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Abstract

The characterization of the drug metabolism and pharmacokinetic (DMPK) profiles of stereoisomers is a fundamental aspect of the drug
discovery and development processes. Therefore, chiral drug bioassays are very important to pharmaceutical and biomedical researchers. The
recent developments in chiral liquid chromatography coupled to atmospheric pressure ionization tandem mass spectrometry (LC-API-MS/MS)
for the analysis of pharmaceuticals are reviewed. Various ionization techniques including electrospray ionization (ESI), atmospheric pressure
chemical ionization (APCI) and atmospheric photoionization (APPI) interfaced with chiral liquid chromatographic methods are described in
t e methods
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. Introduction

The need for the separation and development of enan-
iomers from the pharmacological, scientific and economic
oints of view was reviewed by Lindner et al.[1] of

he University of Vienna in Austria. The knowledge of

∗ Corresponding author. Tel.: +1 908 7405385; fax: +1 908 7402916.

the pharmacokinetic characteristics of each of the e
tiomeric pharmaceuticals and their absorption, distribu
metabolism and excretion (ADME) properties is esse
for successful drug development. It is also importan
explore the biological responses of new chemical en
(NCEs) with respect to stereochemistry as part of the
characterization process[2]. According to the US Foo
and Drug Administration’s (FDA) policy statement
the development of new stereoisomeric drugs, in o
E-mail address:yunsheng.hsieh@spcorp.com (Y. Hsieh). to evaluate the pharmacokinetics of a single enantiomer
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or mixture of enantiomers, manufacturers should develop
quantitative assays for the individual enantiomers in vivo
samples early in the drug development process[3].

In the past, most applications of high-performance liquid
chromatography (HPLC) to stereoisomer chromatography
were developed using either UV detection or by using deriva-
tization reagents containing fluorophores with a fluorescence
detector. Currently, there is a trend toward converting these
UV or fluorescence-based chiral HPLC methodologies into
more sensitive mass spectrometry-based approaches without
losing the enantioselectivity of the assay[4]. In addition,
the specificity of tandem mass spectrometry (MS) assays
generally means that less sample preparation is needed for
most assays. Furthermore, HPLC combined with tandem
mass spectrometry (HPLC-MS/MS) is particularly attractive
for the simultaneous quantification of drug molecules and
their metabolites in biological matrices. In this article, we
review the current bioanalytical methods for the stereoiso-
meric determination of pharmaceuticals using chiral HPLC
systems coupled with an atmospheric pressure ionization
(API) source and a tandem mass spectrometer (MS/MS). The
limitations and strategies for interfacing each of three most
common API sources with either reversed-phase or normal
phase solvents used in chiral separation are also discussed.
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antibiotics including the ansamycins, the glycopeptides
and the polypeptide antibiotic thiostrepton have gained
popularity as chiral selectors in HPLC. These CSPs have
broad selectivity because several distinctive enatiomer
recognition mechanisms are present in close proximity.

3. Chiral HPLC-APCI-MS/MS methods

The exponential growth in HPLC-MS applications since
the late 1980s is primarily due to the introduction of the
concept of atmospheric pressure ionization (API) for the
HPLC-MS interface because the earlier HPLC-MS inter-
facing techniques were not robust, were difficult to operate
and had poor sensitivity. API is defined for all ionization
techniques where the ions are generated at atmospheric
pressure and includes atmospheric pressure chemical ioniza-
tion (APCI), electrospray ionization (ESI) and atmospheric
pressure photoionization (APPI). The atmospheric pressure
chemical ionization (APCI) source contains a long (∼13 cm)
heated nebulization quartz tube (350–500◦C) that rapidly
converts the column eluent into a gas–vapor mixture. Ion-
ization of analytes is mainly induced by a corona discharge
needle where the solvent vapor might also act as the reagent
gas for chemical ionization reactions. In general, the APCI
source is considered to be not suitable for normal phase
c sion
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. Chiral stationary phases

Two decades ago, most drugs with a chiral center
ommercialized as racemates. Although chirality is a
cal factor in the in vivo system, it was often ignor
ue to the difficulty of performing enantiomer separatio
his situation has significantly changed due to the ad
f chromatographic enantioseparation techniques an
vailability of commercial chiral stationary phases (CS
uch as polymeric-based[5,6], Pirkle-type[7,8] and bonde
acrocyclic antibiotic[9] stationary phases. Polysacchari
erivatives (one of the polymeric-based classes) are cur

he most popular chiral selector for enantioseparation of
us compounds due to their versatility, durability and loa
apacity. In contrast to polysaccharide CSPs, enantiome
rimination mechanisms in Pirkle-type CSPs are well c
cterized and consequently their chromatographic beha
re highly predicable. Pirkle-type columns appear to be m
obust and to be able to provide better column reproducib
han polysaccharide CSPs[10]. Since bothπ–π interactions
nd hydrogen bonding are stronger under normal phase
itions for enantioseparation in these CSPs, the major
hiral separations on polysaccharide and Prikle-type colu
re typically performed using normal phase mode[11].

While normal phase chromatography is common
olysaccharide and Pirkle-type CSPs, macrocyclic
rotein-based chiral selectors are suitable for reve
hase conditions. The applications of a new clas
acrocyclic-based CSPs, the macrocyclic antibiotics,

ecently reviewed by Ward et al.[9]. The macrocycli
onditions. The primary challenge is the possible explo
azard when a high flow of flammable solvents suc
exane (typically 1 mL/min) is introduced into the AP
ource at an elevated temperature in the presence of a c
ischarge. To circumvent this problem, two approaches
een explored. The first approach is to lower the heated
lizer temperature. Ceccato and co-authors have develo
ormal phase HPLC-APCI-MS/MS method using a Ch
ak AD column for enantiomeric separation of tramadol

ts metabolite in human plasma where the probe temper
as set to 250◦C [12]. The authors reported good linear

or each enantiomer from 0.5 to 250 ng/mL. In a sim
pproach achieved by Paanakker et al.[13], a method was de
eloped for the determination of the enantiomers of Org 4
n human plasma at a heated nebulizer temperature of 24◦C.
he disadvantage of this approach is the incomplete des

ion of the column eluent, resulting in poorer sensitivity
eak tailing as a result of the lower nebulizer temperatu

In the second approach, a large aqueous make-up
s adapted post-column to reduce the hexane concent
n the mobile phase prior to the APCI source. This s
as been utilized in coupling a polysaccharide CSP co
Chiralpak AD) to APCI-MS by Miller-Stein et al.[14]. A
rinciple drawback of this approach is the dilution of
nalyte. In addition, the resolution of the enatiomers m
e sacrificed due to extra column band broadening e
ased upon our experience, the use of a tightly seale
ource with a small negative pressure and nitrogen a
ebulizer and auxiliary gas is also efficient in preven

he risk of explosion. Puente[2] reported neither explosio
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nor lack of ionization under regular APCI operational condi-
tions for normal phase chiral HPLC-MS/MS. Although tan-
dem mass spectrometric detection provides little chiral dis-
crimination, it still maintains greater selectivity over fluores-
cence detection for the endogenous interferences, metabolites
and internal standards. For example, Alebic-Kolbah demon-
strated that unlike MS/MS detection, fluorescence detection
used in the verapamil-nor verapamil chiral assay required
additional separation of (+)-glaucine (used as an internal
standard) from the analytes, resulting in longer run times
[11].

In contrast to normal phase solvents, polar organic mobile
phases, consisting of methanol with some volatile modifier
such as ammonium trifluoacetate, are compatible with APCI-
MS. Consequently, there is no requirement for post-column
addition or source temperature adjustments. For example, the
success of developing a bioanalytical method for quantifica-
tion of fluoxetine, an antidepressant, in human plasma was
presented by Shen et al.[15]. Bakhitiar and Tse demonstrated
base-line separations for eight pharmaceutical compounds
with diverse structures using either a vancomycin (Chiro-
biotic V) column or a teicoplanin (Chirobiotic T) column
[16]. The authors also made use of the inherent selectivity of
tandem mass spectrometry to simultaneously quantify four
pairs of pharmaceutical enatiomers within 10 min in a single
assay. In addition to the ability to directly couple to the
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Fig. 1. Reconstructed selected reaction monitoring (SRM) chromatograms
obtained by using the on-line dual-column extraction coupled with Chiro-
biotic T and LC-APCI-MS/MS system for (a) SRM channel for a double
blank rat plasma; (b) SRM channel for D7-racemic-propranolol in a single
blank of rat plasma; (c) racemic-propranolol at 0.5 ng/mL in rat plasma; (d)
racemic-propranolol at 2 ng/mL in rat plasma[22].

be made. For example, non-volatile modifiers in the mobile
phase used for improving chiral selectivity may adversely
affect the ion source performance.

Several examples of the utility of chiral HPLC-ESI-
MS/MS can be found in the literature. Hedeland et al.[23]
described the enanitoselective determination of verapamil
and its desmethyl metabolite using�-acid glycoprotein col-
umn with HPLC-ESI-MS/MS. Other enantioselective de-
terminations of pharmaceuticals such as methadone[24],
propafenone[25], sotalol, oxprenolol, alprenolol, metopro-
lol, proprenolol, atenolol, norephedrine[26] and ibuprofen
[27] using reversed-phase HPLC-ESI-MS assays are listed
in Table 1. Most macrocyclic CSPs work well in reversed-
phase and polar organic solvents. Enaotioselective quantifica-
tion of chlorpheniramine was accomplished on a derivatized
cyclodextrin column using an 85% aqueous mobile phase and
the ESI source[28].

Normal phase solvents such as hexane are generally in-
compatible with the ESI source and also might raise a concern
of an explosion hazard in the presence of the high voltage of
PCI source, advantages for performing reversed-ph
hromatography include the ease of sample prepar
nd the possibility for direct plasma injection with minim
ample pretreatment[17–21]. For example, Xia et al. we
ble to combine a dual-column extraction system an

andem mass spectrometer in sequence for the auto
etermination of R and S-propranolol in rat plasma[22]. The
alibration curve was linear from 2 to 2000 ng/mL. The
al to noise ratio of each enantiomer for the lowest stan
2 ng/mL) was larger than 50 using only 25�L of plasma
Fig. 1).

. Chiral HPLC-ESI-MS/MS methods

For the ESI, a fused-silica inner capillary and a stainl
teel outer capillary are used for introducing the sample
he nebulizing nitrogen gas, respectively. The solvent
nalytes are ionized through the combined action of ap

ng a high electric field (3–5 kV) and the pneumatic ne
ization. These charged droplets shrink due to evapor
eading to the formation of highly charged microdroplet
hey are directed toward the tandem mass spectromete
mitted from the microdroplet surface move into the g
hase prior to mass spectrometric detection. Since ion

ormed in solution, any solutes in the sample that can
he surface concentration of analytes in the charged dr
ill likely alter the response of the mass spectrometer

ect coupling of a reversed-phase chiral column to the E
airly straightforward, but some compromises might hav
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Table 1
Representative chiral HPLC-API-MS/MS methods for pharmaceuticals analysis

Pharmaceutical Chiral column API interface Ionization mode Limit of quantitation Reference

Abuterol Chiralbiotic T ESI Positive 0.025 ng/mL [37]
Abuterol Chirobiotic T APCI Positive 0.5 ng/mL [38]
Amlopine Chiral AGP APCI Positive 0.1 ng/mL [47]
Azelastine Chiralpak AD ESI Positive 40 ng/mL [46]
Baclofen Crownpak CR APCI Positive 0.15 ng/mL [39]
Chlorpheniramine Cyclobond I 2000 ESI Positive 0.13 ng/mL [28]
Felodipine Chiralcel OJ-R ESI Positive 0.1 ng/mL [30]
Fluoxetine Chirobiotic V APCI Positive 2 ng/mL [15]
Ibuprofen Chiralpak AD-RH ESI Positive 12 ng/mL [27]
Ketamine Chiral AGP ESI Positive 1 ng/mL [40]
Ketoprofen Chirex 3005 ESI Positive 0.05 ng/mL [45]
Lercanidipine Chiralpak AD ESI Positive 0.025 ng/ml [44]
Methadone Chiral AGP ESI Positive 5 ng/mL [24]
Methylphenidate Chiralbiotic V APCI Positive 0.2 ng/mL [42]
Omeprazole Chiralpak AD ESI Positive 9.6 pmol/L [29]
Phenprocoumon Chira-Grom-2 ESI Positive 12.5 ng/mL [43]
Pindolol Chiral DRUG ESI Positive 0.25 ng/mL [41]
Propafenone Chiral AGP ESI Positive 20 ng/mL [25]
Propranolol Chirobiotic T APCI Positive 2 ng/mL [22]
Terazosin Chiralpak AD ESI Positive 0.0625 ng/mL [31]
Tramadol Chiralpak AD APCI Positive 0.5 ng/mL [12]
Sotalol Teicoplanin ESI Positive 4 ng/mL [26]
Verapamil Chrial AGP ESI Positive 0.1 ng/mL [23]

the electrospray needle. In order to resolve these difficulties,
post-column addition of MS-compatible solvents has been
employed for the direct coupling of normal phase solvents in
HPLC-ESI-MS systems. The applicability of normal phase
HPLC to ESI-MS assays for the enatioselective determina-
tions of omeprazole, an antiulcer drug[29], and felodipine
(Fig. 2), an antihypertensive drug[30], in human plasma have
been reported by Stenhoff et al.[29] and Lindmark et al.[30],
respectively. Zavitsanos et al.[31] confirmed that the normal
phase HPLC-ESI/MS results of terazosin enantiomers con-
centrations in human plasma are correlated with the HPLC-
fluorescence results.

5. Chiral HPLC-APPI-MS/MS methods

The APPI source (similar to the APCI source) vaporizes
the sample with a heated nebulizer (300–500◦C) to gener-
ate a dense cloud of gas-phase analytes. Ionization uses a
photoionization lamp to emit 10-eV photons to form dopant
radical cations (Fig. 3). The protonation reaction of a given
analyte M involving the dopant and solvent molecules in pos-
itive ion mode is proposed as follows:

[Dopant]+ hv → [Dopant]+ + e−

[Dopant]+ + n[Solvent]

[

pre-
f sfer

Fig. 2. Reconstructed SRM chromatograms of a study human plasma sample
containing 0.7 nmol/L of S-felodipine and 0.3 nmol/L of R-felodipine[30].
→ [Dopant-H] + [(Solvent)n + H]+

(Solvent)n + H]+ + M → n[Solvent] + [M + H]+

Toluene (IE = 8.83 eV) is frequently chosen as the
erred dopant solvent due to its weak toxicity. Proton tran
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Fig. 3. Schematic diagram of an atmospheric pressure photoionization (APPI) source.

reaction occurs only if the proton affinity (PA) of the sol-
vent is greater than that of the dopant and the PA of ana-
lyte is larger than that of the solvent[32]. Unlike the ESI
and the APCI sources, the APPI source is compatible with
both reversed-phase and normal phase conditions without the
safety concerns of a potential explosion.

The schematics of an APPI source used in our laboratory
with a Chiralcel OD-H column for the determination of
propanolol mixtures[32] is shown in Fig. 3. The chiral
HPLC-APPI/MS/MS method was tested again for two
stereoisometric drug discovery compounds containing a
hydroxyl group in an asymmetric center. Interestingly,
we observed that there was no significant effect on ion-
ization efficiency of the test compounds under normal
phase conditions (ethanol/hexane = 20/80) with or without
the addition of dopant. This may be explained due to
“self-doping” effect where hexane (IE = 10.13 eV) solvents
behave as dopant molecules to generate the protonated
solvent molecules through proton transfer from the solvent
mixture or its impurities[33]. Therefore, the normal phase
HPLC-APPI-MS/MS system required neither introduction of
dopant solution nor post-column addition of MS-compatible
solvents.

Except for CSPs, many other variables such as additives,
pH and composition of mobile phases will also have a strong
impact on analyte retention times and selection factors.
E tion
a tivity
o d
C
p ncy
o osen
[ ls
o the

ratios of ethanol in the isooctane mobile phase solvent
[32].

6. Matrix effects

The possibility of “matrix effects” is a well-documented
phenomenon in LC-MS/MS bioanalysis. Co-eluting matrix
components may suppress analyte signals in a number of
ways, thereby compromising the quality of the quantifi-
cation data[32]. Different types of ionization interfaces
exhibit susceptibility to matrix effects to different extents.
Compared to the ESI source, the APCI source tends to be
less susceptible to matrix effects. One aspect that should be
considered as part of method development is the potential
for matrix ionization suppression effects when the retention
time window for the two enantiomers is more than 25%
of the total chromatographic run time. As an example, in
the enantioseparation of felodipine in plasma, the retention

F l as a
f

ffects of mobile phase composition, buffer concentra
nd pH values on the retention and the enantioselec
f propranolol enantiomers using a�-cyclodextrin bonde
SP were investigated by Ching et al.[34]. These HPLC
arameters frequently influence the ionization efficie
f analytes depending upon the API interfaces ch

35]. As an example,Fig. 4 shows that the APPI signa
f both R- and S-propranolol are associated with
ig. 4. Relative APPI responses of R-propranolol and S-propranolo
unction of the solvent composition.
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Fig. 5. Schematic diagram of post-column infusion technique with atmospheric pressure photoionization source.

time window for the two enantiomers was approximately
8 min (Fig. 2), accounting for 40% of the total LC run time
(20 min). Maintaining nearly half of the chromatogram
matrix-interference free, while achieving sufficient ena-
tioseparation is no trivial task. In light of this, both the APCI
and the APPI sources are likely to take a more prominent role
in chiral bioanalysis due to their lower sensitivities to matrix
effects.

The post-column infusion technique is an easy and effec-
tive way to evaluate the matrix ionization suppression issue
HPLC-MS systems[32]. In general, the ESI source is more
vulnerable than the APCI source to matrix ionization sup-
pression from biological matrices. The schematic diagram of
the post-column infusion system used in our laboratory for
the matrix effect studies on the APPI source is shown inFig. 5.
In practice, test compounds are continuously infused into the

Peek® tubing in between the analytical column and the mass
spectrometer through a “tee” using a Harvard Apparatus
Model 2400 (South Natick, MA, USA) syringe pump. Either
a protein precipitation extract of blank rat plasma or mobile
phase B (10�L) was injected into the analytical column for
comparison of ionization responses. Effluent from the analyt-
ical column mixed with the infused compounds and entered
the API interface. The infusion HPLC-APPI/MS/MS chro-
matograms of the test compound after either a 10-�L injec-
tion of mobile phase or rat plasma extract is shown inFig. 6.
The differences in the infusion chromatograms between the
mobile phase injection and the rat plasma extract injection
are considered to be caused by the matrix ion suppression
effects due to plasma sample extract constituents eluting
from the column.Fig. 6indicates the degree of loss of ion re-
sponses and the length of times required for the ion signals to

F ogram ecipi
e
H

ig. 6. (Top) The reconstructed infusion HPLC-APPI-MS/MS chromat

xtract injections (dot line). The region showing lower responses indicated
PLC-APPI-MS/MS chromatogram of lonafarnib from standard rat plasma[32].
s of lonafarnib following mobile phase (solid line) and blank plasma prtation

the area of matrix ionization suppression. (Bottom) Representative reconstructed
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return to its pre-sample injection sensitivity; in this example,
there is no significant matrix effect observed after 0.3 min.

7. Conclusions and future perspectives

MS/MS detection can be used not only for the determina-
tion of the dosed compound, but also for the complete resolu-
tion of the parent drugs from their metabolites (based on their
unique MS/MS detection differences), thus often avoiding the
need for additional separation or sample clean-up procedures
for this purpose. The detection limits required for pharma-
cokinetic studies are achievable by using the more sensitive
detection systems based on API sources and tandem mass
spectrometry. In addition, hyphenation of the high-resolving
power of HPLC to a tandem mass spectrometer (MS/MS) pro-
vides straightforward method development capabilities with
excellent analytical linearity, sensitivity and selectivity for
monitoring drug compounds. In most cases, HPLC-MS/MS
methods demonstrate little or no chromatographic interfer-
ence from endogenous components in complex biological
samples. This makes it possible to shorten chromatographic
times and therefore to allow higher sample throughput. Direct
coupling of the chiral columns to an appropriate API source
as part of the API-MS/MS system will continue to be popu-
lar. The analytical throughput of chiral LC-MS/MS is mainly
d LC-
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