much lower compared to SPE [4, 47]. Therefore, in
this study, SPE was used to extract O-DVX and VX in plasma samples at low (150 ng/mL),
medium (1350 ng/mL) and high (5,000 ng/mL) concentrations. As shown in Table 1, the
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extraction recoveries were between 99% —110% for O-DVX and 82% -113% for VX using
Strata-X-C polymeric strong cation exchange cartridge. The matrix effects (defined in
section 2.7) for the two chiral analytes were in the range of 80-110%. Therefore, no
significant matrix effect for VX and O-DV X was observed.

3.2.2. Linearity, LOQ and LOD—The MEKC-ESI-MS/MS method was developed and
applied to determine the concentration of //Senantiomers of O-DVX and VX, respectively
in blank human plasma samples. Under the optimum conditions, calibration curves (peak
area ratios of each enantiomer to IS versus the concentration of enantiomer in blank human
plasma) of R/SVX and O-DVX were generated by a linear regression. The calibration
curves summarized in Table 2 displayed good linearity in the range of 150-5,000 ng/mL for
each enantiomer of O-DVX and VX with respectable determination coefficient (r) in the
range of 0.991-0.994 (Fig.S4). Concentrations of O-DVX and VX in patients, which fall
below the calibration curve were determined from the response factors or slope of the
calibration curve. One of the reviewer is acknowledge for suggesting that the applicability of
the method to the clinical framework of therapeutic drug monitoring (TDM) could be
partially compromised when using response factor at the lower therapeutic plasma range.
The limit of detection (LOD, VX =10.5 ng/mL and O-DVX = 15 ng/mL and limit of
quantitation (LOQ, VX =31 ng/mL and O-DVX= 45 ng/mL) were estimated at S/Vratio of
3.3 and 10, respectively.

3.2.3. Precision and Accuracy—The data for intra- and inter-day precision (measured
as % RSD) for relative migration time and relative peak area for VX and O-DVX are
compiled in top section of Table 2. The inter-day repeatability at medium concentration level
was <10% RSD for relative peak area and < 3% RSD for relative migration time. Overall,
the intra-day repeatability values at low, medium and high concentration levels (defined in
Table 1) were <8% RSD and < 5% RSD of relative peak areas and migration times,
respectively. In addition, the relative concentration error reported in supplementary Table S.2
were within 15% of the actual (hominal value). Therefore, the precision (Table 2) and
accuracy (Table S1) of the MEKC-MS method confirm to the criteria for the analysis of
plasma samples in human subjects according to the US-FDA guidelines [48].

3.3. Profiling enantiomeric O-DVX and VX concentrations in human subject plasma

samples

Quantition of /- and S-enantiomers in plasma samples of 12 human subjects expected to
contain both the parent drug VX and its metabolite O-DV X were achieved by the developed
MEKC-MS/MS method. In addition, 12 more plasma samples of human subjects treated
with O-DV X only were studied to measure the /- and S concentrations of O-DVX. Both
classes of human subjects were treated with and without indinavir therapy to measure the
enantiomers concentrations and peak ratios of O-DVX and VX and the results are briefly
discussed below.

In the group of 12 subjects treated with VX and expected to contain both VX as well as O
DVX, sample collected at 1 hr and 4 hrs period without indinavir therapy the mean plasma
concentration of /- and S-O-DVX were: [93.5+ 44.5 ng/mL, 80 + 36 ng/mL for N=6 at
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1hr], [59.5 + 39.5 ng/mL, 54.5 £25 ng/mL for N= 10 at 4 hrs], respectively. The N value
represents the number of subjects in which O-DVX was detected and quantitated. On the
other hand, the R- and S concentrations of O-DV X for both 1 hr and 4 hrs periods were
much higher for the same subjects with indinavir therapy: [235.5+ 112.5 ng/mL, 241.5

+ 129.5 ng/mL for N= 12 at 1hr)], [354 + 140 ng/mL, 353.5 £ 77.5 ng/mL for N=12 at 4
hrs], respectively. This suggests that with the concurrent administration of £/5VX with
indinavir, the R/SV X is metabolized faster to /S O-DVX.

The mean plasma concentrations of the /£- and S-enantiomers of VX at 1 hr of the parent
drug, in VX treated subject (without indinavir) could only be detected and quantitated in 2
out of 12 subjects: (R-VX =47.5 ng/mL + 3.5 ng/mL and $VX 50 ng/mL +7 ng/mL, N =2),
whereas the mean plasma concentrations of the same drug was even lower at 4 hrs (R-VX =
36 ng/mL + 3.5 ng/mL and SVX 28 ng/mL + 7 ng/mL, N =7). With indinavir therapy the
mean plasma concentrations of /- and S-VX were: [R=104 + 61.5 ng/mL, S=130 + 69
ng/mL for N=9 at 1hr)], [R=195 + 103 ng/mL, S= 285 + 167.5 ng/mL for N=12 at 4 hrs],
respectively.

For the group of 12 subjects treated with O-DV X only, the following trends of /- and S-O-
DVX were observed: (a) without indinavir therapy: [R=82.5+ 48 ng/mL, S=74.5+33.5
ng/mL for N= 6 at 1hr)], [R=39 + 24.5 ng/mL, S=49.5 + 38.5 ng/mL for N=11 at 4 hrs],
(b) with indinavir therapy: [R= 419 + 70.5 ng/mL, S= 399 + 95.5 ng/mL for N= 12 at 1hr)],
[R=408.5 % 104 ng/mL, S=431.5 £ 70 ng/mL for N= 12 at 4 hrs].

Peak height ratio in VX treated subjects, the S-to ”~VX and S- to R-O-DVX ranged from
0.56 to 2.43 and 0.50 to 15.2, respectively (Fig.S5-S6), which is in accordance with the
literature [49-53]. In one subject (subject # 21, Fig. S7) dosed with the parent drug VX, the
low S/Rratio of VX was associated with higher S/Rratio of O-DVX. Further studies are
warranted to correlate MEKC-MS findings of enantioselective metabolite ratio versus
genotype/-phenotype (i.e., CYP2D6) genes. Alternatively, chiral MEKC coupled to high
resolution MS assay could predict a straightforward approach for determination of drug
metabolites in studying poor versus fast metabolizers of /- and SV X [54].

A comparison of the ratio of the peak height and S/, of S and /- enantiomers of O-DVX
in the subject 8 dosed with O-DVX without and with indinavir therapy is shown as a series
of chromatograms in Fig.7. In the subject without indinavir therapy (chromatograms shown
on the left column), the S/R ratio of peak height changes from 0.83 at 1 hr to 0.98 at 4 hrs.
Although significant decrease in the peak height ratio of S/R enantiomers is observed in the
subject with indinavir therapy at 4 hrs compared to 1 hr but the peak height ratio of S/R-C-
DV X is not reversed and S/R ratio of O-DV X remains less than one. Clearly, the S/ ratio of
O-DVX with indinavir therapy is significantly higher compared to without therapy for both

1 hr and 4 hrs sample collection. These results indicate that the increased ~-(-) and S-(+)
enantiomers of VX and O-DVX are influenced by indinavir by a similar magnitude by either
reduced drug metabolism or elimination from the body.

The mechanism for the increased VX and O-VDX of R-(-) and S-(+) plasma concentrations
may be from various sources. VX is metabolized to O-VDX by CYP2D6 and to other
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metabolites A-desmethyl VX and A, O-didesmethyl VX by CYP3A4 [55]. Although the
biotransformation occurs mainly from VX to G-DV X, the other two routes contribute to the
overall VX disposition [34]. In-vitro studies showed that the potent CYP3A4 inhibitor
ketoconazole reduced N-desmethyl VX formation by 42% but the effects on A, O-didimethyl
VX was not reported [35]. VX, O-DVX, and its enantiomers were reported to be substrates
of the drug transporter P-glycoprotein (Pgp) without stereoselective evidence [56]. In vitro
models with indinavir reported that the protease inhibitor to be a potent inhibitor of both
CYP3A4 and Pgp [57-58]. Therefore, increased plasma concentrations of VX, O-DVX and
its enantiomers can take place by either CYP3A4 and or via Pgp inhibition. The plasma VX
and O-DVX reported in the previous study only investigated the presence of each drug
encountered in VX or O-DVX therapy [9]. These findings were similar to other studies with
VX and O-DVX in routine drug therapy monitoring programs [59-60]. The 1 hr and 4 hrs
time points for blood sampling of VX and O-DVX were selected to determine the estimated
amounts of their enantiomers. Several samples for the 1 hr time point had undetectable
concentrations of either VX or O-DVX (Fig. S5-S7), which is likely explained by the
extended-release formulation of both VX and O-DV X where the time point was too early to
the Tmax.

The representative electrochromatograms of two subjects treated receiving VX plus
indinavir at 1hr are shown in Fig. 8. Clearly, in subject 21, the lower S/Rratio of VX is
associated with a higher S/Rratio of O-DVX (top electropherogram). Similar trend was
observed in the same subject without indinavir therapy at the same time period. On the other
hand, in case of subject 8, the S/Rratio of VX is higher but the S/R ratio of ODVx is not
reversed. The different findings from these two subjects (subject 21 vs. 8) could be reflected
by their different pharmacogenetic profiles in CYP2D6 metabolism or Pgp polymorphism. It
is unfortunate that pharmacogenetic evaluations were not included in this study.

4. Conclusions

For the first time, the simultaneous stereoselective assay of VX and its major metabolites O
DVX in human plasma by MEKC-ESI-MS/MS was successfully developed and validated
using a polymeric surfactant, poly-L,.-SULA, as a pseudostationary phase. This method
gave simultaneous baseline enantioseparation of both enantiomeric pairs in less than 15 min.
Validation involved determination of linearity, precision, LOD and LOQ. The linearity and
precision (r2 = 0.993 and 0.995) results indicated that the method was reliable for the
quantitative analysis of the enantiomers. The LOD and LOQ of 10.5 ng/mL and 31 ng/mL of
VX, whereas 15 ng/mL and 45 ng/mL for O-DV X, respectively was estimated, which is
superior to MEKC-UV using charged cyclodextrins [4]. In addition, a SPE procedure
performed using Strata-X-C polymeric strong cation cartridges provided recovery higher
than 80% for both O-DVX and VX in blank plasma samples. Although being suitable for the
study carried out on human volunteers receiving high doses of VX or O-DVX, the
applicability of the method to the clinical framework of TDM is somewhat compromised by
a partial validation regarding the lower limit of the therapeutic plasma range in patients
treated with low drug doses [60]. Nevertheless, the MEKC-MS/MS method proves to be
effective for enantiomeric concentration and enantiomeric ratio profiling of VX and O-DVX
in human subjects.
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Both plasma concentrations of R(-) and S(+) VX and O-DVX enantiomers at the 4 hr time
point displayed significant increases when indinavir was co-administered. The 4 hr time
point begins to approach the Tmax for extended-release VX and O-DVX. Indinavir is an
inhibitor of CYP3A4 and Pgp increased all the plasma concentrations in a similar magnitude
of effect. Interestingly, quinidine, a CYP2D6 inhibitor, was reported to have different
reductions in clearance for the 7-(-) and S-(+) VX enantiomers [61]. Further studies are
needed to fully characterize the potential effects of indinavir on VX and O-DVX and their
enantiomers as our study was limited to only two sampling time points. However, these
results possibly indicate a potential drug-drug interaction between indinavir and these
antidepressants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Develop first MEKC-MS assay for simultaneous profiling of VX, A-DVX
and O-DVX enantiomers

MEKC-MS conditions was optimized for simultaneous enantioseparation of
VX and O-DVX

LOD of VX and O-DVX are as low as 21 ng/mL and 30 ng/mL,
respectively

MEKC-MS quantitated VX and O-DVX, and identifed interactions during
indinavir therapy
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(B) \ s
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(OH
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(i) Venlafaxine (VX) (ii) O-Desmethylvenlafaxine
(ODVX)

Fig. 1.
Structure of (A) polymeric dipeptide surfactants with various head groups [poly-L,L-SULA,

poly-L,L-SULYV, poly-L,L-SULL], and (B) : structures of chiral analytes [venlafaxine (VX)
and O-desmethylvenlafaxine, (O-DVX)].
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Fig. 2.

Effect of polymeric dipeptide surfactant head groups on the simultaneous enantioseparation
of 1,1’ = O-DVX and 2,2’ = VX. Conditions: 60 cm long (375 um O.D., 50 um 1.D.) fused
silica capillary. Buffer: 20 mM NH4OAc + 25 mM TEA, pH 8.5, 25 mM poly dipeptide
surfactant. Applied voltage, +20 k V, injection, 5 mbar, 100 s. Spray chamber parameters:
nebulizer pressure: 3 psi, drying gas temp.: 200 °C, drying gas flow: 8 L/min; capillary
voltage: +3000 V; fragmentor voltage, 113 V for -DVX and 117 V for VX; collision
energy: 17 eV; MRM transition: O-DVX: 264.2 -> 58.1; VX: 278.2 -> 58.1. Sheath liquid:
MeOH/H,0 (80/20, v/v), 5 mM NH4O0Ac, pH 6.8 with flow rate of 0.5 mL/min; Sample
concentration: 5 pg/mL in MeOH/H,0 (10/90, v/v).

J Chromatogr A. Author manuscript; available in PMC 2016 November 13.



1duosnue Joyiny

1duosnuey Joyiny

Liuetal. Page 19

2
x10 | 264.2 -> 58.1 ; 278.2 -> 58.1
3
Rs,=1.5, Rs,=1.0
Nygr= 11,000, N,,,,=12,000 2 pH = 8.0
/N g1 =53, §/Nypr= 64 1
2
x10 | 264.2 ->58.1 5 278.2 -> 58.1
Rs,=2.0, Rs,=14 3
Nyygr = 13,000, N,,,,= 11,000
Sﬂvﬂvg] = 39’ Sﬂvavgz = 40 8 2 pH = 8.5
=
s 1 .
=
= 2
< X10 | 264.2->58.1;278.2 > 58.1
Rs;=1.9, Rs,=1.2 < £ -7 5015 2782 -> 58,
Nyyg1 = 10,000, N, ., = 8,700 3 r pH =9.0
S/N g1 =46, S/N,gr =40 5
1|
Rs,= 1.3, Rs,=0.9 x10 | 264.2->58.1;278.2 ->58.1
Nyygr = 14,000, N,,,= 5,600 3 h a1
S/N g1 =53, S/Nyygr= 56
2
1 T T T T T T
17 19 21 23 25 27 min
Fig. 3.

Effect of pH on the simultaneous enantioseparation of 1,1’ = ODVX, and 2,2" = VX. The
conditions are the same as in Fig. 2 except that 25 mM poly-L,L-SULA and different pH
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ranging from 8.0 to 9.5 were used.
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S-0-DVX 1°
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1 R-0-DVX

278.2 -> 58.1

2
S-VX

EIC
2 2
R-VX

Fig. 4.

Representative TIC and MRM electropherogram for simultaneous enantioseparation of 1,1’

= O-DVX and 2,2’ = VX and 3,3’ = A-DVX (N-desmethyl-venlafaxine). The MEKC-

MS/MS conditions are the same as in Fig. 2 except that 25 mM poly-L,/-SULA and 25 kV

was used. Fragmentor voltage and collision energy for A-DVX: 38 V, and 50 eV,

respectively. The MRM precursor to product ion transition for A-DVX is 263.4 -> 78.4.
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Fig. 5.
Effect of the concentration of poly-L,L-SULA on the simultaneous enantioseparation of 1,1’

= O-DVX and 2,2’ = VX. The conditions are the same as in Fig. 2 except that different
concentration of poly-L,L-SULA ranging from 5 mM to 35 mM were used.
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Fig. 6.

Effect of nebulizer pressure on the simultaneous enantioseparation of 1,1” = G-DVX and
2,2’ = VVX. The conditions are the same as in Fig. 2 except that 25 mM poly-L,L-SULA and

different nebulizer pressure ranging from 3 psi to 5 psi were used.
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Subjects treated with Pristiq
Without Indinavir Therapy

Subjects treated with Pristiq With

Indinavir Therapy
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Fig. 7.

Total ion electrochromatograms of subject treated with O-DV X without and with indinavir
therapy at 1 hr and 4 hrs, respectively. The MEKC-MS/MS conditions are the same as in
Fig. 2 except that 15 mM poly-L,L-SULA and 25 kV was used. The MRM precursor to
product ion transition for R-atenolol is 267.2 -> 145.2. The enantiomer S-O-DVX eluted
first followed by the R-O-DVX. (1,1’ = O-DVX). Without indinavir therapy: S/NV; = 118,
S/Ny-= 171 at 1hr and S/N; = 199, S/N;-= 210 at 4 hr. With indinavir therapy: S/N; = 207,
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S/N;-=210 at 1hr and S/NV; = 367, S/N;-= 630 at 4 hr for S- and /- enantiomer of O-DVX,
respectively
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Subjects treated with Effexor With Indinavir Therapy
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Fig. 8.
Total ion electrochromatograms of subjects treated with VX without and with indinavir

therapy at 1 hr and 4 hrs, respectively. . The MEKC-MS/MS conditions are the same as in
Fig. 2 except that 15 mM poly-L,L-SULA and 25 kV was used. (1,1’ = O-DVX and 2,2’ =
VX). For subject 21: S/N; =417, S/N;-= 32, S/N>= 40, S/N»-= 60. For subject 8: S/N; =
447, S/N;-= 448, S/N,=17.2, S/N,-= 3.6 for S and R- enantiomer of -DVX and VX,
respectively
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Table 1

IRecovery study at three different concentrations using solid phase extraction (SPE) method

low medium high
Concentration  Concentration  Concentration
Compound 150 ng/mL 1350 ng/mL 5,000 ng/mL

S-0DVX  105.1%+26% 106.1% +5.2%  109.7% +4.2%
R-O-DVX 99.7% +9.1%  101.8% £9.9%  98.6% *2.6%
SVX 92.8% * 4.6% 83.5% +9.8%  112.8% +7.5%
R-VX 82% * 6% 99.5% +9.8% 95.1% £7.2%

1 . . . . .
The recovery at each level was determined by comparing the ratio of the peak area of each enantiomer in the blank plasma sample to those of the
peak area in pure standard solution
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