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a  b  s  t  r  a  c  t

Trans-3,5,4′-trihydroxystilbene  (trans-resveratrol,  RES)  exhibits  very  low  bioavailability  due  to  extensive
conjugative  metabolism.  Whether  RES metabolites  exhibit  pharmacologic  activity  is  of  great  interest.  The
present  study  aimed  at synthesis  of  monoconjugates  of  RES  – the  3-  and  4′ monosulfates  (R3S  and  R4′S),
and the  3- and  4′ monoglucuronides  (R3G  and  R4′G).  Synthesis,  purification,  and  yield are  described.
Synthesized  metabolites  were  utilized  to  develop  a sensitive  LC–MSn assay  for  direct  quantitation  of all
analytes.  The  assay  was  validated  for  intra-  and  inter-day  precision  and  accuracy.  Synthesis  of  RES  conju-
eywords:
esveratrol
etabolites

ulfates
lucuronides
C–MS/MS

gates  and  development  and  validation  of  a sensitive  bioanalytical  assay  were  applied  to  pharmacokinetic
evaluation  of  RES  and  its circulating  monoconjugates  in  C57BL  mice.  The  study  is a first  report  of direct
quantitation  of RES  monosulfates  and  monoglucuronides.  These  results  will aid  in  characterizing  the
disposition  of  RES and  its  major  or active  metabolites  in vivo.

© 2011 Elsevier B.V. All rights reserved.

harmacokinetics

. Introduction

Trans-3,5,4′-trihydroxystilbene (trans-resveratrol, RES) is a
ietary phytochemical thought to have beneficial health effects via
leiotropic mechanisms [1,2]. One major hurdle to its development

s its extremely low oral bioavailability due to metabolism [3,4].
ES is known to be efficiently and almost completely converted

n humans to its glucuronidated and sulfated metabolites. Human
tudies indicate that systemic exposure of RES is predominantly
n the form of its conjugated metabolites [5,6]. This has led to the
ypothesis that the conjugates of RES might themselves be active,

nd therefore need to be evaluated.

While a few studies have attempted evaluation of RES conju-
ates in vitro [7],  it is critical to evaluate the in vivo disposition of

Abbreviations: APAP, acetaminophen; CS, calibration standards; IA, intra-
rterial administration; IS, internal standard; LC–MS/MS, liquid chromatography
ith tandem mass spectrometry; LOQ, limit of quantitation; MRM,  multi-
le  reaction monitoring; NaOMe, sodium methoxide; PK, pharmacokinetics;
C, quality control; RES, trans-3,5,4′-trihydroxystilbene, trans-resveratrol; R3G,

rans-resveratrol-3-O-glucuronide; R4′G, trans-resveratrol-4′-O-glucuronide; R3S,
rans-resveratrol-3-sulfate; R4′S, trans-resveratrol-4′-sulfate; SO3·Py, sulfur triox-
de  pyridine complex; THF, tetrahydrofuran.
∗ Corresponding author at: Temple University School of Pharmacy, 3307 N Broad

treet, Philadelphia, PA 19140, USA. Tel.: +1 215 707 9110; fax: +1 215 707 3678.
E-mail addresses: otitof@temple.edu (O.F. Iwuchukwu),

atish.sharan@temple.edu (S. Sharan), Daniel.canney@temple.edu (D.J. Canney),
wati.nagar@temple.edu (S. Nagar).

1 These authors contributed equally to this work.

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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these metabolites. The pharmacokinetics (PK) of metabolites are
expected to be different from those of the parent. Thus, knowledge
of systemic levels of metabolites is necessary in order to correlate
metabolite exposure to any observed pharmacologic activity.

As stated above, one hypothesis is that conjugated metabo-
lites of RES are themselves active. However, the possibility of
inactive metabolites also exists. Conjugation of RES is a complex
process. Sulfation and glucuronidation are reversible processes
and reversible metabolism can result in these metabolites act-
ing as ‘depots’ for the active parent. Further, these conjugates are
good candidates for enterohepatic recirculation. Recirculation of
RES metabolites has indeed been suggested in preclinical stud-
ies [8].  The pharmacokinetics and pharmacodynamics of RES and
its metabolites is therefore complicated by extensive first-pass
metabolism, reversible conjugation, and enterohepatic recircula-
tion.

The comprehensive study of RES and its metabolites in vivo
requires two critical tools: (i) synthesis of adequate amounts of
pure RES metabolites for in vivo dosing experiments, and (ii) a val-
idated bioanalytical assay with low detection capability in order
to quantitate low circulating levels of RES and its metabolites.
The present work aimed at developing these two tools. Synthetic
methods were developed for four monoconjugates of RES: the 3-
and 4′-monosulfates (R3S and R4′S respectively), and the 3- and

4′-monoglucuronides (R3G and R4′G respectively). Our  synthetic
methods allowed us to produce adequate levels of pure metabolites
that had application in subsequent bioanalytical assay develop-
ment as standards, as well as in vivo PK studies. It should be noted

dx.doi.org/10.1016/j.jpba.2011.12.006
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:otitof@temple.edu
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hat while these monoconjugates have recently become commer-
ially available, their cost is prohibitive to conducting in vivo studies
n replicates necessary for statistical power. We  developed and val-
dated an LC–MSn assay for the quantitation of RES and each of its

onoconjugates at low concentrations. While methods have been
eported for the quantitation of RES and qualitative identification
f its metabolites [9],  to our knowledge direct quantitation of RES
etabolites has not been conducted to date. RES metabolites have

reviously been evaluated by hydrolysis and against a RES standard
urve. Finally, we applied our synthetic metabolite standards and
alidated bioanalytical assay to a pharmacokinetic analysis of RES
nd its metabolites in a mouse model.

. Materials and methods

.1. Materials

Resveratrol (trans-resveratrol, purity >99%; RES), chlorosul-
onic acid, anhydrous pyridine, sulfur trioxide pyridine complex,
odium carbonate, acetobromo-alpha-d glucuronic acid methyl
ster, sodium methoxide, acetic acid, tetrahydrofuran (THF) and
ethanol were purchased from Sigma-Aldrich (St. Louis, MO). R3S,

3G and R4′G for initial calibration were purchased from Toronto
esearch Chemicals (North York, Canada). Ammonium acetate was
urchased from ThermoFisher Scientific (Pittsburgh, PA). HPLC
rade methanol was purchased from Mallinckrodt Baker (Phillips-
urg, NJ). All chemicals used to prepare buffers and other reagents
ere of analytical grade and were used as such.
.2. Synthesis of RES glucuronides

Initial attempts to synthesize RES glucuronides using a glyco-
yl donor in the presence of silver carbonate (as reported by Wang

Fig. 1. Reaction scheme for RES glucuronidation using the glycosy
l and Biomedical Analysis 63 (2012) 1– 8

et al. [10]) proved unsuccessful. The synthesis was accomplished by
a direct substitution reaction between RES monosodium salt and a
suitably protected glycosyl donor (acetobromo-alpha-d glucuronic
acid methyl ester). The acetyl protecting groups on the glycosyl
moiety ensured formation of the desired �-d-glucuronide products.
Briefly, RES (100 mg,  1 eq.) was dissolved in dry MeOH (3.5 ml)  at
room temperature, sodium methoxide (24 mg  in 1.5 ml dry MeOH;
1 eq.) was  added dropwise and the solution was  stirred. After 1.5 h,
a solution of acetobromo-alpha-d glucuronic acid methyl ester
(176 mg,  1 eq.) in dry MeOH (1 ml)  was added slowly and the reac-
tion was stirred for 4 h. Dry diethyl ether (30 ml)  was  added and the
mixture was  centrifuged and the organic phase was  collected and
evaporated to dryness. The residue was redissolved in a solution of
THF and 1 M NaOH (1:1 ratio) and set to stir. After 6 h, the reaction
was quenched with a 1% acetic acid in MeOH solution. The solvent
was evaporated and the crude solid separated by semi-preparative
chromatography to afford the desired monoglucuronides. Fig. 1
depicts this reaction scheme.

2.3. Synthesis of RES sulfates

RES sulfation was  carried out with two different procedures as
described below.

(i) RES was  treated with 1 equivalent (eq.) of sulfur trioxide-
pyridine complex in excess pyridine using controlled temper-
ature conditions (35–45 ◦C) [11,12].
(ii) RES was treated with 10 eq. of chlorosulfonic acid in excess pyri-
dine at −16 ◦C [13]. Details of the two methods are provided
below. This is the first report on the use of chlorosulfonic acid
for the synthesis of resveratrol sulfates.

l donor – acetobromo-alpha-d-glucuronic acid methyl ester.
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Fig. 2. Reaction schemes for RES sulfation with (a) su

.3.1. Reaction with sulfur trioxide pyridine complex
To a stirred solution of RES (100 mg,  1 eq.) in dry pyridine at

5 ◦C was added the SO3·Py complex (70 mg,  1 eq.) dissolved in
nhydrous pyridine and the solution was set to stir for 6–12 h.
he reaction was quenched with an equal volume of water and the
xcess solvent was evaporated. The residue was then loaded onto a
0 g RediSep Rf Gold® High Performance HP C18 Combiflash chro-
atography column (Teledyne Isco, Lincoln, NE) for pre-separation

f the sulfates from the parent RES. A gradient separation over
 min  was run using a water:acetonitrile mobile phase. The frac-
ions containing a mixture of monosulfates were combined and
oncentrated. Final separation and purification were carried out by
emi-preparative chromatography to afford the monosulfates, R3S
nd R4′S. The reaction scheme is depicted in Fig. 2.

.3.2. Reaction with chlorosulfonic acid
To a chilled (−16 ◦C) solution of RES (100 mg,  1 eq.) in dry pyri-
ine was added chlorosulfonic acid (0.3 ml,  10 eq.) with stirring. The
ixture was allowed to warm to room temperature and after 12 h

he reaction was stopped and the pyridine was evaporated under
educed pressure. The residue was dissolved in water, solid KOH
ioxide pyridine complex and (b) chlorosulfonic acid.

or K2CO3 was  added (to raise pH to 10) before loading onto the
Combiflash column. Pre-separation and final purification was done
as stated for the reaction with SO3·Py to provide the target mono
sulfates in approximately 45% yield.

2.4. Semi-preparative HPLC purification of RES conjugates

The HPLC system (HP 1100 series; Agilent Technologies, Santa
Clara, CA) consisted of a solvent delivery quaternary pump, an
autosampler, a diode array detector with UV detection set at 303 nm
and a Phenomenex Hyperclone ODS column (250 mm × 10 mm I.D.,
5 � particle size; Phenomenex, Torrance, CA) at a flow rate of
2.5 ml/min. A modification of the gradient method reported by
Murias and co-workers [14] was used to elute the target com-
pounds according to their lipophilicities in the following order –
R4′G, R3G, R4′S, and R3S. All RES conjugates were separated and
collected under the following conditions: starting with a mixture

of 90% aqueous ammonium acetate (solvent A) and 10% methanol
(solvent B), the organic phase was  linearly increased to 20% within
10 min, further increased to 35% B within 22 min  and a final increase
to 60% B at 25 min, where it remained constant until 30 min.
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ubsequently, the percentage of methanol (B) was  decreased to
0% within 2 min, and the column was equilibrated for a further

 min  before application of the next sample. HPLC retention times
or RES conjugates were 15, 18, 23.4 and 24.8 min  for R4′G, R3G,
4′S and R3S respectively.

Peaks corresponding to the respective RES metabolites were
ollected individually from each chromatographic run and pooled.
he pooled fractions were then evaporated under reduced pres-
ure and dried under vacuum. The metabolites synthesized herein
ere shown to be of 98% or greater purity as determined by HPLC

nalysis using two mobile phases (ammonium acetate/methanol
radient mobile phase detailed above, and an independent experi-
ent with an acetonitrile/water gradient). Portions of the purified

ompounds were used for NMR  spectroscopic measurements (see
ection 2.6 below). NMR  spectra of the metabolites were consistent
ith this high level of purity.

.5. Identification of RES conjugates by LC-MS/MS

LC–MS analysis was performed using an Agilent HP 1200 series
PLC coupled to a 6100 series single quadrupole electrospray
ass spectrometer (Agilent Tech, Santa Clara, CA) operating in

oth negative and positive ESI modes. UV spectra were recorded
rom 250 to 350 nm on the photodiode array detector. Negative
nd positive ion electrospray mass spectra were obtained with
he electrospray capillary set at 3 kV. The flow rate of the nitro-
en drying gas was 12.0 l/min at a temperature of 350 ◦C. Mass
pectra were recorded over the range of m/z 100–1000. Alterna-
ively, selected ion monitoring was used for greater sensitivity by
ecording signals for ions of m/z 307 for the sulfates and 403 for
he glucuronides. Identification was done on an Agilent Zorbax
B-C18 column (30 mm  × 2.1 mm ID, 3.5 � particle size) using a
ater:acetonitrile (with 0.1%, v/v formic acid) mobile phase set at

 gradient of 5–100% B over 4 min  and a flow rate of 1 ml/min.

.6. NMR  spectroscopic characterization

1H, 2D-COSY, 13C (DEPT-135) experiments (where appropri-
te) were performed on a Bruker Avance III 400MHz spectrometer
Bruker, USA). Samples were dissolved in appropriate deuterated
olvents (DMSO or methanol) and all measurements were made
t room temperature (298 K). Evaluation of the experiments was
arried out using Bruker’s automated software, TopSpin 2.1. Spec-
roscopic data for the metabolites reported herein were identical
o those previously reported by others [15–17].

.7. LC–MS assay development for analysis of RES and
etabolites

.7.1. Preparation of stock solutions, calibration standards (CS)
nd quality control (QC) samples

Stock solutions of RES, R4′G, R3G, R4′S, R3S and APAP (IS) were
repared separately in DMSO. CS samples were prepared by spiking
tock standard working solution into heparinized mouse plasma to
ive eight CS in the concentration range of 2.46–2460 ng/ml for R3S,
.57–3570 ng/ml for R3S and 10–10,000 ng/ml for R4′G, R3G and
ES. Similar to calibration standards, QC samples were prepared in
eplicates (n = 3 and n = 5 for the inter-day and intra-day validation
espectively) at five concentration levels representing the entire
ange of concentrations (10, 20, 50, 1000 and 10,000 ng/ml for RES,
4′G, and R3G; 3.57, 7.15, 17.9, 357 and 3570 ng/ml for R4′S and
.46, 4.93, 12.3, 246 and 2460 ng/ml for R3S).
.7.2. Sample preparation
RES, R4′G, R3G, R4′S, and R3S were isolated from plasma with

rotein precipitation. To 10 �l of plasma sample, 2.5 �l of 15%
l and Biomedical Analysis 63 (2012) 1– 8

ascorbic acid was added and vortexed for 1 min. Then 30 �l of
methanol containing 78 ng/ml APAP (internal standard) was  added
and again vortexed for 1 min  and centrifuged at 15,000 rpm for
15 min  at room temperature. Supernatant (10 �l) was  injected into
the liquid chromatography tandem mass spectrometry system.

2.7.3. LC–MS/MS conditions
The LC–MS/MS assay was carried out on an Agilent series 1100

high-performance liquid chromatography system equipped with a
binary pump, autosampler and degasser coupled to an API 4000
triple-quadrupole tandem mass spectrometer from ABSciex with
ESI source operated in the negative ion mode. Analyst software
version 1.4.2 (ABSciex) was used for instrument control, data acqui-
sition and data processing for both chromatography and mass
spectrometry. The chromatographic separation system consisted
of a guard column (Zorbax SB-C18, 5 �m,  4.6 mm × 12.5 mm;  Agi-
lent Technologies), an analytical column (Zorbax SB-C18, 5 �m,
4.6 mm × 150 mm;  Agilent Technologies) and a gradient mobile
phase of A: 5 mM ammonium acetate and B: methanol. The elu-
tion started with 90% A at 0 min  to 80% at 2 min, 65% at 10 min,
40% at 12 min  to 17 min  and 90% at 19 min. Flow rate of the mobile
phase was  1 ml/min and the flow from the column was split 1:3 into
a ABSciex API4000 triple quadrupole mass spectrometer equipped
with a Turbo ionspray source operating at 450 ◦C. The column tem-
perature was maintained at 35 ◦C. The ESI instrument settings were
optimized for the analysis and the appropriate MRM transitions and
MS/MS  parameters were determined for individual compounds by
direct infusion into the mass spectrometer. Nitrogen was used as
the curtain, collision and ion source gas.

2.8. Assay validation

The method was validated according to published recommen-
dations for bioanalytical method validation [18]. Calibration curves
were constructed from the peak area ratios of each analyte to
internal standard versus plasma concentrations with linear least
squares regression calculation and a weighting factor of 1/X2. Sol-
vent (methanol) and blank were run after every two samples.
Intra-day accuracy and precision were determined by analyzing
five replicates of QC samples. Inter-day accuracy and precision were
evaluated on five separate days. Precision was  expressed as the rela-
tive standard deviation of the determined concentrations. Accuracy
was calculated with the following equation: Accuracy = [(mean
measured concentration − nominal concentration)/nominal con-
centration] × 100. Recovery of metabolites was  investigated by
analyzing five individual plasma samples at low, medium and
high concentrations. These concentrations were: 20, 1000, and
10,000 ng/ml for R3G and R4′G; 4.93, 246, and 2460 ng/ml for R3S;
and 7.15, 357, and 3570 ng/ml for R4′S. The recovery was  deter-
mined by comparing analyte: IS peak area ratio upon extraction
from spiked plasma to analyte: IS peak area ratio in pre-prepared
plasma matrix.

2.9. Application of synthesis and bioanalytical method:
pharmacokinetics of RES and quantitation of its metabolites
in vivo

Male C57BL/6 mice weighing between 20 and 25 g were sup-
plied by Jackson Labs and maintained in the American Association
for the Accreditation of Laboratory Animal Care-accredited Univer-
sity Laboratory Animal Resources of Temple University. All animal
studies were approved by the Institutional Animal Care and Use

Committee.

A carotid artery cannula was  surgically implanted into the
right carotid artery of each mouse, and animals were allowed to
recover overnight. Carotid artery cannula was  used for systemic
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Table  1
Yields and spectroscopic data for RES mono-sulfates and glucuronides.

Compound (Mol. Wt.) Theoretical yield Actual yield (%) 1H NMR  LC–MS (m/z, RT, % purity)

R4′S (308) 135 mg  23 mg  (17%) (MeOH-d4, DQF COSY): ı = 6.2 (t, J = 2.1 Hz, H-4), 6.5 (d, J = 2.1 Hz,
H-2,6), 6.95 (d, J = 16.3 Hz, trans-vinyl), 7.04 (d, J = 16.3 Hz, trans-vinyl),
7.29 (d, J = 8.7 Hz, H-3′ ,5′), 7.50 (J = 8.7 Hz, H-2′ ,6′)

307 [M−H]+,1.77 min, 99%

R3S  (308) 135 mg  37 mg  (27%) (MeOH-d4, DQF COSY): ı = 6.66 (t, J = 2.1 Hz, H-4), 6.74 (t, H-6), 6.76 (d,
J  = 8.6 Hz, H-3′ ,5′), 6.85 (d, J = 16.2 Hz, trans-vinyl), 6.97 (t, H-2), 7.05 (d,
J  = 16.2 Hz, trans-vinyl), 7.37 (d, J = 8.6 Hz, H-2′ ,6′)

307 [M−H]+,1.98 min, 98%

R4′Ga (404) 176 mg  20 mg  (11%) (MeOH-d4, DQF COSY): ı = 3.52 (m,  3H, 3 × H, H2′′–H4′′), 3.78 (m, 1H,
H5′′), 4.93 (s, 1H, H1′′), 6.16 (t, J = 2.1 Hz, H-4), 6.46 (d, J = 2.1 Hz, H-2,6),
6.85 (d, J = 16.3 Hz, trans-vinyl), 6.96 (d, J = 16.3 Hz, trans-vinyl), 7.11 (d,
J  = 8.7 Hz, H-3′ ,5′), 7.43 (J = 8.7 Hz, H-2′ ,6′)

403 [M−H]+,1.78 min, 99%

R3Ga (404) 176 mg  34 mg  (19%) (MeOH-d4, DQF COSY): ı = 3.43 (m,  3H, 3 × H, H2′′–H4′′), 3.68 (m, 1H,
H5′′), 4.82 (s, 1H, H1′′), 6.40 (t, J = 2.1 Hz, H-4), 6.52 (d, J = 2.1 Hz, H-2,6),
6.67 (d, J = 8.7 Hz, H-3′ ,5′), 6.75 (d, J = 16.3 Hz, trans-vinyl), 6.91 (d,
J  = 16.3 Hz, trans-vinyl), 7.28 (J = 8.7 Hz, H-2′ ,6′)

403 [M−H]+,1.95 min, 99%
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Table 2
Optimized ESI–MS/MS operating, MRM  and MS/MS  parameters for RES, R4′G, R3G,
R4′S, R3S and APAP (IS).

Operating parameters Setting

Collision gas (psi) 6
Curtain gas (psi) 40
Ion source gas 1 (psi) 55
Ion source gas 2 (psi) 55
Ion spray voltage (V) −4500
Temperature (◦C) 450
EP (V) −10
Run duration (min) 19

RES R4′G/R3G R4′S/R3S APAP(IS)

Precursor ion (m/z) 227 403 307 150
Product ion (m/z) 185 113 227 107
Dwell time (ms) 400 400 400 400

presented in Fig. 3.
In this study, the calculated peak area ratios of RES, R4′G, R3G,

R4′S and R3S to APAP versus the nominal concentration of the
analyte displayed a good linear relationship with coefficients
uantity of starting material (RES) was 100 mg  (0.44 mM).
a Numbering for glucuronic acid proton assignment.

rug administration and blood sampling. Heparin–saline (20 �l,
0 IU/ml) was  used to flush the cannula after systemic administra-
ion or blood sampling. RES solubilized in 20% 2-hydroxypropyl-
-cyclodextrin in saline was administered intra-arterially (I.A.)
t a dose of 60 mg/kg. The I.A. route was selected in order to
chieve 100% systemic bioavailability. The dose was  selected in
rder to achieve measurable concentrations of all RES conju-
ates including quantitatively minor metabolites. Blood (20 �l)
as serially sampled at 2.5, 5, 10, 15, 45, 90, 180, 300, 420 and

00 min. Blood samples were centrifuged at 14,000 rpm for 2 min,
he harvested plasma was collected and stored at −80 ◦C until
CMS/MS analysis. PK data analysis was performed with the soft-
are package WinNonlin Version 5.2 (Pharsight, Mountain View,
A). Pharmacokinetics of RES and metabolites were analyzed by
tandard non-compartmental methods that yielded individual ani-
al  estimates of total clearance, volume of distribution, elimination

alf-life, area under the RES plasma concentration–time curves
rom time 0 to 10 h (AUC0–10) and 0 to infinity (AUC0–inf), and

etabolite plasma concentration–time curves from time 0 to 10 h
metabolite AUC0–10) and 0 to infinity (metabolite AUC0–inf).

. Results

.1. Synthesis of RES glucuronides and sulfates

The synthesis of the glucuronides was accomplished using a
odification of the procedure reported by Vitaglione and co-
orkers [15]. The route used to prepare R3G and R4′G is shown

n Fig. 1. RES mono-sulfates were prepared using modifications to
wo precedented procedures [11–13,19].  Fig. 2A depicts the use of
O3·Py complex while Fig. 2B involves the use of chlorosulfonic
cid. Yields and spectroscopic data for RES mono-sulfates and glu-
uronides are listed in Table 1.

.2. LC–MS/MS assay for quantitation of RES and its metabolites

ESI operated in negative ion mode was used for the LC–MS/MS
nalysis to provide optimum sensitivity and selectivity. The
ptimized tandem mass spectrometry conditions are summa-
ized in Table 2. The following precursor-product ion transitions
ere observed: m/z 227 → 185 for RES, m/z 150 → 107 for

cetaminophen (APAP, internal standard IS), 403 → 113 for R4′G
nd R3G and 307 → 227 for R4′S and R3S with a dwell time of 400 ms

or each ion transition. The daughter ion for sulfated metabolites
227) corresponds to the RES moiety and the daughter ion for
lucuronidated metabolites (113) corresponds to the glucuronide
oiety fragment [20]. The retention time was  ∼5 min  for APAP,
DP  (V) −70 −65 −40 −40
CE  (V) −26 −24 −32 −24
CXP  (V) −11 −5 −5 −5

∼5.9 min  for R4′G, ∼7.3 min  for R3G, ∼9.2 min for R4′S, ∼10.2 min
for R3S and ∼14.2 min  for RES. A representative chromatogram is
Fig. 3. Representative chromatograms of RES, APAP (IS), R4′G, R3G, R4′S and R3S.
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Table  3
Intra-day (n = 5) and inter-day (n = 5) precision and accuracy for RES, R4′G, R3G, R4′S and R3S in mouse plasma.

Analytes Nominal concentration
(ng/ml)

Intra-day (n = 5) Interday (n = 5)

Measured
concentration ± SD
(ng/ml)

Precision (%) Accuracy (%) Measured
concentration ± SD
(ng/ml)

Precision (%) Accuracy (%)

RES 10a 9.34 ± 0.93 10 −6.64 9.83 ± 0.89 9.02 −1.7
20 19.66 ± 1.81 9.2 −1.7 20.80 ± 1.70 8.16 3.99
50  54.82 ± 1.92 3.52 9.16 50.70 ± 4.18 8.24 1.41
1000 1017.6 ± 81.99 8.06 1.76 1020.32 ± 59.84 5.86 2.03
10,000 10,218 ± 501.12 4.9 2.18 10,038.27 ± 780.66 7.78 0.38

R4′G 10a 9.01 ± 0.91 10.07 −9.88 9.69 ± 0.83 8.52 −3.09
20 18.68 ±  1.23 6.59 −6.6 19.64 ± 1.25 6.34 −1.82
50 48.96 ± 2.11 4.32 −2.08 47.73 ± 3.00 6.28 −4.55
1000  1053.20 ± 33.78 3.21 5.32 1058.11 ± 23.5 2.22 5.81
10,000 10,254 ± 422 4.12 2.54 10,202.8 ± 471.46 4.62 2.03

R3G  10a 9 ± 0.35 3.83 −9.96 9.64 ± 0.56 5.84 −3.58
20  17.64 ± 0.42 2.39 −11.8 19.09 ± 1.21 6.33 −4.56
50  47 ± 1.96 4.16 −6 46.49 ± 1.91 4.12 −7.03
1000  1047.60 ± 44.03 4.2 4.76 1075.65 ± 27.76 2.58 7.57
10,000 10,366 ± 426.36 4.11 3.66 10,351.20 ± 429.35 4.15 3.51

R4′S 3.57a 3.55 ± 0.32 8.89 −0.5 3.73 ± 0.25 6.82 4.46
7.15 7 ±  0.71 10.19 −2.07 7.12 ± 0.41 5.70 −0.41
17.9  17.76 ± 0.75 4.24 −0.78 17.63 ± 1.35 7.68 −1.5
357  359.40 ± 12.18 3.39 0.67 378.68 ± 11.89 3.14 6.07
3570 3708 ± 164.07 4.42 3.87 3826.93 ± 114.03 2.98 7.2

R3S 2.46a 2.30 ± 0.25 10.88 −6.5 2.42 ± 0.14 5.97 −1.63
4.93  5.03 ± 0.44 8.78 1.95 4.83 ± 0.28 5.88 −2
12.3 12.38 ± 0.40 3.25 0.65 11.79 ± 0.82 6.98 −4.15
246  255.40 ± 8.02 3.14 3.82 259.01 ± 3.62 1.4 5.29
2460 2740 ± 140.36 5.12 11.38 2610 ± 162.48 6.23 6.1
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Fig. 4. Plasma concentration–time profile of RES and its monoconjugated metabo-
lites. RES and metabolite concentrations in plasma were determined in C57BL/6J
mice (n = 6) receiving 60 mg/kg RES as an IA short infusion (10 s). Data are repre-
sented as mean ± SD, n = 6.

Table 4
Noncompartmental analysis of RES and its metabolites upon a single 60 mg/kg IA
RES  dose.

PK parameter/metric (units) Estimate ± SD, n = 6

AUC0–10 (min �M)  1065.93 ± 394.89
AUC0–inf (min �M) 1206.87 ± 475.51
Cl (ml/min/kg) 251.14 ± 109.08
Vss (l/kg) 38.35 ± 13.56
t1/2 (min) 109.75 ± 22.90
R3GAUC0–10 (min �M) 3891.47 ± 1179.42
R3GAUC0–inf (min �M) 4191.01 ± 1297.29
R3SAUC0–10 (min �M) 823.80 ± 214.63
R3SAUC0–inf (min �M) 1023.86 ± 352.44
a Concentrations determined to be LOQ.

f determination ≥0.99 over a concentration range of
0–10,000 ng/ml for RES, R4′G, R3G, 3.57–3570 ng/ml for R4′S
nd 2.46–2460 ng/ml for R3S using a weighting factor of 1/X2.
he limits of quantitation (LOQs) were established at the lowest
oints of the standard curves, i.e. 3.57 ng/ml for R4′S, 2.46 ng/ml
or R3S and 10 ng/ml for R4′G, R3G and RES. The results of
ntra-day and inter-day accuracy and precision are presented in
able 3. The intra- and inter-day precision for all the analytes was
ess than 15%. The recovery of R3G and R4′G at low (20 ng/ml),

edium (100 ng/ml) and high (10,000 ng/ml) concentrations was
9.58, 91 and 90.98% for R3G and 89.93, 86.15 and 94.83% for
4′G respectively. Recovery of R3S at low (4.93 ng/ml), medium
246 ng/ml) and high (2460 ng/ml) concentration was 105.13,
9.21 and 96.11% respectively. R4′S recovery at low (7.15 ng/ml),
edium (357 ng/ml) and high (3570 ng/ml) concentration was

7.31, 108.71 and 103.61% respectively. The results indicate that
he recovery, precision and accuracy of this method were adequate
or bioanalytical purposes.

.3. Application to pharmacokinetic studies

The mean plasma concentration–time profiles of RES and its
etabolites are shown in Fig. 4, with pharmacokinetic parameter

nd metric estimates listed in Table 4. RES exhibited a high steady-
tate volume of distribution and an elimination half life of 110 min.
t the end of 10 h, R3G was quantitatively the most abundant

etabolite, followed by R3S. Both R4′S and R4′G were quantita-

ively minor metabolites. The mean systemic clearance of RES was
igh (251.14 ml/min/kg) when compared with hepatic blood flow

n the mouse (90 ml/min/kg) [21,22].

R4′GAUC0–10 (min �M) 17.49 ± 7.30
R4′GAUC0–inf (min �M) 18.78 ± 7.61
R4′SAUC0–10 (min �M) 11.27 ± 3.75
R4′SAUC0–inf (min �M)  12.17 ± 4.39
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. Discussion and conclusions

.1. Synthesis of RES metabolites

For RES glucuronidation, facile synthesis of the 3 and 4′ glu-
uronide products was achieved with the use of 1eq of acetobromo
lucuronic acid methyl ester. This method is a modification of the
rocedure reported by Vitaglione and co-workers [15]. This one pot
eaction involves the use of NaOMe in methanol which serves as the
rotonating agent for RES and the deprotecting agent for the acetyl
roups.

The majority of reports on the chemical synthesis of RES sulfates
17,23–25] use a modification of the sulfation procedure reported
y Kawai et al. (1 eq. SO3·Py complex at 60 ◦C) [11]. An exception

s the work by Hoshino and co-workers [27]. Kawai et al. stated
hat carrying out the reaction at room temperature yielded more

onosulfated products and heating to 60 ◦C ensured disulfation. In
ur hands, RES sulfation at 60 ◦C yielded predominantly disulfated
roducts (a finding confirmed by others [11,12]) while at room
emperature no measurable sulfates were isolated. However, when
he temperature was carefully maintained at 35 ◦C, RES monosul-
ates were obtained but with lower yields. Thus, the sulfation of
ES using the SO3·Py complex was found to be highly temperature
ependent. Hoshino et al. [26] attempted to avoid the challenge of
isulfate formation by selectively protecting the hydroxyl groups.
his method was not used here due to the multiple steps involved
n the approach and the modest increase in yields reported.

The synthesis of RES monosulfates reported herein was  carried
ut using SO3·Py complex at 35 ◦C. Removal of unreacted RES was
ccomplished by pretreating the reaction mixture with a reverse
hase Combiflash (RediSepTM Gold) column. The recovered RES was
ried and used for future reactions thus improving reaction effi-
iency. Fractions containing the sulfates were pooled, concentrated
nd loaded directly onto a semi-prep column where an effective
eparation of the 3 and 4′ regio-isomers was achieved (evaporation
f fractions to dryness was found to result in solvolysis, presumably
ue to the presence of sulfuric acid – the reaction byproduct).

Another sulfating agent reported for polyphenol sulfation is
hlorosulfonic acid which has been used successfully for sulfat-
ng daidzein and other isoflavonoids such as quercetin, genistein
nd equol [13,19]. The use of 10 eq. of cholorosulfonic acid (more
han 10 eq. increased the non-selectivity) in excess pyridine at
16 ◦C afforded the desired monosulfates of RES with less disul-

ate formation than the SO3·Py complex method. With respect to
he separation and purification, the same measures applied for the
ork up of the SO3·Py complex reaction were utilized to obtain the
nal purified sulfated products. Both the SO3·Py complex reaction
nd the reaction involving chlorosulfonic acid afford the mono-
ulfates in approximately 45% yield. However, sulfation using the
O3·Py complex was preferred due to the milder nature of the sul-
ating agent and the reduced reaction time.

.2. Development and validation of LC–MSn method

There are reports of synthetic RES metabolites used as qualita-
ive standards, but no study to date has directly quantitated these

etabolites [6,27,28]. Studies to date have utilized a RES standard
urve to quantitate its conjugates after their hydrolysis. Hydroly-
is of conjugated metabolites to convert them to parent RES adds
ncertainty to their quantitation due to experimental issues such
s incomplete deconjugation, degradation, and error introduced
ue to additional sample preparation steps. Thus, quantitation of

ES conjugates directly against their synthetic standards is a vast

mprovement. Table 3 shows the validation of our assay for the par-
nt as well as all monoconjugate analytes. The LC method reported
ere was modified from a previously published method [14]. Our
l and Biomedical Analysis 63 (2012) 1– 8 7

modified method had a shorter run time (19 min  versus 30 min),
and included an internal standard (APAP). The sensitivity of the
present assay is greatly increased (2.46 ng/ml for R3S) as compared
to the earlier method (100 ng/ml for R3S). This improved sensi-
tivity is critical to evaluation of low levels of metabolites formed
in vivo. The most important distinction in our assay is the resolution
of R3S and R4′S metabolites, and quantitation of each metabolite
against its synthetic standard. Given the purported activity of R4′S
in cell-based assays [7],  it is especially important to analyze this
metabolite and understand its in vivo disposition. Finally, the direct
quantitation of RES glucuronides has not been previously reported.
The present method offers a major advantage over previous meth-
ods in being a highly sensitive and specific assay for concomitant
determination of RES and all 4 of its monoconjugated metabolites.

4.3. Application to PK studies

RES pharmacokinetics have previously been reported in rats,
pigs, and humans [6,8,9,27,29,30]. Aspects of its disposition such
as absorption, metabolism, and distribution have been evaluated
in mouse models [31,32].  Similar to disposition in rats, RES was
highly metabolized to R3G in the present study with mice [9]. The
systemic clearance of RES in the present study (251 ml/min/kg) was
of a similar magnitude as that reported in rats (195 ml/min/kg by
Marier et al., 183 ml/min/kg by Kapetanovic et al.) [8,27].  Previous
studies in rodents did not report any RES 4′ conjugates. Quanti-
tation of R4′G and R4′S in the present study was enabled by the
synthesis of standards as well as development of a sensitive bioan-
alytical assay. Our results indicate the utility of our synthesis and
bioanalytical methods in comprehensive PK evaluation of RES, to
resolve issues such as its metabolism, enterohepatic recirculation,
formation and disposition kinetics of potentially active metabo-
lites, and reversible metabolism of potentially ‘depot’ conjugates.
Studies are currently underway in our laboratories to evaluate the
PK of not only RES but also its pre-formed synthetic sulfates and
glucuronides.

5. Conclusion

All four monoconjugates of RES – R3S, R4′S, R3G, and R4′G – have
been successfully synthesized, purified, and characterized. These
metabolites were utilized as synthetic standards to develop and
validate a highly sensitive LC–MSn assay for concomitant quan-
titation of RES and all its monoconjugates. Together, synthetic
metabolites and validation of a bioanalytical method were applied
to characterize the plasma PK of RES in mice. Future studies will
include characterization of biological activity of RES metabolites,
as well as the pharmacokinetics of these pre-formed metabolites.
An understanding of RES disposition will allow better RES regi-
men  design for increased efficacy, as well as design of analogs with
improved PK characteristics such as increased bioavailability.
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a  b  s  t  r  a  c  t

Drug  lipophilicity  is  a vital  physicochemical  parameter  that influences  drug  absorption,  distribution,
metabolism,  excretion  and  toxicology.  A  comparative  study  of  a homologous  series  based  on a  pharma-
ceutically  active  drug  represents  a powerful  approach  to the  study  of the  effects  of  drug  lipophilicity.
We  have  developed  a rapid  and  sensitive  LC–MS/MS  method  suitable  for such  a  homologous  series
and  applied  it to a series  of DNA  binding  benzonaphthyridine-based  antitumour  drugs  of  differing
lipophilicity.  The  method  used  a gradient  elution  with  a run  time  of  7 min  for  simultaneous  quan-
titation  of  five  analogues  in  a pooled  sample.  Method  validation  was  carried  out  in  plasma  (human
and  mouse)  and  mouse  tissues  (brain,  heart,  kidney,  liver  and  lung).  It had  a  limit  of quantitation  of
0.001  �mol/L  and was  linear  (0.001–0.3  �mol/L)  in  all matrices  with  acceptable  intra-  and  inter-assay
precision  and  accuracy.  This  method  allowed  the  pharmacokinetic  parameters  of  these  compounds  in
mice  to  be  related  to their  lipophilicity  as determined  by their  partition  coefficient  (Log  D). Both  the

−7 −7
N 28049 plasma  CL  (r =  0.95;  P = 2 × 10 ) and  Vss (r  = 0.95;  P =  2 ×  10 ) exhibited  a  significant  positive  correla-
tion with  Log  D  values  after  intravenous  bolus  administration  to mice.  Consequently  the  plasma  mean
residence  time  for  each  of  these  five  analogues  decreased  with  increasing  lipophilicity.  There  was also  a
significant  positive  correlation  (r =  0.91;  P =  2  ×  10−7) between  Log D values  and  the  brain  to plasma  AUC
ratio  indicating  the  importance  of  lipophilicity  in the  distribution  of these  compounds  into  the  brain

tissue.

. Introduction

Drug lipophilicity and its importance in determining pharma-
ological responses was known for over a century starting with the
arly studies by Richet [1]. Introduction of sophisticated quantita-
ive structure–activity relationships (SARs) by Hansch [2,3] led to
n increase in the prominence of lipophilicity in various classes of
rugs. Furthermore, a review by Lipinski in 1997 [4] suggested that
he desired lipophilicity values for drug candidates are universal
o a degree, specifically highlighting the desirability of Log D val-
es < 5. While a comprehensive review on the subject of lipophilic-

ty is beyond the scope of this article, several publications review

his topic of lipophilicity and its role in ADMET (absorption, distri-
ution, metabolism, elimination and toxicology) in detail [5,6].
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N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-1,2-dihydro-
benzo[b]-1,6-naphthyridine-4-carboxamide (SN 28049) is a DNA
intercalating topoisomerase II poison being tested for its anti-
cancer activity. The latter (methyl analogue) along with hydrogen,
ethyl, n-propyl, and n-butyl substitutions at the N-2 position of the
benzonaphthyridine ring structure (Fig. 1) were synthesised and
utilised as a homologous series to study the effects of lipophilicity
(as determined by their partition coefficient (Log D)) on their phar-
macokinetics. SN 28049 exhibited curative antitumour activity
in a Colon-38 murine tumour model and was greatly superior to
the standard topoisomerase II poisons such as etoposide and dox-
orubicin as demonstrated by Deady et al. [7].  A previous study by
Lukka et al. [8] suggested that pharmacokinetics may play a major
role in its superior antitumour properties. We have previously
reported an ion-trap LC–MS method [9] for the quantitation of SN
28049 and its application to a pharmacokinetic study in mice. The
limit of quantitation (LOQ) of the latter method (0.062 �mol/L)

was acceptable, but the sensitivity was insufficient to measure
the concentrations beyond 12 h post administration. In addition,
no analytical method was  available for the other four analogues
to be investigated. This study demonstrates the development and

dx.doi.org/10.1016/j.jpba.2012.01.022
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:b.baguley@auckland.ac.nz
dx.doi.org/10.1016/j.jpba.2012.01.022
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ig. 1. Chemical structure of benzonaphthyridine with substitutions at N-2 position.

alidation of a more sensitive (LOQ, 0.001 �mol/L), relatively rapid
7 min  per pooled sample containing all five analogues) method
tilising an Agilent® 6410 triple quadrupole mass spectrometer
QqQ) (Agilent® Technologies, USA) coupled to an Agilent® 1200
apid Resolution LC (Agilent® Technologies, USA) to simultane-
usly quantitate five benzonaphthyridine derivatives in human
nd mouse plasma and mouse tissues.

. Experimental

.1. Materials and methods

The series of benzonaphthyridine analogues with substitutions
t the N-2 position is shown in Fig. 1. SN 28101 (hydrogen) (free
ase, 99% pure by LC; MW,  324); SN 28049 (methyl) (free base,
9% pure by LC; MW,  338); SN 28668 (ethyl) (free base, 99% pure
y LC; MW,  352); SN 32116 (propyl) (free base, 99% pure by LC;
W,  366); SN 28048 (butyl) (free base, 99% pure by LC; MW,  380)

nd the deuterated internal standard (IS) SN 32444 (free base, 98%
ure by LC; MW,  374) were synthesized in the Auckland Cancer
ociety Research Centre using previously published methods [7].
nless stated, all other chemicals were commercially available and
f analytical grade. Water used in all experiments was  purified by
ltering through ion exchange columns and a 0.22 �m filter (Milli-

 Purification System, Millipore Corporation, Bedford, USA).

.1.1. Mice
C57 Bl/6 female mice (20–25 g; 8–12 weeks old) were housed

nder constant temperature, humidity and lighting (12 h light per
ay). All experiments which included blood collection in mice
rom the ocular sinus under isofluorane anaesthesia were approved
y The University of Auckland Animal Ethics Committee, and
onformed to the Guidelines for the Welfare of Animals in Experi-
ental Neoplasia, as set out by the United Kingdom Co-ordinating

ommittee on Cancer Research.
.1.2. Drug formulation and administration
All analogues were dissolved in phosphate buffered saline (PBS)

nd administered to mice at 25 �mol/kg (a volume of 10 �L/g).
ntravenous (i.v.) bolus injection was via the tail vein using a
d Biomedical Analysis 63 (2012) 9– 16

1 cm3/mL Tuberculin syringe (Terumo, Laguna, Philippines) with
a 27 gauge needle. Intraperitoneal (i.p.) administration was carried
out by injecting the drug into the peritoneal cavity using a 1 cm3/mL
Tuberculin syringe with a 26 gauge needle.

2.1.3. Preparation of mouse plasma and tissue homogenates
Mouse plasma was  prepared from the blood of anaesthetised

C57 Bl/6 mice and stored at −80 ◦C. To prevent coagulation, blood
was collected in BD Vacutainer® (BD Biosciences, Franklin Lakes,
NJ, USA) tubes coated with K2 EDTA, and plasma was  separated
by centrifugation at 6000 × g for 10 min. Tissues (brain, heart, kid-
ney, liver, and lung) were collected after cervical dislocation of
the anaesthetized mice. Collected tissues were washed with 1 mL
PBS to remove blood contamination, briefly dried, transferred to
2 mL  nunc CryoTubes® (Thermo Scientific, Rochester, NY, USA) and
stored at −80 ◦C. Frozen tissues were thawed at room temperature
(25◦ C) and transferred into glass tubes, weighed and homogenized
in PBS (4-volumes) using a tissue homogenizer (S/N TH-71, Omni
TH homogenizer, Gainesville, VA, USA) operated at 24,000 rpm.

2.2. Instrumentation

2.2.1. Liquid chromatograph–mass spectrometer
The LC–MS/MS system was an Agilent® 1200 Rapid Resolu-

tion HPLC and Agilent® 6410 triple quadrupole mass spectrometer
equipped with a multimode ionisation source (Agilent® Tech-
nologies, USA). Chromatographic separation was  achieved on an
Agilent® Zorbax® SB-C18 (50 mm × 2.1 mm,  5 �m) column with a
0.2 �m in-line filter and was maintained at 35 ◦C. The mobile phase
consisted of 80% acetonitrile with 0.01% formic acid (mobile phase
A) and water containing 0.01% formic acid (mobile phase B) with
fast gradient elution at a flow rate of 0.5 mL/min and run time of
7 min. The following gradient was applied: 0 min, 90% B; 1 min, 90%
B; 2.5 min, 10% B; 5 min, 10% B; 6 min, 90% B; 7 min, 90% B. The col-
umn  was equilibrated for 1 min  between injections. The eluent flow
was led into the MS/MS  starting 0.5 min  after injection by switch-
ing the MS  inlet valve. The sample volume injected was 25 �L and
the autosampler was set at 4 ◦C. The mass spectrometer was run
in positive ion ESI-APCI combined mode using multiple reaction
monitoring (MRM)  to monitor the mass transitions. The reten-
tion times for the analogues were as follows: hydrogen, 3.04 min;
methyl, 3.60 min; ethyl, 3.81 min; propyl, 4.05 min; butyl, 4.36 min;
d7 IS, 4.05 min. The mass resolution was set at 0.7 � FWHM (unit
mass resolution) for both quadrupoles. Other parameters of the
mass spectrometer were: collision energy 15 V; fragmentor volt-
age 130 V; gas flow 5.5 L/min; gas temperature 350 ◦C; vaporizer
temperature 225 ◦C; nebulizer 55 psi; capillary 3000 V, corona cur-
rent positive 3 �A; charging voltage 1500 V. Data were acquired
and analysed with Agilent® MassHunter® software.

2.3. Stock solutions, calibrants and quality controls

Stock solutions (1 mmol/L) of all 5 benzonaphthyridine ana-
logues were prepared individually in acetonitrile. Subsequent
dilutions of individual analogues using a pooled approach resulted
in a final concentration range of 0.001, 0.005, 0.01, 0.025, 0.05, 0.1,
0.3 �mol/L for the calibration curve for all 5 analogues in plasma
and tissue homogenates. Freshly prepared working solutions of all
5 analogues from an independently weighed 1 mmol/L stock were
used to prepare quality control (QC) samples. Appropriate volumes
were then added to freshly thawed particle-free human plasma,
mouse plasma and mouse tissue homogenates to give concentra-

tions of 0.001, 0.025 and 0.3 �mol/L (5 mL  of each concentration).
Aliquots (200 �L) of each QC samples were stored at −80 ◦C imme-
diately after the preparation. During each subsequent analytical
run, one set (triplicate) of each QC concentration was  included
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scattered in between the calibrants and the unknown samples)
nd processed with the calibrants and in vivo study samples.

.4. Sample preparation

Aliquots (25 �L) of plasma or tissue homogenates (either cali-
rants, quality controls) were precipitated with 3-volumes (75 �L)
cetonitrile:methanol (3:1) mixture containing deuterated (d7)
nternal standard (IS) (0.05 �mol/L). For analysis of samples from
he in vivo study, 25 �L samples of each analogue were pooled
nd precipitated with 3-volumes of the acetonitrile:methanol
3:1) mixture containing deuterated (d7) internal standard (IS)
0.05 �mol/L). Samples were vortexed for 30 s, followed by cen-
rifugation at 13,000 × g (5 min, 4 ◦C). A 50 �L aliquot of each
upernatant was then diluted in 50 �L of mobile phase B and
njected into the LC–MS/MS (25 �L injection volume). Blank sam-
les were prepared from plasma (human and mouse) and tissue
omogenates using the same extraction procedure.

.5. Validation procedures

Analytical specificity was tested by inspection of chro-
atograms of extracted drug-free plasma and tissue homogenate

amples for interfering peaks. Extraction recoveries were assessed
y comparing peak areas of each analyte and IS from extracted
lasma QC samples, to standards prepared in blank matrix extract.
ll recovery studies were performed at three different concentra-

ions and in triplicate. To determine intra-day reproducibility 5–6
eplicates of the QC samples were analysed, including the LOQ.
nter-day precision was calculated from QC samples analysed on
hree or more different days. At each concentration, precision was
alculated as the relative standard deviation (RSD) and accuracy as
he percentage of the true value. Acceptable precision was  defined
y a RSD within 15% and accuracy within 85–115%. The LOQ was
efined to be the lowest concentration that could be measured
ith the minimum acceptable accuracy (within 80–120% of the

rue value) and precision (RSD within 20%). Matrix effects on each
nalyte were assessed in triplicate by spiking the analytes in differ-
nt batches of extracted (with 3-volumes of acetonitrile:methanol
3:1)) plasma (mouse and human) and mouse tissue homogenates.
ach analytical run consisted of a single calibration curve, tripli-
ate QC samples at three concentrations, one reagent blank, one
lasma/tissue blank and one zero-level (blank matrix sample with
7 IS) standard. The stability of all 5 analogues was  measured

n duplicate at room temperature over 24 h in plasma and tissue
omogenates. At each time point, plasma/tissue samples contain-

ng all 5 analogues were removed, and then extracted as described
bove. In addition, the stability of all 5 analogues in plasma and
issue homogenates was assessed at three different concentrations
n triplicate when left on ice or on the benchtop for 0–24 h. Simi-
arly, stability during storage in the autosampler was  determined at
hree different concentrations in triplicate over 24 h at 4 ◦C. Three
reeze–thaw cycles at −80 ◦C were used to test the stability of all

 analogues in plasma. Long-term plasma stability was  assessed
t −80 ◦C over 1 year. For short-term/bench-top, long-term and
reeze–thaw stability, mean concentrations of triplicate samples
ere compared to the initial values.

.6. Pharmacokinetic evaluation

C57 Bl/6 female mice used for the i.v. pharmacokinetic stud-
es. Mice (n = 3 per time point) were administered 25 �mol/kg

f each analogue. Blood samples were collected at various time
oints (0.08, 0.5, 1, 2, 4, 8, 12 and 24 h). For the tissue distribution
tudy, C57 Bl/6 female mice (n = 3 per time point) were adminis-
ered with each of the analogues intraperitoneally. Blood and tissue
d Biomedical Analysis 63 (2012) 9– 16 11

samples (brain, heart, liver, lung, and kidney) were collected at
similar timepoints to the i.v. study. Non-compartmental pharma-
cokinetic parameters were calculated using WinNonlin® version
5.3. Values for area under the plasma concentration–time pro-
file curve (AUC) were calculated using the log trapezoidal rule
with extrapolation of the terminal slope to infinity by log-linear
regression. The terms Cmax and Tmax represent the maximum
concentration achieved and the time to maximum concentration
respectively, and were determined from the concentration–time
profiles. The model-independent pharmacokinetic parameters,
clearance (CL), volume of distribution at steady state (Vss),
and mean residence time (MRT) were calculated by the fol-
lowing equations: CL = dose/AUC; Vss = dose × AUMC/(AUC)2; and
MRT = AUMC/AUC, where AUMC represents the total area under
the first moment of the concentration–time curve, computed
in a similar fashion to that used for AUC. Correlation (rep-
resented by ‘r’) analysis was  performed by Spearman rank
order method and P values less than 5 × 10−2 were considered
significant.

3. Results and discussion

3.1. Validation of the assay

3.1.1. Specificity
The product ion fragments of all the 5 analogues and the IS were

monitored using MRM  following extraction from the matrices. No
interference was observed from the endogenous components of
the matrices. A blank chromatogram (Fig. 2a) and extracted MRM
traces for all mass transitions at the LOQ are shown in Fig. 2b.
Additionally, precursor ions arising from possible metabolites (N-
demethylation, hydroxymethylation, and N-mono demethylation)
were verified for each analogue, and no interference from transi-
tions was  observed.

3.1.2. Linearity
The calibration curve was assessed based on a plot of the

ratio of peak areas for each analogue/IS. A linear fit model with
no weighting best described the concentration–response relation-
ship. The assay was found to be linear for all the analogues over
the concentration range of 0.001–0.3 �mol/L in all the matrices
tested (r2 > 0.991). Plasma and tissue samples with concentra-
tions >0.3 �mol/L were diluted accordingly and are unvalidated
results. Accuracy and precision data obtained from the calibration
curves of plasma and tissues matrices prepared on six different
occasions over the concentration range were within the accept-
able range (precision, <7.0% and accuracy, 93.8–106.2% of nominal
values).

3.1.3. Fragmentation patterns
SN 28101 (hydrogen) ionizes in the positive ionization mode,

gaining a proton and entering the metastable state of [M+H]+ and
can be seen in the spectrum as m/z 325. The latter can then be frag-
mented and characterized in MS2  mode ([M+H]+–C2H7N) to give a
MS2 ion at m/z 280. The other analogues in this series (methyl,
ethyl, propyl, and butyl) and the d7 also fragment in the simi-
lar fashion producing product ions as follows: methyl, 339–294;
ethyl, 353–308; propyl, 367–322; butyl, 381–366; d7 IS, 374–329.
The structure of these fragments were simulated and established
with the help of ACD/MS fragmenter (version 12, ACD Labs, Toronto,
Ontario, Canada). The fragmentation pattern and the mass spectra
are shown in Fig. 3.
3.1.4. Recovery and matrix effects
The extraction recovery was  determined by compar-

ing peak areas of standards prepared in Milli-Q water
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ontaining 0.01% formic acid to those extracted from spiked
lasma and tissue homogenates. Authentic standards, spiked
lasma and tissue homogenates were prepared in triplicate

n the same manner over three concentrations 0.001, 0.025
nd 0.3 �mol/L. The absolute recoveries for all analogues

0.001–0.3 �mol/L) were >82.0 ± 1.5% and the IS (0.05 �mol/L)
87.1 ± 2.5%, respectively. Matrix effects tested by spiking the
nalytes in extracted plasma and tissue homogenates and com-
aring them by standards prepared in Milli-Q water containing

ig. 2. (a) Blank and (b) MRM  traces of 5 benzonaphthyridine analogues (hydrogen–but
as  a retention time on 4.05 min.
d Biomedical Analysis 63 (2012) 9– 16

0.01% formic acid indicated a lack of ion suppression by matrix
components.

3.1.5. LOQ
The lower limit of quantitation in plasma and tissue matrices
analysed by LC–MS/MS was found to be 0.001 �mol/L. Concentra-
tions below the LOQ were detected with unacceptable accuracy and
precision (i.e., RSD > 20%, accuracy < 80% and >120% of the nominal
values).

yl) at the LOQ. The d7 internal standard is co-eluted with the propyl analogue and
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Fig. 2. 

.1.6. Precision and accuracy
The intra-assay precision was determined by calculating the

SD of 8 repeat measurements at three different concentrations
0.001, 0.025 and 0.3 �mol/L) of all analogues in plasma and

issue homogenates on 1 day and was found to be <7.1% for
ll concentrations. The intra-assay accuracy was determined by
omparing the means of the measured concentrations to their true
oncentrations on the same day. The intra-assay accuracy was
inued)

also acceptable over the three concentrations, varying between
92.1 ± 5.5% and 102.1 ± 3.8% of the true values.

The inter-assay precision was determined by replicate measure-
ments performed on ten different occasions over 1-year for three

concentrations in plasma and tissue homogenates. The inter-assay
precision was less than 6.5%. The inter-assay accuracy was  calcu-
lated over 10 different occasions and was  between 92.1 ± 5.5% and
102.1 ± 5.5% of the nominal values.
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Fig. 3. Fragmentation spectra and simulated structures of the fragments of t

.1.7. Stability

.1.7.1. Freeze–thaw stability. All analogues in plasma and tissue

omogenates were tested for stability by subjecting to multiple

reeze–thaw cycles over 48 h. Three concentrations (0.001, 0.025
nd 0.3 �mol/L) were prepared in human plasma and frozen at
80 ◦C. These samples were then thawed and frozen three times at
zonaphthyridine analogues (hydrogen–butyl) and the d7 internal standard.

24, 36, and 48 h after preparation. Samples were analysed in trip-
licate after the third freeze–thaw cycle and concentrations were

determined from the calibration curve. The mean accuracies were
in the range of 96.0 ± 0.3% to 103.1 ± 4.1% of the nominal values for
all the analogues, indicating acceptable stability over 3 freeze–thaw
cycles.
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Table 1
Pharmacokinetic parameters calculated using non-compartmental analysis from concentration–time profiles of plasma after i.v. administration of benzonaphthyridine
analogues (hydrogen–butyl; 25 �mol/kg) in C57 Bl/6 female mice (n = 3 per time point). Values are means ± s.e.

Analogue AUC (�mol  h/L) Cmax (�mol/L) T1/2 (h) Mean residence time (h) CL (L/h/kg) VSS (L/kg)

Hydrogen 5.7 ± 0.1 1.2 ± 0.02 4.2 ± 0.1 5.6 ± 0.2 4.2 ± 0.1 22.0 ± 0.9
Methyl 3.3 ±  0.2 0.9 ± 0.04 4.8 ± 0.3 5.3 ± 0.2 7.5 ± 0.2 37.0 ± 1.2

.02 4.4 ± 0.02 10.6 ± 0.2 47.3 ± 2.0

.1 3.2 ± 0.1 29.7 ± 0.8 108.8 ± 8.1

.01 2.5 ± 0.1 32.6 ± 0.9 172.7 ± 3.7

3
p
w
a
r
1

3
a
w
l
o
a
t
t

3
p
0
a
a
a

3
a
s
0
f
s
1

3

w
m
1
2

3

t
p
c
t
e
w
r
i
P
t
P
r
i
t

Fig. 4. Plasma pharmacokinetic (concentration–time) profiles of benzonaphthyri-
dine analogues (hydrogen–butyl) following i.v. administration (25 �mol/kg) in
healthy C57 Bl/6 mice (n = 3 per time point). Values are represented as mean ± s.e.

Table 2
Brain to plasma AUC ratios after i.p. administration of benzonaphthyridine ana-
logues (hydrogen–butyl; 25 �mol/kg) in C57 Bl/6 female mice (n = 3 per time point).
Values are means ± s.e.

Analogue Brain to plasma AUC ratio

Hydrogen 0.6 ± 0.1
Methyl 1.6 ± 0.2
Ethyl 2.1 ± 0.2
Ethyl  2.3 ± 0.03 0.7 ± 0.02 4.3 ± 0
Propyl 0.9 ± 0.1 0.4 ± 0.01 2.5 ± 0
Butyl  0.7 ± 0.02 0.3 ± 0.03 2.0 ± 0

.1.7.2. Long term storage stability. All analogues were stable in
lasma and tissue homogenates over the 1-year validation period
hen stored at −80 ◦C. QC samples prepared during the intra-assay

nalysis were stored for 1-year and subsequently analysed. The
esults showed an acceptable precision <6.2% and an accuracy of
02.1 ± 5.5%.

.1.7.3. Stock solution stability. Stock solutions were prepared in
cetonitrile over a concentration range of 0.02–6.0 �mol/L which
ere then diluted 20-fold in water containing 0.01% formic acid

eading to a concentration range of 0.001–0.3 �mol/L. The stability
f these solutions was then tested at room temperature as well
s 4 ◦C for 24 h. These solutions were found to be stable at room
emperature (97.4 ± 0.2% to 102.4 ± 0.4%) as well at 4 ◦C (95.1 ± 0.6%
o 104.4 ± 0.2%).

.1.7.4. Bench top stability. The analogue mix was spiked into
lasma and tissue homogenates at three concentrations (0.001,
.025 and 0.3 �mol/L) and left at room temperature. Triplicate
liquots of each concentration were analysed at 0, 12, and 24 h
nd found to be in the range of 94.5 ± 3.1% to 103.2 ± 1.7% and was
cceptable.

.1.7.5. Post preparative stability. Post preparative stability of the
nalogue mix  was determined by processing the quality control
amples in plasma and tissue homogenates (0.001, 0.025 and
.3 �mol/L) in triplicate and were held in the autosampler (4 ◦C)
or 24 h. These samples were then analysed at 0, 12, and 24 h. All
amples demonstrated accuracies in the range of 93.2 ± 0.7% to
02.1 ± 1.3%.

.2. Log D values

Partition coefficients (Log D) of this benzonaphthyridine series
ere determined by a low-volume octanol/PBS (pH 7.4) shake-flask
ethod [10] and were determined as: 1.25 ± 0.003 (hydrogen);

.82 ± 0.005 (methyl); 2.24 ± 0.08 (ethyl); 2.56 ± 0.03 (propyl); and

.91 ± 0.03 (butyl).

.3. Pharmacokinetic application

Plasma concentration–time profiles following i.v. administra-
ion of all 5 analogues are shown in Fig. 4. Pharmacokinetic
arameters from non-compartment analysis of the plasma
oncentration–time data are reported in Table 1. It was  found
hat the least lipophilic hydrogen analogue produced the high-
st AUC of all the compounds and that this parameter decreased
ith increasing lipophilicity across this homologous series. This

esult was statistically significant with plasma AUC decreas-
ng linearly with increasing Log D of each compound (r = −0.95;

 = 2 × 10−7). Similarly there was a significant positive correla-
ion with both plasma CL (r = 0.95; P = 2 × 10−7) and Vss (r = 0.95;
 = 2 × 10−7) with Log D values. Consequently the plasma mean
esidence time for each of these five analogues decreased with
ncreasing lipophilicity (r = −0.93; P = 2 × 10−7). Tissue concentra-
ions of all five compounds were considerable greater than the
Propyl 3.5 ± 0.3
Butyl 4.4 ± 0.6

corresponding plasma concentrations. A significant positive cor-
relation (r = 0.91; P = 2 × 10−7) was  also observed between Log D
values and the brain to plasma AUC ratio (Table 2).

4. Conclusion

A relatively rapid and sensitive LC–MS/MS method was
developed which allowed the simultaneous measurement of
five benzonaphthyridine analogues down to a concentration of
0.001 �mol/L in plasma and mouse tissues with acceptable pre-
cision and accuracy with a run time of 7 min. The method utilised
the superior performance of the QqQ mass spectrometer in terms
of selectivity and sensitivity to make sample pooling practicable.
This feature is a more sophisticated development of our previously

reported methodology for one of the analogues, SN 28049, using an
ion-trap LC–MS [9].

All five analogues were measured simultaneously for up to 24 h
in a 25 �L mouse plasma sample after these compounds were
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dministered individually by i.v. injection at a therapeutic dose.
he plasma pharmacokinetic parameters of this homologous series
ndicated that quite small changes in lipophilicity (Log D, 1.25–2.91)
ad a significant impact on CL and Vss, with the most lipophilic
ompound having an 8-fold increase in CL and Vss compared to
he least lipophilic analogue. These results are consistent with the
iterature where high lipophilicity is associated with a higher Vss

due to increased tissue distribution) and a higher plasma clearance
due to increased access and binding to the phase I and II metabolic
nzymes) [11–13].  Not unexpectedly, lipophilicity appeared to play

 crucial role in determining the penetration of these compounds
hrough blood brain barrier, with the most lipophilic analogue
the butyl derivative) exhibiting the greatest brain to plasma ratio.
rom the plasma concentration–time curves, one might have pre-
icted that the hydrogen analogue (the least lipophilic) would have
he greatest antitumour activity due to its greatest plasma AUC
nd longest mean residence time in this mouse model. However,
lthough the hydrogen analogue demonstrated growth delays, it
ave no significant cure rate in the Colon-38 murine tumour model
7,14];  while the substitution of a methyl group at the N-2 posi-
ion resulted in cures. This study indicates the limited utility of
lasma pharmacokinetic parameters to select and optimize anti-
ancer therapy due to the lack of translation of parameters obtained
rom plasma as surrogates for tumour exposure. It would appear
hat the measurement of concentrations in the tumour tissue may
e more appropriate and may  likely correlate better with the in vivo
ntitumour activity.

Altogether, this sensitive validated method may  further aid in
ore detailed mouse pharmacokinetic and tissue distribution stud-

es required at the preclinical drug development stage.
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a  b  s  t  r  a  c  t

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol  (NNAL)  is  an  efficient  biomarker  of tobacco-specific
carcinogen  4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone  (NNK).  The  ability  to monitor  biomarker
concentrations  is  very  important  in  understanding  potential  cancer  risk.  An  analytical  method  using
molecularly  imprinted  polymer  (MIP)  column  coupled  with  liquid  chromatography/tandem  mass  spec-
trometry  (LC–MS/MS)  for the  determination  of total  NNAL  in human  urine  was  developed  and  validated.
The  combination  of  MIP  column  extraction  and  LC–MS/MS  can  provide  a high sensitive  and  relatively
simple  analytical  method.  The  limit  of detection  (LOD)  was  0.30  pg/ml  and analysis  time  was  6  min.  The
method  has  been  applied  to  urine  samples  of  36  nonsmokers  and 207  smokers.  NNAL  was  found  to  be
significantly  higher  in  the  urine  of  smokers  compared  with  nonsmokers.  Compared  with  smokers  with
IP
iomarker

blended  cigarettes,  Chinese  virginia  cigarettes  smokers  had  low  urinary  NNAL  levels.  There  was  a  direct
association  between  the  24-h  mouth-level  exposure  of  carcinogen  NNK  from  cigarette  smoking  and  the
concentration  of  NNAL  in  the urine  of smokers.  However,  there  was  not  a positive correlation  between
urinary  total  NNAL  levels  in 24 h  and  tar.  Total  urinary  NNAL  is a valuable  biomarker  for  monitoring
exposure  to  carcinogenic  NNK  in smokers  and  in  nonsmokers.  A  prediction  model  of  cigarette  smoke

 NNA
NNK  and  urinary  average

. Introduction

Tobacco smoking is currently responsible for approximately
0% of cancer deaths in developed countries, and for an

ncreasing proportion of the cancer deaths in developing coun-
ries. Furthermore, smoking causes more deaths from vascular,
espiratory, and other diseases than it does from cancer [1]. 4-
Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a tobacco-
pecific nitrosamine found only in tobacco products and the
r smoke, causes lung cancer [2],  adenocarcinoma [3],  and liver
ancer at the highest dose level (P < 0.05) in all laboratory ani-
al  species tested [4].  In humans, NNK is almost entirely reduced

o 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), which
s also carcinogenic and excreted in urine [3] (Fig. 1). Higher

rine NNAL was also related to greater dyspnea, poorer physical
ealth status, and more restricted activity [5].  The urine NNAL-
o-creatinine ratio (per interquartile increment) was associated

∗ Corresponding authors. Tel.: +86 371 67672727/67672601;
ax: +86 371 67672625.

E-mail addresses: houhw@ztri.com.cn (H. Hou), huqy@ztri.com.cn (Q. Hu).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.028
L  levels  in  24  h was  established  (y = 2.8987x  − 245.38,  r2 = 0.9952,  n =  204).
© 2012 Elsevier B.V. All rights reserved.

with greater chronic obstructive pulmonary disease severity. Study
indicated there was a direct association between the NNK of 24-h
mouth-level exposure from cigarette smoking and the NNAL con-
centration of its primary metabolite in the urine of smokers [6].

An important method to determine individual and collective risk
from exposure to tobacco products is evaluation of tobacco car-
cinogen biomarkers [7,8]. Urinary metabolites have arose as highly
practical biomarkers for determining uptake of specific carcinogens
and toxicants in tobacco smoke and are likely to have more utility in
predicting tobacco associated harm than machine measurements
of smoke constituents. But the urine matrix was very complex,
where the presence of many potentially interfering substances in
concentrations far greater than those of the NNAL set demands for
high selectivity and low limit of quantification (LOQ) for unequiv-
ocal identification and quantification. The analytical procedures
for urinary NNAL are challenging indeed. Recently, liquid chro-
matography/tandem mass spectrometry (LC–MS/MS) have been
developed for the analysis of urinary NNAL [9,10,11,12,13,14,15].

In order to get good analyte recoveries and improve method’s
accuracy and precision, complex sample cleanup is often required
including liquid–liquid or solid-phase extraction (SPE). However,
traditional liquid–liquid extraction need relatively large solvent

dx.doi.org/10.1016/j.jpba.2012.01.028
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:houhw@ztri.com.cn
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18 H. Hou et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 17– 22

ucture

c
t
B
s
s
m
t
l
p
N
a
f
s
u
e
s
c
v

t
L
g
0
a
s
o
a

2

2

w
D
C
w
G
S
p
G
d
O

2

T
a
t
5
1
b

Fig. 1. Chemical str

onsumption, and the process is complex. SPE has many advan-
ages compared to traditional liquid–liquid extraction methods.
hat [13] described the use of LC–MS combined with a novel
ample cleanup method using SPE on a WCX  column developed
pecifically for extracting NNAL from urine samples. The method
ade it possible to analyze free NNAL in only 0.25 ml  urine. But

he pre-preparation was very complex, it involved derivatization,
iquid–liquid extraction and SPE. Recently, molecularly imprinted
olymer (MIP) column was applied to prepare for SPE of urinary
NAL. Xia [11] described the use of LC/APCI-MS/MS combined with

 novel sample cleanup method using SPE for extracting NNAL
rom urine samples. However, the matrix suppression effect was
trong. In 2009, Shah [9] improved the assay, by changing the liq-
id chromatography conditions, the response for this method was
nhanced approximately 25-fold through avoidance of ionization
uppression, and the lower LOQ for the assay was  20 pg/ml. The
ombination of MIP  column extraction and LC/ESI-MS/MS can pro-
ide a sensitive and relatively simple analytical method.

In this present study, a method for the determination of
otal NNAL in human urine by extraction on a MIP  column and
C/ESI-MS/MS was developed and validated. Higher sensitivity and
ood recovery were achieved. The limit of detection (LOD) was
.30 pg/ml and analysis time was 6 min. The validated method was
pplied to quantify urinary NNAL levels of 207 smokers and 36 non-
mokers, then the relationship between the urinary concentrations
f total NNAL and Chinese virginia cigarette smoke analytes of NNK
nd tar were assessed.

. Experimental

.1. Chemical

Ammonium acetate, acetic acid, methanol and acetonitrile
ere obtained from TEDIA Company Inc. (Fairfield, OH, USA).
ichloromethane and hexane were purchased from J.T. Baker
hemical Products Co. Ltd. (Philipsburg, MO,  USA). All solvents
ere high performance liquid chromatography (HPLC)-grade. �-
lucuronidase (type IX-A, Escherichia coli) was  obtained from
igma–Aldrich (Taufkirchen, Germany). Potassium dihydrogen
hosphate and heptane were purchased from CNW Technologies
mbH (Dusseldorf, Germany). NNK, NNAL, NNAL-d3 and NNK-
4 were purchased from Toronto Research Chemical (North York,
ntario, Canada).

.2. Urine sample preparation

The sample preparation was processed and optimized with a
SNA MIP  cartridge (50 mg,  10 ml,  Supelco, Taufkirchen, Germany)
ccording to a previous published method [9] after slight modifica-

ion. 5 ml  of 50 mM phosphate buffer (pH 6.3; 50 mM)  was  added to

 ml  of urine. Adjusting pH to 6.3, then 20 �l methanol containing
00 ng/ml of NNAL-d3 and 100 �l �-glucuronidase in phosphate
uffer (pH 7.2, 100 units/�l)  were added to mixture. The mixture
 of NNK and NNAL.

was incubated overnight (24 h) at 37 ◦C in the dark. The cartridge
was preconditioned with 1 ml  dichloromethane, 1 ml methanol and
1 ml  water, and then washed with 2 ml  water, 1 ml  heptane, 1 ml
hexane and eluted with 3 ml  dichloromethane/methanol (9:1). The
extract was reduced to dryness in a SpeedVac evaporator (Thermo-
Fisher, Dreieich, Germany) and redissolved in 100 �l 0.1% acetic
acid in water.

2.3. Instrument and analytical conditions

All samples were analyzed using Agilent 1200 rapid resolu-
tion liquid chromatograph from Agilent Technologies (Wilmington,
NC, USA) coupled with an API 5500 triple quadruple mass spec-
trometer equipped with a TurboIonSprayTM source from Applied
Biosystems (Foster City, CA, USA). An Agilent Zorbax Eclipse XDB-
C18 column 2.1 mm  × 150 mm,  3.5 �m from Agilent Technologies
(Wilmington, NC, USA) was used for LC separation. LC conditions
were as follows: column temperature, 50 ◦C; mobile phase, solvent
A (0.1% acetic acid in water) and 50% solvent B (0.1% acetic acid in
methanol); flow-rate, 0.2 ml/min; the injected volume, 5 �l. A lin-
ear gradient condition was  used as follows (time, solvent A:solvent
B): 0–3 min, 50:50–10:90; 4–5 min, 0:100; 5.5–6 min, 50:50. ESI-
MS  conditions were as follows: nebulizer gas, N2 (50 psi); ionspray
voltage, 5000 V; the turbo ion spray temperature, 450 ◦C; declus-
tering potential, 35 V; entrance potential, 8 V; collision energy and
collision cell exit potential, 10 V; the dwell time, 100 ms;  ionization
mode, positive ion. NNAL and NNAL-d3 were assayed by quantify-
ing the multiple reaction monitoring (MRM) transition of [M+H]+

ion of NNAL at m/z 210.2 → 180.2 and NNAL-d3 at 213.0 → 183.0.

2.4. Calibration

The method was calibrated by spiking a nonsmoker pooled urine
with 3, 20, 100, 200, 400, 1000 pg/ml NNAL. Method validation was
performed with an injection volume of 5 �l. The background peak
area ratio in unspiked urine was zero for NNAL. Each calibrator was
analyzed twice. The means of the analyte/internal standard ratio
was used for calculation of the regression function. The regression
curves were forced through the origin.

2.5. Method validation

The method was  validated according to the U.S. Food and Drug
Administration (FDA) guidelines for bioanalytical methods [16].
Recovery rates were determined by comparing the analyte con-
centrations at the low, middle and high level, measured when
nonsmoker urine extract was  spiked after sample work-up and
before the LC–MS/MS measurements (reference, 100%), and when
the nonsmoker urine was  spiked at the beginning of the sample

work-up procedure. As a criterion, the accuracy at a average con-
centration level tested in these six matrices should be in the range of
85–115%. Intra-day precision was determined by evaluating three
analyte concentration levels in authentic human urine samples,
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o which only NNAL was spiked in appropriate concentrations.
or intra-day precision, each sample was analyzed five times. For
nter-day precision, samples were analyzed once on six different
ays within 2 weeks. Acceptance criteria for precision was ±15%
nd ±20% at levels up to three times the LOQ. Accuracies at low,
edium, and high concentrations were determined with human

rine samples spiked at low, medium and high levels. Each level
as analyzed five times. Acceptance criteria were rates of 85–115%

80–120% at levels up to 3× LOQ) as well as coefficient of varia-
ions (CV) of ±15% (±20% <3× LOQ). LOD and LOQ were estimated
ith the signal/noise method using the integrated function of the
nalyst software. Signal/noise ratios of 3:1 and 10:1 were applied

or estimating the LOD and LOQ, respectively. Matrix effects were
etermined by calculating the peak area ratios of the analytes at low
nd high concentrations when spiked to worked-up urine extracts
with the background areas subtracted) and the same amounts of
nalytes in solvent (methanol). Stability under post-sample prepa-
ation conditions was determined by storing the extracts 13–20 day
t −20 ◦C and subsequently for 24 h at room temperature. Carry-
ver effects in the chromatographic system were tested by injecting
rine extracts with high analyte concentrations five times, followed
y blank (methanol) injection. This was repeated 3 times.

.6. Urine samples

The studies were approved by Zhengzhou University Ethics
ommittee. 243 healthy volunteers were recruited into the study:
07 smokers and 36 nonsmokers. Three commercial brands of
igarettes were used for this study, yielding nominally 8, 10 and
3 mg  tar under International Organization for Standardization
ISO) smoking regime thereby spanning the full range of tar yields
egally available in China at the time of the study. The smokers
elonged to three groups, smoking Chinese cigarettes with 8 mg
n = 63), 10 mg  (n = 70), and 13 mg  (n = 74) tar and 15 cigarettes per
ay, determined according to the ISO standard smoking regime.
he selection per group was at random. For all subjects 24 h urine
amples were obtained at baseline from ongoing studies (Urinary
iomarkers related to smoke exposure) in Institute of Clinical Phar-
acology of Zhengzhou University. Informed consent and/or assent
ere obtained from each of the subjects.

.7. Data analysis

All chromatographic peaks were reviewed, and any integra-
ion corrections were made manually, when necessary. Calibration
urves were prepared using a linear regression with 1/x  weight-
ng. All standard and sample concentrations were determined using
nternal standard areas versus analyte areas. Data analysis was per-
ormed using Origin 8.0 and Microsoft Office Excel 2003.

. Results and discussion

.1. Method performance

Loss of NO (m/z 30) is the predominant mass transition, which is
sed as quantifier for all analytes and internal standards (Fig. 2A).
ypical chromatogram of the mass of transition for NNAL and the
orresponding deuterated internal standards for a urine sample of

 smoker were shown in Fig. 2B and C. The method performance
ata was shown in Table 1. The peak area ratio of NNAL to internal
tandard in human urine was linear as a function of concentration

ver the range 3–1000.0 pg/ml. Excellent linearity was  obtained
ith correlation coefficient values (r = 0.9990), and the correspond-

ng equation was y = 0.0492x + 0.0281. The LOD and LOQ for NNAL
ere 0.30 and 0.99 pg/ml.
 Biomedical Analysis 63 (2012) 17– 22 19

Accuracies determined in 5 different urine matrices were
between 88.00 and 112.00% and thus regarded as acceptable. Pre-
cision (both intra- and inter-day) of the method was  found to be
acceptable (CV < 10%). Recovery rates of the whole analytical proce-
dure at low, medium and high levels were 88.00–113.00% for NNAL.
The lowest recovery rates were usually observed at the lowest con-
centration. Slightly positive matrix effect of 20% was  observed for
the NNAL. NNAL was  found to be stable in urine under short-term
(24 h, 20 ◦C), RSDs of low level and high level were 2.30% and 1.90%,
respectively. NNAL was found to be stable in urine under long-
term storage conditions (6 months, −20 ◦C), RSDs of low level and
high level were 3.03% and 4.09%, respectively. This was  accordant
with previous studies [14,17].  Three freeze/thaw cycles did not lead
to measurable losses of the analytes. No carry-over effects during
LC–MS/MS analysis were observed for NNAL. 15% of the total sam-
ples were chosen to reanalysis, and the differentia was less than
20%, which is acceptable.

3.2. NNK in cigarette smoke

Three commercial brands of cigarettes were used for this study,
yielding nominally 8, 10 and 13 mg  tar under ISO smoking regime.
The ISO smoking regime was  as follows: Each cigarette was smoked
at 1 puff/60 s, 2 s puff during, 35 ml  puff volume. However, the Cana-
dian intense smoking regime was  as follows: Each cigarette was
smoked at 1 puff/30 s, 2 s puff during, 55 ml  puff volume and 100%
filter ventilation blocked. Five cigarettes were smoked per port for
ISO smoking regime and three cigarettes were smoked per port
for Canadian intense smoking regime. All samples were smoked
to a butt mark of 3 mm  past the tipping paper overwrap. Their
corresponding NNK yields were determined by LC–MS/MS adapt-
ing a previously published method [18]. The corresponding total
NNK yields of 15 cigarettes was 51.45, 71.70 and 53.40 ng under
ISO smoking regime daily and 103.50, 141.50 and 95.50 ng under
Canadian intense smoking regime.

3.3. NNAL in human urine

The method was applied to 36 nonsmokers and 207 smokers
(63 smokers with 8 mg  tar yields, 70 smokers with 10 mg  tar yields
and 74 smokers with 13 mg  tar yields). The concentration of total
NNAL in nonsmokers 24 h urine ranged from 0 to 174.30 ng/24 h
with a mean of 36.93 ng/24 h, the concentration of urinary total
NNAL in smokers with 8 mg  tar yields was  0–375.16 ng/24 h with
a mean of 121.66 ng/24 h, that in smokers with 10 mg tar yields
was 13.25–473.36 ng/24 h with a mean of 137.07 ng/24 h, and that
in smokers with 13 mg  tar yields was 16.65–317.25 ng/24 h with
a mean of 119.36 ng/24 h (Fig. 3). Cigarette smoking primarily
increased the urinary excretion of NNAL.

Urinary creatinine concentrations for the subjects were deter-
mined by LC–MS/MS adapting a previously published method [19]
and showed in Fig. 4, the NNAL values were corrected for urine flow
after five outliers being removed from raw data. The available data
included 34 nonsmokers and 204 smokers (62 smokers with 8 mg
tar yields, 69 smokers with 10 mg  tar yields and 73 smokers with
13 mg  tar yields). A similar trend was observed when the NNAL val-
ues were expressed as �g/mol creatinine (Fig. 5). The concentration
of urinary NNAL in nonsmokers was  0–17.29 �g/mol with a mean
of 3.19 �g/mol, the concentration of urinary NNAL in smokers with
low tar yields was 1.10–58.10 �g/mol with a mean of 12.25 �g/mol,
that in smokers with middle tar yields was  1.28–60.22 �g/mol
with a mean of 12.74 �g/mol, and that in smokers with high tar

yields was 0.97–49.13 �g/mol with a mean of 11.83 �g/mol. One-
way ANOVA showed that all smokers had significantly higher
mean urinary NNAL concentrations, more than 3 times, than
the nonsmokers (nonsmokers versus smokers with 8 mg  tar
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ig. 2. Product-ion mass spectra of NNAL (A), chromatograms of the ion transition
moker.

igarette/smokers with 10 mg  tar cigarette/smokers with 13 mg  tar
igarette, P < 0.001 in all cases).

Urinary total NNAL is an efficient biomarker to detect tobacco
moke exposure [20]. To the best of our knowledge, this is the
rst study to evaluate the associations between differing levels of
ar/NNK yield Chinese virginia cigarettes and urinary total NNAL.
n the present data, the urinary average NNAL level of nonsmok-
rs was 37.38 ng/24 h. It was higher than that in the Kavvadias’
tudy (16.06 ng/24 h). The reason for this may  be exposure of
econd-hand smoke or environment tobacco smoke, and the long

alf-life of total NNAL was 10–18 days [20]. In addition, the uri-
ary average NNAL levels of smokers with 10 mg  tar cigarettes
as 133.53 ng/24 h, which was lower than that in the Kavvadias’

tudy (287.70 ng/24 h). The reason may  be inherent differences

able 1
erformance data of the analytical method for NNAL in urine.

Spiked amount Conc. Recovery I
(pg) (pg) N = 5 (%) N

NNAL
20.00 20.40 102.00 4

100.00  93.00 93.00 0
400.00  430.80 107.70 4
NAL (B) and its respective deuterated internal standards (C) in a urine sample of a

in the cigarettes used in both studies. In the Kavvadias’ study,
blended style cigarette was used, which has high level of smoke
NNK. Whereas Chinese virginia cigarette was used in this study. Its
concentration of smoke NNK was much lower than the former.

A further comparison was  made between the concentration of
urinary NNAL in smokers and tar yields. In this study, the concen-
tration of urinary NNAL in smokers had an approximately 3-fold
higher than that in nonsmokers in our study; further, the levels of
urinary total NNAL increased incrementally with cigarette smoke
NNK, however the levels of urinary total NNAL did not increase

with tar yields. This is different with previous studies [6,21,22]. In
their studies, they found that smokers have lower NNAL levels in
their urine when they have lower mouth level exposure to TSNAs
in mainstream smoke from their usual cigarette. It is important to

ntra-day pricision Inter-day pricision Accuracy
 = 5 (%) N = 5 (%) Intra-day (N = 5)

.80 1.50 99.30

.70 3.80 92.20

.50 1.10 96.10
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Fig. 3. The concentration of urinary NNAL with different tar yields. Horizontal lines
show the means.

Fig. 4. The concentration of urinary creatinine of subjects.

Fig. 5. Urinary NNAL for nonsmokers and smokers: NNAL �g/mol creatinine. Hori-
zontal lines show the means.
 Biomedical Analysis 63 (2012) 17– 22 21

note that the cigarettes used in both study were different. Cigarette
ingredients of blended cigarettes and Chinese virginia cigarettes are
not the same. The main component of blended cigarettes is burley
tobacco. And the formula of blended cigarettes and Chinese virginia
cigarettes are distinct. In addition, smoking behavior of smokers
was different.

The relationship between cigarette smoke NNK and urinary
average NNAL levels in 24 h urine was established. Under ISO con-
dition, the equation was  y = 1.2976x − 101.79, and the correlation
coefficient r2 was  0.9682 (n = 204). However, NNK emission was
greatly influenced by smoking behaviors [23], smokers tend to take
higher puff volumes and lower duration, with much shorter inter-
puff intervals than ISO smoking regime. The emission generated
under ISO smoking regime cannot fully represented the actual mea-
sures of human exposure [24]. Smoking behavior of smokers was
closer to Canadian intense smoking conditions. A prediction model
of cigarette smoke NNK and urinary average NNAL levels in 24 h
was established. The equation was  y = 2.8987x − 245.38 with a good
correlation coefficient: r2 = 0.9952, n = 204.

4. Conclusions

In conclusion, an analytical method using MIP  coupled with
LC–MS/MS for the determination of total NNAL in human urine has
been developed and applied to urine samples of 36 nonsmokers and
207 smokers. The main advantage compared to other methods is its
improved sensitivity and short analysis time. NNAL was  found to
be significantly higher in the urine of smokers compared with non-
smokers. Compared smokers with blended cigarettes, who  smoked
Chinese virginia cigarette had low urinary NNAL levels. There was
a direct association between the 24-h mouth-level exposure of
carcinogen NNK from cigarette smoking and the concentration of
NNAL in the urine of smokers. However, there was not a posi-
tive correlation between urinary total NNAL levels in 24 h and tar.
Total urinary NNAL is a valuable biomarker for monitoring exposure
to carcinogenic NNK in smokers and in nonsmokers. A prediction
model of cigarette smoke NNK and urinary average NNAL levels in
24 h was established.
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a  b  s  t  r  a  c  t

Two  different  methods  have  been  developed  to measure  the  binding  of  therapeutic  antibodies  to  the  low
affinity human  Fc  receptor  Fc�RIII  (CD16).  The  first  measures  binding  of  antibody  to  recombinant  soluble
receptor  by  surface  plasmon  resonance  and  the  second  uses  flow  cytometry  to measure  antibody  binding
to  cells  which  express  the  receptor.  Both  methods  have  been  formatted  as  parallel  line  assays  and  show
high  levels  of  accuracy,  precision  and  linearity,  making  them  suitable  for  comparability,  potency  and
eywords:
c�RIII
D16
urface plasmon resonance
low cytometry
herapeutic antibody

stability  assays.  They  are  both  readily  able  to detect  structural  differences  such  as  glycosylation,  which
affect  Fc  receptor  binding.  The  same  approaches  can be  used  to  measure  the binding  of any  antibody
to  any  Fc  receptor.  These  assays  show  greater  internal  precision  and long-term  reproducibility  than
traditional  cell-based  assays  such  as antibody-dependent  cell-mediated  cytotoxicity.  A combinational
approach  with  a target  binding  might  be  appropriate  for routine  drug  batch  release  as  these  assays  are
likely  to be significantly  more  sensitive  to  small  changes  in  drug  structure  or  activity.
. Introduction

Monoclonal antibodies comprise the largest category of biotech-
roduced drugs in development. The physiologic properties which
ake them so useful, namely multivalent binding to unique

arget antigens and multifunctional interactions with natural
ffector systems, provide special challenges to the analytical
cientist. Reproducible and precise assays for measuring drug
otency are the cornerstone of quality control of manufac-
ured products. Developing a suitable method to quantify the
omplete physiological activity of an antibody is usually not fea-
ible.

In this article, the therapeutic antibody alemtuzumab

Campath®) is used to illustrate how a complex cell-based
ssay can be broken down into simpler steps which are amenable
o precise measurements of molecular interactions. Increasing

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; BSA,
ovine serum albumin; CFSE, carboxyfluorescein diacetate succinimidyl ester; CMC,
omplement-mediated cytotoxicity; CV, coefficient of variation; FBS, foetal bovine
erum; GPI, glycosylphosphatidylinositol; HBS-EP, Hepes-buffered saline containing
DTA and surfactant P20; IMDM,  Iscove’s modified Dulbecco’s medium; MFI, median
uorescence intensity; PBMC, peripheral blood mononuclear cells; PBS, phosphate
uffered saline; PI, propidium iodide; PL, parameter logistic; SPR, surface plasmon
esonance.
∗ Correspondence to: Managing Director, Millipore BioPharma Services, 91 Milton

ark, Abingdon, Oxon, OX14 4RY. Tel.: +44 0 1235 444100.

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.029
© 2012 Elsevier B.V. All rights reserved.

precision of analysis leads to a better ability to determine lot to lot
variability in the manufactured product and allows the assessment
of drug stability and the impact of process changes.

Alemtuzumab was the first humanised therapeutic antibody
[1]. It is a human IgG1 which recognises the lymphocyte anti-
gen CD52 and is remarkably effective at killing cells both
by complement-mediated cytotoxicity (CMC) and antibody-
dependent cell-mediated cytotoxicity (ADCC). In 2001, alem-
tuzumab was approved for the treatment of patients with chronic
lymphocytic leukaemia who  had failed prior chemotherapy. Early
batch release assays measured its CMC  activity [2].  However, ADCC
is thought to be the more important mechanism of tumour clear-
ance and it is known that this can be markedly affected by changes
in glycosylation that might not affect CMC  in the same way. ADCC
assays were considered difficult to standardise due to the require-
ment for a consistent source of human effector cells. With the
availability of suitable cell lines or commercial sources of cryopre-
served peripheral blood mononuclear cells (PBMC) this has become
more practicable but the variability inherent in the method still
limits its routine application for drug batch release.

An alternative procedure for quantifying the activity of the Fc
domain is to measure the functional interactions of the antibody
with recombinant human Fc receptors. The most important recep-

tor for ADCC is believed to be CD16 (Fc�RIII). CD16 exists in two
isoforms, CD16A (a heterodimeric transmembrane protein) on lym-
phocytes and CD16B (GPI-anchored) on neutrophils. There are also
different alleles at amino acid position 158 with 158Val showing

dx.doi.org/10.1016/j.jpba.2012.01.029
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
dx.doi.org/10.1016/j.jpba.2012.01.029
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igher affinity for IgG than 158Phe. Both alleles occur with similar
requency but donors homozygous for 158Val show higher levels of
DCC. Hitherto, CD16A was difficult to express in transfected cells
ut Armour et al. [3] have constructed hybrid molecules consisting
f the extracellular domain of CD16A-158Val or CD16A-158Phe and
he transmembrane (lipid-anchored) domain of CD16B. CHO cells
hich express these receptors are ideal for analysis of IgG binding.

It is known that the precise structure of the N-linked carbohy-
rate on the Fc domain significantly affects binding to CD16 and
DCC [4].  It is also established for rituximab that the affinity of
D16–antibody interaction correlates well with the extent of tar-
et cell death mediated by ADCC [5].  Although the same correlation
as not yet been shown for alemtuzumab, experiments in CD52
ransgenic mice provided evidence for the importance of CD16
y showing that ADCC mediated by NK cells and/or neutrophils
as responsible for lymphocyte depletion in vivo [6].  Therefore,

n assay which measures the interaction of therapeutic antibodies
ith CD16 provides a sensitive and functionally relevant indica-

or of the consistency and quality of the antibody in this regard.
t is also useful as a stability-indicating test since the interaction
etween IgG Fc and CD16 is normally of low affinity, but is likely to
e enhanced by antibody aggregation, which is an important type of
eterioration that might be seen under certain storage conditions.

This paper describes two complementary methodologies which
an be used to accurately measure IgG–FcR interactions and are
menable to validation as drug batch release assays.

Glycoengineered forms of alemtuzumab have been prepared
rom cells transfected with glycosyltransferases to enable secre-
ion of antibody with an increased proportion of bisecting
-acetylgalactosamine and a reduced proportion of fucose in the
c-linked carbohydrate [7,8]. These variations of glycosylated alem-
uzumab are used as models to illustrate the correlation between
cR binding and functional ADCC.

. Materials and methods

.1. Antibodies and cells

Glyco-engineered alemtuzumab (Glyco1 and Glyco2), chimeric,
glycosylated CD3 (otelixizumab or ChAglyCD3) [9] and Wien133
ells (which expresses a high level of CD52 antigen) were gener-
usly provided by Prof Herman Waldmann, University of Oxford,
xford, UK. The cell line A4, created by transfecting Chinese Ham-

ter Ovary (CHO) cells with a gene encoding the high affinity allele
CD16A-V158) for human IgG Fc [3] was obtained from Dr Mike
lark, University of Cambridge, Cambridge, UK, who also provided
elpful advice on the initial assay development. Cryopreserved
uman peripheral blood mononuclear cells (PBMC) were obtained

rom CTL-Europe GmbH, Bonn, Germany.

.2. ADCC assay

Wien133 target cells were labelled with CFSE [10] and resus-
ended in culture medium (IMDM containing 10% FBS, 100 U/mL
enicillin and 100 �g/mL streptomycin). Serial dilutions of test
amples (50 �L) were added to a round bottom microplate and
0 �L of the target cells (5 × 105 cell/mL) were added and incu-
ated for 30 min  at 37 ◦C, 5% CO2. Effector cells (50 �L PBMC at
–3 × 107 cells/mL) were added and the plate was incubated for a
urther 4 h. 50 �L of PBS containing 2 mM EDTA, 10 �g/mL propid-
um iodide and 6000 latex beads/mL was added and the samples
ere promptly analysed by flow cytometry on a Beckman Coulter
C500. The unstained latex beads were added so that the number
f viable target cells (CFSE+, PI−)  could be normalised to eliminate
ny variability between samples due to changes in the flow rate
d Biomedical Analysis 63 (2012) 23– 28

or sample volume. It was not possible to count dead target cells
(CFSE+, PI+) reliably because many of them appeared to disinte-
grate. Use of serum in the culture medium raised the possibility
that complement-mediated cytotoxicity could contribute to the
killing. However, any such effect was likely to be minimal since
the concentration of alemtuzumab required for CMC  (half maxi-
mal  at 500–700 ng/mL) [2] is substantially higher than required for
ADCC (half maximal at less than 20 ng/mL).

2.3. Measurement of protein concentrations

Concentrations of antibody stock solutions were measured by
absorbance at 280 nm using a Nanodrop 1000 (Thermo-Fisher,
Loughborough, UK) taking the extinction coefficient (E1%) of alem-
tuzumab to be 13.2 (based on its protein sequence) and assuming
the same coefficient for other samples.

2.4. SPR assay – Biacore

Monoclonal anti-His4 antibody (Qiagen Crawley, UK, cat no
34670) was coupled to a Biacore CM5  chip (Biacore, Uppsala,
Sweden) by standard amine chemistry according to the man-
ufacturer’s instructions. His-tagged recombinant human CD16A
(R&D Systems Abingdon, UK, cat no 4325-FC) at 1 �g/mL
was injected for 2 min  at 5 �L/min to be captured by the
anti-His antibody. Independent serial dilutions of the test
samples were prepared in triplicate in a microplate. Each
sample was  injected for 5 min  at 5 �L/min over two flow cells; one
control and one which had been exposed to the CD16A. The dif-
ference in binding responses was  measured at the end of injection.
After each sample, the chip was  regenerated by injection of 20 �L of
10 mM glycine pH 3.0 and re-charged with CD16A. All experiments
were carried out in HBS-EP buffer (Biacore) at a constant temper-
ature of 25.0 ◦C using Biacore 2000 and Biacore 3000 instruments.
BIAcontrol software (Versions 3.2 and 4.1 respectively) was  used
for data collection and BIAevaluation software (Version 4.1) was
used for export of data.

2.5. SPR assay – ProteOn

Essentially identical experimental conditions were used for SPR
experiments conducted on the ProteOn XPR36 instrument (Bio-
Rad, kindly made available by Anton van der Merwe, University
of Oxford, Oxford, UK). However, this instrument has 36 binding
spots (comparable to four flow cells in the Biacore) and so a degree
of parallel processing was possible. Anti-His4 was coupled to all six
spots of channels 1, 2, 3, 5, 6 of a ProteOn GLM chip according to
the manufacturer’s instructions. Channel 4 was sham-coupled as a
reference. His-tagged recombinant human CD16A at 1 �g/mL was
injected over channel 1 for 2 min  at 25 �L/min to be captured by
the anti-His antibody. Independent serial dilutions of the test sam-
ples were prepared in triplicate in a microplate. Each sample was
injected for 5 min  at 25 �L/min over six spots; one which had been
exposed to the CD16A, four controls and one reference. Six sam-
ples were processed in parallel. The difference in binding responses
between the specific and the reference was  measured at the end of
injection. After each sample, the chip was regenerated by injection
of 25 �L of 10 mM glycine pH 3.0 and re-charged with CD16A. All
experiments were carried out in HBS-EP buffer at a constant tem-
perature of 25.0 ◦C. ProteOn Manager software (Version 2.1.0.38)
was used for data collection and export.
2.6. Flow cytometry assay

Independent serial dilutions of the test samples (final volume
50 �L) were prepared in triplicate in a microplate. A4 cells were
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Fig. 2. Antibody-dependent cell-mediated cytotoxicity of Wien133 cells by human
A. Harrison et al. / Journal of Pharmaceut

uspended in assay buffer (PBS containing 0.1% BSA and 0.05%
odium azide) to give a concentration of 6 × 105 cells/mL. 50 �L of
ell suspension was added to each well of the microplate. The plate
as incubated for 30 min  at 25 ◦C and then washed four times with

ssay buffer by centrifugation. The cells were resuspended in detec-
ion reagent, FITC-conjugated goat F(ab′)2 anti-human kappa light
hain (AbD Serotec, Kidlington, UK cat no STAR101FB), diluted 1 in
5 with assay buffer. The plate was incubated and washed three
imes as previously. Finally the cells were resuspended in 100 �L
ssay buffer and 50 �L of 3% formaldehyde was added. The cells
ere analysed using a FC500 flow cytometer (Beckman Coulter,
K). Cells were gated by forward and side scatter and the median
uorescence intensity (MFI) was recorded.

.7. Statistical analysis

Curve fitting using weighted four and five parameter logis-
ic models (4PL, 5PL) and parallel line analysis was  carried out
sing StatLIA version 3.2 [11]. The chi-squared statistic was  used
s a measure of parallelism at a probability p = 0.05. Weighting
arameters for Biacore and flow experiments were experimentally
etermined using all the available data from reference and test
amples of alemtuzumab. Default weighting parameters were used
or ProteOn experiments due to the comparatively small dataset.

. Results and discussion

.1. ADCC assay

Samples of alemtuzumab and its glyco-engineered variants
lyco1 and Glyco2 were analysed by ADCC using human PBMC as
ffectors and Wien133 cells as targets at a ratio of approx 40:1. The
esults are shown in Figs. 1 and 2. As expected, the glyco-engineered
ntibodies were more potent in this assay and gave half maximal

ell killing at a concentration of 7.4 ng/mL whereas 17.9 ng/mL of
lemtuzumab was required to obtain half-maximal killing. How-
ver, the variability of this assay was relatively high with CVs of the
ndividual triplicates in the range 0.2–18.6% (mean 5.4%). Between

ig. 1. Antibody-dependent cell-mediated cytotoxicity of Wien133 cells by human
BMC in the presence of alemtuzumab. The starting concentration of the test sam-
les was  adjusted to simulate samples of different potency. The data are plotted
s  if the test samples had the same concentration as the reference sample so that
otency differences show as a relative shift in the dose response curves. Error bars
how the standard deviation of the triplicate measurements. � Reference (100%) �
0% © 100%.
PBMC in the presence of different glycoforms of alemtuzumab. Error bars show the
standard deviation of the triplicate measurements. � Wild-type alemtuzumab �
Glyco1 © Glyco2.

2217 and 4655 events (live target cells) were acquired for each sam-
ple, giving a theoretical mean CV (based on Poisson distribution) of
1.8%. The relatively high level of assay variability and the appar-
ent “hook effect” observed at the ends of the dose response made
it difficult to model by conventional 4PL or 5PL equations with a
sufficient degree of accuracy to detect deviations from parallelism.
It is likely that the ADCC assay method might be improved with
further work. Perhaps a suitable human cell line could be used as
a source of effectors and a homogeneous readout of cell lysis could
reduce the tendency for assay drift and stochastic errors inherent
in the sequential analysis of cells by flow cytometry. Nevertheless,
it is unlikely that a cell based assay can attain the same degree of
accuracy and precision as a ligand binding assay.

3.2. SPR assay – Biacore

The binding of alemtuzumab to recombinant CD16A was mea-
sured by SPR in three separate experiments, each using a different
pair of flow cells. In each experiment three test samples were
compared to a reference sample. The test samples and reference
samples were all prepared from a single batch of alemtuzumab but
the concentrations of the test samples were adjusted to simulate
drug samples of differing nominal potencies: 50%, 70%, 80%, 100%,
120%, 130% and 150% of the reference sample. (Nominal potency
is the concentration at which the drug sample was  prepared rela-
tive to the reference; measured potency is the concentration which
is measured relative to the reference.) Each sample was  analysed
in triplicate. An example of the binding curves is shown in Fig. 3a.
Analysis using a 4PL model gave poor fit probabilities by the �2 test
(p < 0.03) therefore this model was deemed to be unsuitable. In con-
trast, analysis using a 5PL model with experimentally determined
weighting factors gave good fit probabilities and all test sample
curves were deemed to be parallel to the reference sample curve
(p > 0.05). The correlation between measured and nominal poten-
cies is shown in Fig. 4a. The assay showed good linearity with a
correlation coefficient (R2) of 0.993 and all measured potencies
were within 9% of the nominal values (range 91.4–100.6%).
A negative control antibody, ChAglyCD3, engineered to elimi-
nate binding to CD16A, showed no response in this assay (Fig. 5).
However, the glycoengineered antibodies Glyco1 and Glyco2
showed significantly enhanced CD16A binding compared to wild
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Fig. 3. Binding of alemtuzumab to human CD16A measured by SPR. The starting concentration of the test samples was adjusted to simulate samples of different potency.
The  standard deviations of the triplicate measurements were smaller than the plotted symbols. � Reference (100%) � 130% © 70% � 50%. (a) Analysed on Biacore instrument.
(b)  Analysed on ProteOn instrument.
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ig. 4. Binding of alemtuzumab to human CD16A measured by SPR. Relationship be
n  ProteOn instrument.

ype alemtuzumab with relative potencies of 300.5% and 410.8%
espectively. In contrast to the dilutions of alemtuzumab, the

lycoengineered samples showed small deviations from strict par-
llelism (p = 0.017 and 0.038 respectively) which is not unexpected
hen there are structural differences between samples.

ig. 5. Binding of glycoengineered and control antibodies to human CD16A mea-
ured by SPR. The starting concentration of the test samples was adjusted to simulate
amples of different potency. The standard deviations of the triplicate measure-
ents were smaller than the plotted symbols. � Reference (100%) � Glyco2 © Glyco1

 ChAglyCD3.
 measured and nominal potency. (a) Analysed on Biacore instrument. (b) Analysed

3.3. SPR assay – ProteOn

The binding of alemtuzumab to recombinant CD16A was
repeated using the ProteOn instrument. An example of the bind-
ing curves is shown in Fig. 3b. Both 4PL and 5PL models gave good
fits and all test sample curves were deemed to be parallel to the ref-
erence sample curve (p > 0.05). The correlation between measured
and nominal potencies (using 5PL model) is shown in Fig. 4b. The
assay showed good linearity with a correlation coefficient (R2) of
0.990 and all measured potencies were within 9% of the nominal
values (range 93.8–108.3%).

3.4. Flow cytometry assay

The binding of alemtuzumab to cell-surface CD16A was mea-
sured by flow cytometry in two separate experiments, each
consisting of two microplates with the same design as used for
the SPR experiments. An example of the binding curves is shown
in Fig. 6. The data were analysed using 4PL and 5PL models using
experimentally determined weighting factors. Both models gave
acceptable fits and all test samples were deemed parallel to the
reference sample curve (p > 0.05). The relative potencies calculated
using both models were almost indistinguishable. The correlation

between measured and nominal potencies (using 5PL model) is
shown in Fig. 7. The assay showed good linearity with a correlation
coefficient (R2) of 0.988 and all measured potencies were within
8% of the nominal values (range 97.4–107.4%). CHO cells which
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Fig. 6. Binding of alemtuzumab to human CD16A measured by flow cytometry.
The starting concentration of the test samples was  adjusted to simulate samples
of  different potency. The standard deviations of the triplicate measurements were
smaller than the plotted symbols. � Reference (100%) � 130% © 70% � 50%.

Fig. 7. Binding of alemtuzumab to human CD16A measured by flow cytometry.
Relationship between measured and nominal potency.

Fig. 8. Binding of glycoengineered and control antibodies to human CD16A mea-
sured by flow cytometry. The starting concentration of the test samples was  adjusted
to simulate samples of different potency. The standard deviations of the triplicate
measurements were smaller than the plotted symbols. � Reference (100%) � Glyco2
©  Glyco1 � ChAglyCD3.
d Biomedical Analysis 63 (2012) 23– 28 27

expressed CD16A-158Phe bound alemtuzumab with low affinity,
giving responses substantially lower than the CD16A-158Val cells
(A4) (data not shown). The glycoengineered antibodies and control
antibody were also compared to the reference antibody. The results
are shown in Fig. 8. The control antibody ChAlgyCD3 gave no mea-
surable response. Both Glyco1 and Glyco2 gave response curves
which were distinctly non-parallel to the reference (p < 0.0001) as
they reached a higher plateau of binding. It was therefore not possi-
ble to calculate true relative potencies by the parallel line method.

4. Conclusion

Accurate and precise measurement of potency is critical for con-
trol of drug quality. It is desirable that the analytical method should
reflect, as closely as practicable, the biological activity of the drug.
However appropriate bioassays, whether in vivo, or cell-based, can
be cumbersome and lack essential reproducibility required for reli-
able comparisons over the lifetime of a drug product. This dilemma
is exemplified by monoclonal antibodies for tumour therapy, such
as alemtuzumab. In this case, ADCC using tumour cells as tar-
gets and fresh human PBMC as effectors, is a good model of the
presumed physiological mode of action. However, the long term
reliability of such an assay is questionable due to the potential for
variability in the donor or effector cells as well as the complexity
of the procedure.

In contrast, the cell-based assay for binding to CD16 showed
excellent accuracy, precision and linearity. The precision of
replicate measurements makes the method sensitive to small dif-
ferences in drug structure (such as glycosylation) which would
make the binding curves non-parallel.

Equally good results were obtained with the SPR assays and the
assay was independent of platform, since the results from Biacore
and ProteOn were very similar. Either the SPR or the flow method
is suitable for accurate determination of the Fc binding properties
of a therapeutic antibody. The throughput of the cell based assay
was potentially higher as several microplates could be processed
in one day, whereas the Biacore instrument could only process one
microplate in 24 h. In practice, the choice between them is likely
to be determined by issues such as the availability of reagents and
equipment.

These methods are equally suitable for drug comparability, sta-
bility or lot release assays. Measurement of FcR binding alone is
not a complete substitute for the analysis of physiological activ-
ity by ADCC. However, analogous methods can be developed for
accurate and precise measurement of the binding of antibody to
antigen, either by SPR or by flow cytometry, and the combina-
tion of the methods may  well provide an acceptable substitute
for the laborious and much less precise measurement of activity
by ADCC.
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a  b  s  t  r  a  c  t

Triterpenoids  are  the  main  bioactive  components  of  Ganoderma  lucidum,  a  famous  traditional  Chinese
medicine.  After  oral  administration  of  total  triterpenoids  of  G.  lucidum  (TTGL),  the rat  bile  was  analyzed  by
high-performance  liquid  chromatography  coupled  with  diode  array  detection  and  electrospray  ion  trap
tandem  mass  spectrometry  (HPLC-DAD–ESI-MSn) and liquid  chromatography  coupled  with electrospray
ionization  hybrid  ion  trap  and  time-of-flight  mass  spectrometry  (LC–ESI-IT-TOF/MS).  From  rat  bile and
TTGL samples,  a total  of  31 triterpenoids,  including  seven  new  compounds,  were  identified  or  tentatively
eywords:
anoderma lucidum
riterpenoids
etabolites
PLC-DAD–ESI-MSn

characterized  based  on  their fragmentation  behaviors.  Among  them,  22  triterpenoids  were  identified
from  TTGL  and  29  triterpenoids  were  detected  from  rat bile  after  oral  administration  of  TTGL.  The  results
indicated  that  the majority  of triterpenoids  detected  in  TTGL  extract could  be  excreted  through  rat  bile.
It is the  first  report  on excretion  of  total  triterpenoids  of G. lucidum  in rat  bile.

© 2012 Elsevier B.V. All rights reserved.

C–ESI-IT-TOF/MS

. Introduction

Ganoderma lucidum (Leyss. ex Fr.) Karst, so-called Lingzhi in
hina, is a well-known medicinal fungus in traditional Chinese
edicine. It was used for health-improvement and anti-aging pur-

oses in China and other Asian regions for over 2000 years. G.
ucidum is involved in clinical treatment of a wide range of dis-
ases, such as chronic bronchitis, asthma, cardiovascular diseases,
eurasthenia, chronic viral hepatitis, male sexual dysfunction,
hemotherapy-induced toxicity, antitumor, etc. [1,2]. Triterpenoids
nd polysaccharide are two main types of components in G.
ucidum and play important roles in its pharmacological effects.
p to now, more than 135 triterpenoids have been isolated from

ruiting bodies, spores and mycelia [1,3], some of which are
ccounted for anticancer [4,5], anti-HIV-1 [6,7], anti-inflammatory
8], antioxidative [9] and immunoregulatory [10], anti-androgenic
11], neurotrophic [12] and cytotoxic [13] properties. Addition-
lly, total triterpenoids isolated from G. lucidum showed powerful

rotective effects against liver damage in our previous study [14].
herefore, the triterpenoids in G. lucidum were proved for poten-
ial medicinal values and have been regarded as important marker

∗ Corresponding author. Tel.: +86 10 82802468; fax: +86 10 82802468.
E-mail address: cheqingming2008@sina.com (Q.-M. Che).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.030
components in quality evaluation of G. lucidum and related species
[15] and differentiation between species under Ganoderma genus
[16]. However, studies on metabolism of triterpenoids in G. lucidum
in vivo were rare. We  have previously reported the identification
of ganoderic acids in rat plasma after oral administration of total
triterpenoids of G. lucidum [17]. Other researches mainly focused
on the determination of major triterpenoids in rat plasma and
urine after oral administration of G. lucidum extraction [18,19] and
pharmacokinetics of the single triterpenoids, ganoderic acid A, gan-
oderic acid T and ganoderiol F [20–22] in rat plasma.

In this study, the rat bile after oral administration of total
triterpenoids of G. lucidum (TTGL) was  analyzed by HPLC–DAD-ESI-
MSn and LC–ESI-IT-TOF/MS. Major triterpenoids in rat bile were
identified or tentatively characterized on the basis of mass frag-
mentation pathways of triterpenoids in G. lucidum reported in
literature [23,24] and confirmed in our experiments. This study will
help us to understand the excretion of major triterpenoids of G.
lucidum in bile after oral administration of TTGL to rats.

2. Materials and methods
2.1. Reagents and chemicals

Ganoderic acids C2 (13), C6 (16), G (18), B (20), A (25), E (30) and
7�, 12�-dihydroxy-3, 11, 15, 23-tetraoxo-lanost-8-en-26-oic acid

dx.doi.org/10.1016/j.jpba.2012.01.030
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:cheqingming2008@sina.com
dx.doi.org/10.1016/j.jpba.2012.01.030
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Fig. 1. Possible chemical structures of triterpenoids iden

27) (see their structures in Fig. 1) were isolated by the authors
rom G. lucidum and identified by comparing their spectral data
UV, IR, MS  and NMR) with those reported before [25–29].  The
urities of them were over 95% by HPLC analysis. Acetonitrile,
ethanol (Fisher Scientific, Fairlawn, NJ, USA) and formic acid (J.T.

aker, Philipsburg, NJ, USA) were of HPLC grade. De-ionized water
as prepared by a Milli-Q system (Millipore, Bedford, MA,  USA).

hloroform, dichloromethane, ethyl acetate, ether, 95% ethanol,
ydrochloric acid (HCl) and sodium hydrogen carbonate (NaHCO3)
ere of analytical reagent grade and purchased from Beijing Chem-

cal Corp. (Beijing, China). Phenomenex Strata C18-E solid-phase
from rat bile after oral administration of TTGL and TTGL.

extraction cartridge (200 mg/3 ml,  55 �m,  70 A) was purchased
from Phenomenex (Torrance, CA, USA).

2.2. Preparation of total triterpenoids of G. lucidum

G. lucidum was  purchased from Guangxi province (China) in
2006 and identified by Professor Shaoqing Cai (Peking University,

Beijing, China). Crude powder of G. lucidum (1.5 kg) was extracted
with 95% ethanol (10.5 l × 4) under reflux for four times, 1.5 h
for each time. The extract was  concentrated in vacuum to afford
a dark-brown residue which was  extracted with chloroform by
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Table 1
The compounds identified from rat bile after oral administration of TTGL and TTGL by HPLC-DAD–ESI-MSn and LC–ESI-IT-TOF/MS.

No. Rt (min) Identification UV �max

(nm)
Formula [M−H]− (m/z) Fragment ions (m/z) Detected

resource

Measured Predicated Difference (ppm) 1 2

1a 7.91 Ganoderic acid C2
3-O-glucuronide

249 C36H54O13 693.3494 693.3492 0.29 675.3422, 657.3169, 631.3447,
613.3325, 517.3261, 499.3065,
437.2947, 303.1975, 302.1853,
301.1839, 287.1594

+ −

2a 8.96 3,7,15-Trihydroxy-
4-
(hydroxymethyl)-
11,23-dioxo-
lanost-8-en-26-oic
acid

254 C30H46O8 533.3129 533.3120 1.69 515.2990, 497.2912, 453.2980,
423.2594, 319.1909, 318.1853,
317.1740, 303.1608, 195.1037

+ −

3a 9.03 Ganoderic acid C2
7-O-glucuronide

250 C36H54O13 693.3503 693.3492 1.59 517.3180, 499.3009, 481.2920,
437.3009, 302.1953, 301.1741,
287.1858

+ −

4 11.83  Lucidenic acid C 254 C27H40O7 475.2707 475.2701 1.26 457.2565, 445.2062, 439.2470,
427.2505, 413.2560, 409.2458,
401.2345, 319.1887, 305.1792,
303.1915, 275.1646, 265.1477

+ +

5 12.68  Lucidenic acid H 254 C27H40O7 475.2697 457.2701 −0.84 457.2611, 445.2239, 439.2478,
427.2617, 413.2727, 401.2339,
319.1924, 305.1741, 303.1603,
275.1617, 265.1428, 235.1342

+ +

6  12.95 12-
Hydroxyganoderic
acid C2

255 C30H46O8 533.3166 533.3120 −0.75 515.3010, 497.2874, 485.2887,
467.2832, 453.3009, 449.2685,
423.2774, 405.2770, 319.1882,
318.1816, 317.1742, 303.1597,
289.1785, 195.1041

+ +

7a 13.23 Ganoderic acid C2
15-O-glucuronide

254 C36H54 O13 693.3479 693.3492 −1.87 675.3268, 517.3115, 499.2968,
455.3323, 437.3100, 303.2080,
302.1948, 301.1772, 249.1436

+ −

8a 13.48 3,7,12-Trihydroxy-
4-
(hydroxymethyl)-
11,15,23-trioxo-
lanost-8-en-26-oic
acid

253 C30H44O9 547.2894 547.2913 −3.47 529.1799, 511.2792, 485.2897,
470.2637, 467.2786, 335.1866,
319.1867, 317.1738, 281.1406,
263.1286, 205.1246

+ −

9a 13.69 7,12,15-
Trihydroxy-4,4,14-
trimethyl-3,11-
dioxo-chol-8-en-
24-oic
acid

248 C27H40O7 475.2688 475.2701 −2.74 445.2571, 439.2526, 409.2429,
315.1615, 301.1423, 299.1558

+ −

10 14.91  Ganoderic acid � 255 C30H44O8 531.2949 531.2963 −2.64 513.2853, 469.2917, 451.2869,
439.2526, 421.2437, 319.1863,
303.1585, 301.1812, 265.1433

+ +

11a 17.01 3,12,15-
Trihydroxy-11,23-
dioxo-lanost-8-en-
26-oic
acid

258 C30H46O7 517.3161 517.3171 −1.93 499.3056, 455.3177, 425.3053,
305.2116, 303.1967, 285.1864,
255.1776

+ +

12  17.83 3,7,15-Trihydroxy-
4,4,14-trimethyl-
11-oxo-chol-8-en-
24-oic
acid

252 C27H42O6 461.2886 461.2909 −4.99 443.2746, 425.2728, 417.2988,
399.2851, 303.1954, 302.1889,
301.1776, 287.1632, 269.0989,
217.0779

+ +

13b 18.84 Ganoderic acid C2 256 C30H46O7 517.3152 517.3171 −3.67 499.3063, 481.2958, 455.3177,
437.3030, 407.2592, 304.1990,
303.1956, 302.1845, 301.1783,
287.1625, 195.1043, 179.1132

+ +

14  19.59 Ganoderic acid L 257 C30H46O8 533.3105 533.3120 −2.80 515.2994, 497.2959, 453.2920,
304.1990, 303.1940, 288.1697,
193.0859

+ −

15  20.60 Lucidenic acid N 256 C27H40O6 459.2746 459.2752 −1.31 441.2659, 423.2520, 397.2714,
379.2645, 303.1968, 259.1696,
249.1496

+ +

16b 20.68 Ganoderic acid C6 256 C30H42O8 529.2802 529.2807 −0.94 511.2670, 493.2590, 481.2164,
467.2788, 449.2645, 437.2364,
317.1724, 303.1524, 301.1744

+ +

17  21.16 3�-Hydroxy-
4,4,14-trimethyl-
7,11,15-trioxo-
chol-8-en-24-oic
acid

253 C27H38O6 457.2600 457.2596 0.87 439.2474, 413.2681, 397.2389,
385.2368, 353.245, 249.1483

+ +



32 X.-Y. Guo et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 29– 39

Table 1 (Continued)

No. Rt (min) Identification UV �max

(nm)
Formula [M−H]− (m/z) Fragment ions (m/z) Detected

resource

Measured Predicated Difference (ppm) 1 2

18b 21.63 Ganoderic acid G 254 C30H44O8 531.2955 531.2963 −1.51 513.2840, 469.2975, 454.2723,
451.2850, 436.2631, 319.1901,
303.1971, 265.1428, 249.1506

+  +

19 22.03  Ganoderenic acid B 249 C30H42O7 513.2861 513.2858 0.58 495.2729, 480.2434, 451.2809,
436.2578, 433.2777, 331.1891,
303.1959, 287.1949, 285.1869,
263.1648, 249.1494, 191.1113

+ +

20b 22.82 Ganoderic acid B 253 C30H44O7 515.3008 515.3014 −1.16 497.2907, 453.3002, 438.2734,
435.2941, 420.2643, 409.3122,
304.1972, 303.1953, 302.1855,
287.1664, 263.1661, 249.1494,
195.1410

+ +

21  23.14 Ganoderic acid
AM1

263 C30H42O7 513.2850 513.2858 −1.56 495.2744, 451.2838, 436.2611,
302.1861, 249.1467

− +

22  23.79 Ganoderic acid K 254 C32H46O9 573.3065 573.3069 −0.70 555.2950, 511.3031, 469.2900,
451.2840, 303.1948, 302.1874,
301.1795, 265.1418

+ +

23  24.37 7,15-Dihydroxy-
4,4,14-trimethyl-
3,11-dioxo-chol-8-
en-24-oic
acid

248 C27H40O6 459.2746 459.2752 −1.31 441.2641, 423.2498, 397.2694,
301.1765, 300.1701, 299.1625,
285.1475

+ +

24  24.93 Ganoderic acid H 254 C32H44O9 571.2895 571.2913 −3.15 553.2819, 511.2693, 509.2884,
467.2796, 437.2342, 423.2855,
317.1729, 303.1594, 302.1813,
301.1783

+ +

25b 25.28 Ganoderic acid A 253 C30H44O7 515.3013 515.3014 −0.19 497.2895, 479.2811, 453.3008,
435.2889, 405.2412, 302.1810,
301.1774, 300.1717 299.1627,
285.1478, 195.1036

+ +

26b 25.87 Ganolucidic acid A 245 C30H44O6 499.3051 499.3065 −2.80 481.2949, 437.3038, 419.3017,
287.1988, 285.1857, 269.1610

+ +

27b 27.22 7�,12�-
Dihydroxy-
3,11,15,23-
tetraoxo-lanost-8-
en-26-oic
acid

244 C30H42O8 529.2795 529.2807 −2.27 511.2710, 467.2790, 452.2550,
449.2662, 434.2450, 317.1727,
301.1713, 299.1620, 285.1474,
263.1295, 249.1501

+ +

28  27.34 Lucidenic acid A 244 C27H38O6 457.2598 457.2596 0.44 439.2445, 421.2404, 395.2570,
301.1756, 287.1633, 285.1839,
261.1484, 257.1544, 247.1324,
193.1228

+ +

29 28.72  Ganoderic acid D 253 C30H42O7 513.2856 513.2858 −0.39 495.2747, 451.2848, 433.2716,
421.2243, 415.2602, 301.1786,
285.1491, 283.1680, 247.1347,
193.1305

+ +

30b 29.90 Ganoderic acid E 254 C30H40O7 511.2686 511.2701 −2.93 493.2533, 449.2710, 434.2365,
300.1765, 247.1338

− +

31  31.63 12-
Acetoxyganoderic
acid F

250 C32H42O9 569.2764 569.2756 1.41 551.2637, 509.2523, 479.2083,
465.2608, 435.2216, 299.1611

+  +

a Reported for the first time.
b istrat
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Confirmed by comparing with authentic compounds: 1, rat bile after oral admin

ltrasonic extraction method. The chloroform extract was concen-
rated to 500 ml  and extracted with the same volume of saturated
queous solution of NaHCO3 for four times. The NaHCO3 aqueous
olution was acidified with HCl (6 M)  to pH 3–4 and filtered. The
btained precipitate was dissolved in chloroform and then was
vaporated in vacuum to yield the powder of total triterpenoids
200 g). The TTGL extract was mainly composed of ganoderic acids
2, C6, G, B, A, E and 7�, 12�-dihydroxy-3, 11, 15, 23-tetraoxo-

anost-8-en-26-oic acid, which were confirmed by comparing
heir HPLC-DAD and ESI-MSn data with those of the authen-

ic compounds. The TTGL extract was dissolved in 80% aqueous
cetonitrile solution (v/v) and filtered through a 0.22 �m mem-
rane filter unit to obtain a TTGL sample (3.2 mg/ml) for LC–MS
nalyses.
ion of TTGL; 2, TTGL; +, detected; −, not detected.

2.3. Animals experiment

Animal experiments adhered to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, 1996) and were approved by the
Institutional Animal Care and Use Committee of Peking Univer-
sity. Six male Sprague–Dawley rats (180–200 g) were purchased
from the Department of Laboratory Animal Science of Peking Uni-
versity Healthy Science Center and kept in an environmentally
controlled room at 22–24 ◦C and 55–60% humidity for three days.

The rats were fasted for 12 h with free access to water prior to the
experiments. They were anesthetized with ether, and then fixed
on wooden plates. An abdominal incision was  made and common
bile duct was cannulated with PE-10 tubing for collection of bile
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amples, and closed by suture. Control bile was collected before
reatment. When the treatment rat regained consciousness, a TTGL
xtract suspended in 2 ml  of 6% carboxymethyl cellulose sodium
CMC-Na) aqueous solution at the dose of 800 mg/kg body weight
as administered by oral gavage, and bile was collected at 0–2,

–4, 4–8 and 8–12 h after oral administration. Approximately 2 ml
f bile sample was continuously collected from each interval and
tored at −20 ◦C until sample preparation and analysis. During the
xperiment, the rats were fixed on wooden plates and allowed for
ree access to water.

.4. Rat bile sample preparation

A solid-phase extraction (SPE) method was  used for sample
retreatment. Before applied to bile sample, a SPE cartridge was
reated with 2 ml  of water, 2 ml  of methanol and 2 ml  of water, suc-
essively. A 0.5 ml  of bile sample was vortexed, loaded, and allowed
o flow through the SPE cartridge with gravity. The SPE cartridge
as washed with 2 ml  of water and 3 ml  of methanol, successively.

he methanol eluate was collected and evaporated to about 1 ml
nder a stream of N2 at room temperature. The concentrated sam-
le was filtered through a 0.22 �m membrane filter unit before
nalysis.

.5. HPLC-DAD–ESI-MSn analysis

HPLC-DAD–ESI-MSn analysis was performed on an Agilent 1100
eries HPLC system (Agilent Technologies, Waldbronn, Germany)
oupled with a Finnigan LCQ Advantage ion trap mass spectrometer
ThermoFinnigan, San Jose, CA, USA) via an electrospray ionization
ESI) interface. The HPLC system was equipped with a quaternary
ump, a diode-array detector (DAD), an autosampler and a column
ompartment. The chromatographic separation was achieved on a
henomenex Gemini 5� C18 110A column (250 mm × 4.6 mm i.d.,

 �m,  Phenomenex, Torrance, CA, USA) with a Phenomenex Secu-
ityGuard guard cartridge (C18, 4 mm × 2 mm i.d., Phenomenex,
orrance, CA, USA) at 30 ◦C and a flow rate of 1 ml/min. A linear
radient elution of solvent acetonitrile (A) and water containing
.2% formic acid (B, v/v) was applied with the following pro-
ram: 0–8 min, 28–29% A; 8–25 min, 29–45% A; 25–35 min, 45%
; 35–40 min, 45–50% A. The spectral data was collected from 200

o 400 nm,  and a representative chromatogram was recorded at
54 nm.  The injection volume of all the tested samples was  10 �l.
he HPLC effluent was directed into the mass spectrometer from

 min  to 40 min  for each sample. The eluent flow was  roughly
plited as 5:1 before entering the ESI ion source. Ultrahigh-purity
elium (He) was used as the collision gas and high purity nitrogen
N2) as the nebulizing gas. The optimized parameters in negative

ode were as follows: source voltage, 4.5 kV; sheath gas (N2), 50
rbitrary units; auxiliary gas (N2), 10 units; capillary temperature,
50 ◦C; capillary voltage, −15 V; tube lens offset voltage, −60 V.
he spectra were recorded in the range m/z 200–1100 for full scan
S analysis. The isolation width of precursor ions was  3.0 Da. The

ata-dependent acquisition was used so that the most abundant
ons in each scan could be selected and subjected to tandem mass
pectrometry (MSn, n = 2–4) analyses. The collision energy for MSn

xperiments was 40%. The HPLC-DAD–ESI-MSn system was  con-
rolled by XcaliburTM 1.4 software.

.6. LC–ESI-IT-TOF/MS analysis

To confirm the elemental composition of fragment ions with

igh-accurate mass, an LC–ESI-IT-TOF/MS experiment was per-

ormed on a Shimadzu LCMS-IT-TOF instrument equipped with
 Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan).
he HPLC system consisted of a CBM-20A controller, two LC-20AD
d Biomedical Analysis 63 (2012) 29– 39 33

binary pumps, an SPD-M20A diode array detector, an SIL-20AC
autosampler, a CTO-20A column oven and a DGU-20A5 degasser.
The HPLC conditions were the same as those for HPLC-DAD–ESI-
MSn analysis except that the autosampler tray temperature was
set at 15 ◦C. The LCMS-IT-TOF instrument was  equipped with an ESI
source. The HPLC effluent was directed into the mass spectrometer
from 3 min  to 40 min  for each sample. The eluent flow was  roughly
splited as 5:1 before entering the ESI source. The optimized MS
conditions were as follows: negative ion mode; electrospray volt-
age, −3.5 kV; detector voltage, 1.7 kV; curved desolvation line (CDL)
temperature, 200 ◦C; heat block temperature, 200 ◦C; nebulizing
gas (N2), 1.5 l/min; drying gas (N2) pressure, 100 kPa; scan range,
m/z 100–1000 for MS1, 100–800 for MS2 and 100–800 for MS3. The
ultrahigh purity argon was used as the collision gas for collision-
induced dissociation (CID) experiments, and the collision energy
was set at 50% for MS2 and MS3; TOF region pressure, 1.4 × 10−4 Pa;
ion trap pressure, 1.8 × 10−2 Pa; ion accumulated time, 30 ms;  pre-
cursor ion selected width, 3.0 Da. The MSn data were collected in
an automatic mode and the software could automatically select
precursor ions for MSn analysis according to criteria settings.
Accurate mass determination was corrected by calibration using
the sodium trifluoroacetate clusters as reference. The data acqui-
sition and analysis were performed by LCMS Solution Version 3
software (Shimadzu, Kyoto, Japan). The formula predictor function
of LCMS Solution was used to predict chemical formulas.

3. Results and discussion

3.1. Sample preparation

In this study, solid-phase extraction (SPE) and liquid–liquid
extraction (LLE) methods were compared in order to purify triter-
penoids and eliminate the endogenous substance from rat bile
samples. In LLE method, dichloromethane, dichloromethane–ethyl
acetate (9:1, 1:1, v/v) and ethyl acetate (4 ml) were used to extract
rat bile samples (0.5 ml). In SPE experiment, the Phenomenex Strata
C18-E solid-phase extraction cartridge (200 mg/3 ml,  55 �m,  70 A)
was chosen. The rat bile samples (0.5 ml) were loaded to SPE
cartridges, and firstly eluted with H2O and 10% methanol (v/v),
respectively. In terms of the second eluent, 3, 4 and 5 ml  of methanol
were compared. All the extracts and eluates were dried under N2
at room temperature and dissolved in 0.5 �l of 80% aqueous ace-
tonitrile solution (v/v). The injection volume was 10 �l for HPLC
analyses. For SPE method, a few triterpenoids in rat bile sample
could be eluted by 10% methanol and the volumes of methanol
had no significant influence on elution of major constituents in
rat bile. Although the extraction efficiency of major triterpenoids
in rat bile for LLE and SPE methods had no significant differ-
ence (Fig. 1S and Table 1S),  the elimination effect on endogenous
substances for SPE method was  obvious by HPLC-DAD analyses.
Therefore, SPE was  finally selected to prepare rat bile samples and
2 ml  of H2O and 3 ml  of methanol were used as the first and second
eluents, successively.

3.2. Mass spectrometric analyses of authentic triterpenoids

In HPLC-DAD–ESI-MSn experiment, major characteristic frag-
mentation pathways of triterpenoids in G. lucidum were neutral
losses of H2O and CO2 as well as significant fragment ions of a, b,
c and d resulted from the cleavages of C- and D-rings, respectively
(Fig. 4), which are in accordance with the literature [23]. Ganoderic

acids C2 and A which possessed the structures of 7, 15-dihydroxy
groups could give the most prominent ions of [M−H]− in their full
scan mass spectra. In corresponding MS2 spectra, the neutral loss of
H2O could generate the most prominent ions of [M−H−H2O]− and
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 group of b, b−1, b−2 and b−H−CH3 ions due to D-ring cleavage.
he sequential losses of H2O and CO2 from ions of [M−H−H2O]−

roduced the most prominent ions of [M−H−H2O−H2O−CO2]− in
urther MS3 spectra. Ganoderic acids G, B and 7�, 12�-dihydroxy-3,
1, 15, 23-tetraoxo-lanost-8-en-26-oic acid, as the 7-hydroxy-15-
xo derivatives, gave the most prominent ions of [M−H−H2O]− in
heir full scan mass spectra, which generated the most prominent
ons of [M−H−H2O−CO2]− and dominant a ions as well as a group of
, b+2−H2O and b−H2O ions. In MS3 spectra of [M−H−H2O−CO2]−

ons, C-ring cleavage generated the most prominent a ions. Gan-
deric acid E possessed the structure of 7, 15-dioxo groups and
ave the most prominent ion of [M−H]−. In corresponding MS2

pectra, the neutral losses of H2O and CO2 generated the most
rominent ion of [M−H−H2O−CO2]− as well as minor ions of b+1
nd a+2. The 12-hydroxy-7, 15-dioxo derivative, ganoderic acid C6
ave the prominent ion of [M−H−H2O]−, which generated the most
rominent ion of [M−H−H2O−CO2]− and a group of b, b+2−H−CH3
nd b+2−H2O ions due to D-ring cleavage in MS2 spectrum. Fur-
hermore, accurate masses of major fragment ions of authentic
riterpenoids were obtained by LC–ESI-IT-TOF/MS analysis, which
roved their proposed fragmentation pathways and contributed to
tructural identification of the triterpenoids in rat bile. The formu-
as, observed and predicted masses, and mass errors of fragment
ons in LC–ESI-IT-TOF/MS spectra of representative authentic com-
ounds are shown in Table 2S.

.3. Identification of triterpenoids from rat bile

By comparing the UV spectra and chromatograms of rat bile
ample after oral administration of TTGL with those of the blank,
ixed authentic compounds and TTGL samples, a total of 31 com-

ounds were identified or tentatively characterized from all the
ested samples. The chromatographic and mass spectrometric data
f all the compounds are shown in Tables 1 and 3S,  and their
tructures are shown in Fig. 1. The total ion chromatograms (TICs)
f the tested samples and extracted ion chromatograms (EICs) of
ajor triterpenoids in rat bile are shown in Figs. 2 and 3, respec-

ively. All compounds (1–31) displayed a characteristic maximum
bsorption at 244–258 nm in UV spectra due to the �8,9 and 11-oxo
roups of triterpenoids in G. lucidum. Among them, 7 compounds
13, 16,  18,  20,  25,  30 and 27)  were unambiguously identified
s ganoderic acids C2, C6, G, B, A, E and 7�, 12�-dihydroxy-3,
1, 15, 23-tetraoxo-lanost-8-en-26-oic acid based on the direct
omparisons of their retention times, UV spectra and mass spectra
ith those of the authentic compounds. Furthermore, 24 com-
ounds were tentatively characterized according to the mass
pectrum fragmentation pathways of triterpenoids in G. lucidum
eported in the literature [23,24] and acquired in our experiment.
ost of the detected compounds were ganoderic acids and luci-

enic acids (Fig. 4).

.3.1. Identification of 7, 15-dihydroxy derivatives of ganoderic
cids

The LC–IT-TOF/MS spectra of compounds 1, 3 and 7 showed
M−H]− ions at 693.3494, 693.3503 and 693.3479, respectively,
hich were calculated as C36H54O13 by the Formula Predictor soft-
are. As shown in Table 3S,  the neutral losses of 176 Da from

heir ions at m/z 693 [M−H]− produced abundant [M−H−GlcA]−

ons at m/z 517 (Fig. 2S(A) and (C))  and other major fragment
ons were very similar with those of ganoderic acid C2 (13),
uggesting they were monoglucuronides of ganoderic acid C2
nd the glucuronic acid moiety could be in conjunction with 3-
 7- or 15-OH, respectively. The glucuronic acid moiety in the
tructure of ganoderic acid C2 15-O-glucuronide could be form
tronger intramolecular hydrogen bonds with 25-COOH and 7-
H than hydrogen bonds formed between glucuronic acid moiety
d Biomedical Analysis 63 (2012) 29– 39

and 15-OH in the structure of ganoderic acid C2 7-O-glucuronide,
which would lower the polarities of them than that of gan-
oderic acid C2 3-O-glucuronide and extend their retention times
on reversed-phase chromatography. Therefore, compounds 1, 3
and 7 were tentatively characterized as ganoderic acid C2 3-O-
glucuronide, ganoderic acid C2 7-O-glucuronide and ganoderic acid
C2 15-O-glucuronide, respectively, which are reported for the first
time.

Compounds 2, 6 and 14 gave the same [M−H]− ions at m/z
533, which produced the most prominent fragment ions at m/z  515
([M−H−H2O]−) in their MS2 spectra, suggesting the presence of an
extra hydroxyl group in their structures than in the structure of gan-
oderic acid C2 (13). In MS3 spectrum of compound 6, the neutral loss
of 30 Da (CH2O) from ions at m/z 515 and 497 yielded the dominant
fragment ions at m/z 485 and 467 (Table 3S), respectively, indicating
the presence of a hydroxyl group on C-12 [23]. The characteristic
fragment ions of compound 6 were also detected in LC–IT-TOF/MS
spectrum at m/z 485.2887 and 467.2832 (Table 1). Thus, compound
6 was identified as 12-hydroxyganoderic acid C2 [23]. Compound 2
produced similar fragment ions with those of compound 6 except
the absence of ions at m/z 485 and 467 (Fig. 2S(B)), suggesting
compound 2 lacked 12-OH. In its LC–IT-TOF/MS spectrum, the
characteristic product ion at m/z 195.1037 (d−H−H2O) (Table 1)
indicated compound 2 possessed the same side chain as that of
ganoderic acid C2 (13) (Table 2S). According to structural char-
acteristics of triterpenoids in G. lucidum [3],  compound 2 was
proposed as 3, 7, 15-trihydroxy-4-(hydroxymethyl)-11, 23-dioxo-
lanost-8-en-26-oic acid, which is a new compound. The proposed
fragmentation pathways of compound 2 are shown in Fig. 5. Com-
pound 14 showed fragment signals at m/z  304 (b+1), 303 (b) and
301 (b−2) in MS3 spectrum, suggesting that it possessed the same
structure of A-, B- and C-rings as that of ganoderic acid C2 (13).
The LC–IT-TOF/MS spectrum showed characteristic fragment ion at
m/z 193.0859 (d−H−H2O−H2O) (Table 1), indicating compound 14
possessed an extra hydroxyl group at the side chain on C-17. There-
fore, compound 14 was  inferred as 20-hydroxyganoderic acid C2,
i.e. ganoderic acid L [30].

3.3.2. Identification of 7-hydroxy-15-oxo derivatives of ganoderic
acids

Compound 8 and ganoderic acid G (18) gave the similar ESI-
MSn spectra except that the major fragment ions of compound 8
were 16 Da higher than those of ganoderic acid G (18) (Table 1).
Particularly, in MS3 spectrum of compound 8 (Fig. 2S(E)), the frag-
ment ion at m/z 281 (a) indicated that an extra hydroxyl group
existed on its A-, B-, or C-rings in comparison with ganoderic acid
G (18). On the basis of literature [31], the extra hydroxyl group could
be on C-28 or C-29. Thus, compound 8 was tentatively characterized
as 3, 7, 12-trihydroxy-4-(hydroxymethyl)-11, 15, 23-trioxo-lanost-
8-en-26-oic acid, which is reported for the first time. The proposed
fragmentation pathways of compound 8 are shown in Fig. 6.

Compound 10,  an isomers of ganoderic acid G (18), showed very
similar ESI-MSn spectra to those of ganoderic acid G (18) (Table 1).
However, the retention time of compound 10 in reversed-phase
chromatography was even shorter than that of ganoderic acid C2
(13). So we inferred that compound 10 and ganoderic acid G (18)
only possessed different side chains on C-17. According to its HPLC
behavior and MSn data in the literature [32,16], compound 10 was
inferred as ganoderic acid �.

Compound 22 gave its [M−H−H2O]− ion at m/z  555 in full scan
mass spectrum, which produced the most prominent ion at m/z
469 due to the neutral losses of CO2 and CH2CO. The MS3 and MS4
spectra of compound 22 showed similar signals to those of gan-
oderic acid G (18) (Table 3S).  Thus, compound 22 was identified as
ganoderic acid K [23], a 12-acetylated derivative of ganoderic acid
G.
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Sn: I, ganoderic acid C2; II, ganoderic acid C6; III, ganoderic acid G; IV, ganoderic ac
cid;  VII, ganoderic acid E.

The major fragment ions of compound 29 were only 2 Da lower
han those of ganoderic acid B (20) (Table 1). It indicated the C-3 of
ompound 29 was oxidized to be a carbonyl group. Thus, compound
9 was identified as ganoderic acid D [23].
.3.3. Identification of other ganoderic acids
As shown in Table 1, the major fragment ions of compound

1 were only 2 Da higher than those of ganoderic acid E (30).
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According to the ESI-MSn data in the literature [23], compound 21
was identified as ganoderic acid AM1. Compound 24 showed the
[M−H−H2O]− at m/z 553 in full scan mass spectrum and its cor-
responding MS2 spectrum showed two dominant ion at m/z  511

([M−H−H2O−CH2CO]−) and 467 ([M−H−H2O−CO2−CH2CO]−)
(Table 3S). The further MS3 spectrum of m/z 467 was  the same
with those of ganoderic acid C6 (16) (Table 3S). Thus, com-
pound 24 was  identified as ganoderic acid H, a 12-acetylated
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36 X.-Y. Guo et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 29– 39

COOH
O

O

H

a
b

c

d

COOH
O

H

a
b

c

d

A B

Fig. 4. Characteristic fragmentation pathways of ganoderic acids (A) and lucidenic acids (B).
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erivative of ganoderic acid C6 [23]. Compound 31 showed
he [M−H−H2O]− at m/z 551 in full scan mass spectrum and
ts fragment ions in ESI-MSn spectra were only 2 Da higher
han those of compound 24 (Table 3S), suggesting that C-3

f compound 31 was oxidized to be a carboxyl group. There-
ore, compound 31 was identified as 12-acetoxyganoderic acid F
23].
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oxymethyl)-11, 23-dioxo-lanost-8-en-26-oic acid (compound 2).

3.3.4. Identification of lucidenic acids
Compounds 4, 5, 9, 12,  15,  17,  23 and 28 possessed 27 carbon

atoms in their elemental compositions calculated by the Formula
Predictor software. Most of them gave the dominant ions of [M−H]−
in their full scan mass spectra, which produced prominent ions of
[M−H−H2O]− and [M−H−H2O−H2O]− in MS2 and MS3 spectra in
HPLC–ESI-MSn analyses (compound 5 see Fig. 2S(D)), respectively.
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hese fragmentation characteristics were attributed to the struc-
ures of lucidenic acids [23].

Compounds 4 and 5 gave the [M−H]− ions at m/z 475 in their
ull scan mass spectra. As shown in Table 3S,  their characteristic
ragment ions at m/z 319 (b), 303 (b−H−CH3) and 265 (a) sug-
ested they possessed the structures of 7-hydroxy-15-oxo groups
nd the amount of hydroxyl groups on A-, B- and C-rings were the
ame with those of ganoderic acid G (18). Furthermore, an extra
ragment ion at m/z 235.1342 (a−CH2O) (Table 1) was  detected
n LC–IT-TOF/MS spectrum of compound 5, which indicated a
ydroxymethyl group could be on its A- or B-ring. According to

he literature, compounds 4 and 5 were tentatively characterized
s lucidenic acid C [33] and lucidenic acid H [34], respectively.
ompound 9, an isomer of compounds 4 and 5, showed domi-
ant fragment ions at m/z 445.2571 ([M−H−CH2O]−) and 301.1423

HO

COOH
O

O

OH

OH

H

[M - H]-, m/z 517. 3161

HO

O

OH

OH

H

m/z 455. 3177

HO

O

OH

H

b, m/z 303.1967

-H2

HO

O
O

OH

OH

H

-H2O

O
-CO2

m/z 499.3056

Fig. 8. Proposed fragmentation pathways of 3, 12, 15-trihydrox
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 14-trimethyl-3, 11-dioxo-chol-8-en-24-oic acid (compound 9).

(b−H−CH3) in LC–IT-TOF/MS spectrum (Table 1), which possessed
the similar characteristic fragmentation pathways (Fig. 7) to those
of compound 6, a 7, 12, 15-trihydroxy derivative. Thus, compound 9
was inferred as 7, 12, 15-trihydroxy-4, 4, 14-trimethyl-3, 11-dioxo-
chol-8-en-24-oic acid, a new compound.

Fragmentation behaviors of compounds 15,  17,  23 and 28 in
HPLC-DAD–ESI-MSn spectra were highly consistent with the pre-
vious report [23]. Therefore, compounds 15,  17,  23 and 28 were
identified as lucidenic acid N, 3�-hydroxy-4, 4, 14-trimethyl-7,
11, 15-trioxo-chol-8-en-24-oic acid, 7, 15-dihydroxy-4, 4, 14-
trimethyl-3, 11-dioxo-chol-8-en–24-oic acid and lucidenic acid A,

respectively, which were confirm by their accurate masses in LC–IT-
TOF/MS analyses (Table 1). The major fragment ions of compound
12 were only 2 Da higher than those of compound 15 (Table 1),
suggesting that the C-15 of compound 12 might be substituted
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ith a hydroxyl group. Thus, compound 12 was identified as 3,
, 15-trihydroxy-4, 4, 14-trimethyl-11-oxo-chol-8-en-24-oic acid
34].

.3.5. Identification of other triterpenoids in rat bile
As shown in Table 3S,  ESI-MSn data of compound 26 was  very

imilar to those of ganolucidic acid A in the literature [23]. The char-
cteristic fragment ions at m/z  287.1988 (b+2), 285.1857 (b) and 269
b−H−CH3) in LC–IT-TOF/MS spectrum (Table 1) indicated that D-
leavage was its major fragmentation pathway. Thus, compound
6 was identified as ganolucidic acid A. Compound 11 was calcu-

ated as C30H46O7 (m/z  517.3161) in LC–IT-TOF/MS analysis and an
somer of ganoderic acid C2 (13). The major fragment ions of com-
ound 11 in LC–IT-TOF/MS spectrum (Table 1) were 18 Da higher
han those of compound 26 except the presence of the characteris-
ic fragment ions at m/z 425.3053 ([M−H−H2O−CO2−CH2O]−) and
55.1776 (b−H2O−CH2O), which indicated the existence of 12-OH

n the structure of compound 11 (Fig. 8). Therefore, compound 11
as tentatively characterized as 3, 12, 15-trihydroxy-11, 23-dioxo-

anost-8-en-26-oic acid belonging to ganolucidic acids and is a new
ompound. Compound 19 gave [M−H−H2O]− at m/z 495, which
as only 2 Da lower than that of ganoderic acid B (20). However,

hey possessed the same characteristic ions at m/z 303 (b), 287
b+2−H2O) and 249 (a) in ESI-MSn spectra (Table 3S), suggesting
hey possessed the same A-, B- and C-rings. Therefore, we inferred
hat they possessed different side chains on C-17. According to the
eported data, compound 19 were identified as ganoderenic acid B
23].

.4. Excretion of total triterpenoids of G. lucidum in rat bile

Among the 31 compounds, 29 compounds were detected and
dentified or tentatively characterized during the interval of 0–12 h
n rat bile after oral administration of TTGL and 22 compounds were
etected in TTGL extract. The majority of triterpenoids detected in
TGL extract could be excreted through rat bile. Seven compounds
1–3, 7–9 and 14)  were only detected in rat bile and might be the

etabolites of triterpenoids in G. lucidum. Compounds 1, 3 and 7,
s the monoglucuronide of ganoderic acid C2, might be phase II
etabolites. The high-polarity triterpenoids in rat bile were more

bundant than those in TTGL extract, which facilitated the excretion
f triterpenoids in G. lucidum through bile.

. Conclusions

By HPLC-DAD–ESI-MSn and LC–ESI-IT-TOF/MS, a total of 31
riterpenoids were identified or tentatively characterized from rat
ile after oral administration of TTGL and TTGL extract. The majority
f triterpenoids detected in TTGL extract could be excreted through
ile in the interval of 0–12 h after oral administration of TTGL to rats.
ome of the triterpenoids in G. lucidum might be transformed to glu-
uronidated and hydroxylated metabolites in rats, which should be
onfirmed by further studies on the metabolites of single triter-
enoids of G. lucidum in rats. It is the first report on excretion
f total triterpenoids of G. lucidum in rat bile. Both methods and
esults of this study could be valuable for further metabolic and
harmacokinetic study of triterpenoids in G. lucidum in rats and
umans.
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a  b  s  t  r  a  c  t

Mechanism  of interaction  of bioactive  flavonoids,  hesperitin  (HES)  and  naringenin  (NAR)  with  calf  thy-
mus  deoxyribonucleic  acid  (DNA)  was  studied  employing  UV  absorption,  fluorescence,  circular  dichroism,
melting temperature,  fluorescence  anisotropy  and  differential  pulse  voltammetric  methods.  The  observed
fluorescence  quenching  of  DNA-ethidium  bromide  system  by the  flavonoid  indicated  the  intercalative
mode  of binding  between  the  flavonoid  and  DNA.  Stern–Volmer  plots  have  revealed  the  presence  of
eywords:
NA double helix

ntercalation
lavonoid
pectroscopic methods

static  quenching  mechanism.  Binding  and  thermodynamic  characteristics  of  interaction  were  evaluated.
Melting  temperature  of DNA  was  found  to  be  increased  up  to 5 ◦C in  the  presence  of  the  flavonoid  indi-
cating  the  stabilization  of DNA  double  helix  upon  binding.  CD  and  fluorescence  anisotropic  results  have
revealed  the conformational  changes  in  DNA  upon  binding  to the  flavonoid.  The  observed  positive  shift
in  peak  potential  and  decreased  peak  current  of the  flavonoid  in the  presence  of  DNA  further  supported
the intercalative  mode  of binding.
. Introduction

In vitro study of the interaction of many naturally occurring
ompounds with DNA adducts is an active area of research in chem-
stry and biology which leads to the understanding of drug–DNA
nteraction and the consequent design of new efficient drugs tar-
eted to DNA [1,2]. Due to the central role of DNA in replication
nd transcription, DNA has been a major target for antibiotic, anti-
ancer and antiviral drugs. Drugs bind to DNA in different ways.
hese include intercalation between adjacent base pairs, intrusion
nto the minor groove and major groove, and electrostatic interac-
ion. Intercalation and minor-groove binding are the predominant
NA-binding modes of small ligands [3] while electrostatic inter-
ctions between the cationic species and negatively charged DNA
hosphate backbone usually occur along the exterior of the helix.

The food diet comprising of micronutrients such as vitamins,
arotenoids and flavonoids is essential for maintenance of human
ealth. Flavonoids are easily found in citrus fruits, apples, olive oil,
rapes, tea, red wine and other fruits and vegetables. The dietary
avonoids are gaining attention as potential protectors against a
ariety of human diseases, in particular age related diseases such

s cardiovascular disease and cancer [4,5]. A large number of mech-
nisms of their actions have been attributed to the diverse functions
f the flavonoids including antioxidant properties.

∗ Corresponding author. Tel.: +91 836 2215286/27; fax: +91 836 2747884.
E-mail address: jseetharam@yahoo.com (J. Seetharamappa).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.034
© 2012 Elsevier B.V. All rights reserved.

Among fruits, citrus varieties are important sources of
polyphenolic compounds, which could be responsible for the
health-promoting effects. The selected HES and NAR are the
flavonones that belong to flavonoid class of compounds, found in
citrus fruits. The structures of HES and NAR are shown in Fig. 1a
and b.

Most of the ligand–nucleic acid binding studies are based on the
quenching or enhancement of fluorescence of various flavonoids
upon binding to nucleic acids [6–8]. These studies have revealed
that the flavonoids could bind to DNA by groove binding or inter-
calation. Many chemical reagents of small molecular size have
been used as sensitive probes of DNA when the ligands are
non-fluorescent. For example, ethidium bromide (EB), a cationic,
conjugated planar molecule (Fig. 1c) interacts strongly and specif-
ically with double helical DNA was  employed as a probe due to its
striking fluorescence enhancement upon intercalation with DNA
[9,10].

In the present study, we  have investigated the interaction of two
flavonoids (HES and NAR) with DNA using spectrophotometric, cir-
cular dichroism and voltammetric techniques. The spectroscopic
methods are relatively sensitive compared to an electroanalytical
technique like voltammetric method. It is not possible to study
the thermodynamic parameters, number of binding ligands and
conformational changes in DNA (upon binding to a ligand) by

voltammetric methods. Further, the ligand is expected to be elec-
troactive for voltammetric studies. Electrochemistry coupled with
spectroscopy techniques could provide a relatively easy way  to
obtain useful insights into the molecular mechanism of drug–DNA

dx.doi.org/10.1016/j.jpba.2012.01.034
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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Fig. 1. Structures of hesperitin (a), 

nteraction, which could be an important step in the development
f a new anticancer drug. Further, binding modes of the flavonoid
o DNA can be used as model for DNA binding of anticancer drugs.
he present paper attempts to understand the mechanism of bind-
ng of two flavonoids with DNA by employing spectroscopic and
lectro-analytical techniques.

. Materials and methods

.1. Chemicals and reagents

Calf thymus DNA, EB and flavonoids were purchased from
igma–Aldrich, India and used without further purification. Stock
olutions of DNA and EB were prepared by dissolving the appro-
riate amounts of DNA and EB in phosphate buffer of pH 7.4 and
illipore water, respectively while those of flavonoids (each of

50 �M)  were prepared in 10% DMSO. Both DNA and flavonoid solu-
ions were stored at 4 ◦C. The concentration of DNA was determined
pectrophotometrically using the extinction coefficient value of
600 L mol−1 cm−1 at 260 nm.  The solution of DNA was found to be
ree from protein as evident from its absorbance ratio value in the
ange of 1.8–1.9 for A260/A280 [11]. All measurements were carried
ut at the physiological pH of 7.4 using 0.1 M phosphate buffer.

.2. Instrumentation

Absorbance values were recorded on a double beam CARY
0-BIO UV–vis spectrophotometer (Varian, Australia) equipped

ith a 150 W Xenon lamp and a slit width of 5 nm.  Fluorescence
easurements were performed on a spectrofluorimeter Model F-

000 (Hitachi, Japan) equipped with a 150 W Xenon lamp and
 slit width of 5 nm.  The CD measurements were made on a
enin (b) and ethidium bromide (c).

JASCO-810 spectropolarimeter (Tokyo, Japan) using a 0.1 cm cell
at 0.2 nm intervals, with 3 scans averaged for each CD spectrum
in the range of 220–340 nm.  Electrochemical studies were per-
formed using CHI-1103a electrochemical Analyzer (CH Instruments
Ltd. Co., USA, version 9.03) with electrode system consisting of a
glassy carbon electrode (3 mm diameter) as the working electrode,
a platinum wire as a counter electrode and an Ag/AgCl (3 M KCl) as
reference electrode.

2.3. Absorption and fluorescence measurements

Absorption spectra of DNA were recorded in the absence and
presence of increasing concentrations of HES/NAR in the range
of 200–400 nm.  Emission spectra were recorded in the range of
530–730 nm upon excitation at 525 nm by maintaining the con-
centration of DNA-EB constant and varying that of the flavonoid.

2.4. DNA melting studies

DNA melting experiments were carried out by monitoring the
fluorescence intensities of the sample at various temperatures in
the absence and presence of the flavonoid. The temperature of
the sample was  maintained with a thermocouple attached to the
sample holder. The temperature was  varied from 20 to 90 ◦C. The
melting temperature (Tm) of DNA was determined as the transition
midpoint.
2.5. Anisotropy measurements

Anisotropy measurements were carried out at 25 ◦C. The slit
width of the instrument was changed to 20 nm for the emission
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Fig. 2. (a) UV–vis spectra of DNA, 1.7 × 10−5 mol  L−1 (1) with increasing concentra-
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Table 1
The binding constants (K) of the flavonoids with DNA-EB at a range of temperatures.

Flavonoid Temperature (K) KSV (L mol−1) aR2 K (L mol−1)

HES 290 11.856 × 103 0.9943 9.93 × 103

300 11.727 × 103 0.9898 3.99 × 103

310 11.268 × 103 0.9922 3.07 × 103

NAR 290 17.009 × 103 0.9967 4.63 × 103

300 15.950 × 103 0.9934 4.19 × 103
10). (b) UV–vis spectra of DNA, 1.7 × 10−5 mol  L−1 (1) with increasing concentra-
ions of NAR, 2.5 (2), 5 (3), 7.5 (4), 10 (5), 12.5 (6), 15 (7), 17.5 (8), 20 (9) and 22.5 �M
10).

f the flavonoid. The concentration of flavonoid was kept constant
nd that of DNA was varied.

.6. Circular dichroism

The CD spectra of buffer were used and were automatically
ubtracted from the CD spectra of the samples as baselines. CD
and intensities were expressed in terms of mean residue ellipticity
MRE) in deg cm2 dmol−1.

.7. Differential pulse voltammetry (DPV)

Differential pulse voltammograms of HES/NAR (fixed concen-
ration) were recorded in the presence of increasing concentrations
f DNA in phosphate buffer of pH 7.4. After each addition of DNA
o HES/NAR, an interaction time of 15 min  was maintained and
oltammogram was recorded.

. Results and discussion

.1. UV–vis absorption studies of the binding of flavonoid to
NA-EB system

Absorption spectroscopy is the most useful technique to under-
tand the interaction of flavonoid with DNA. As evident from Fig. 2a

nd b, the absorbance values of DNA increased (at 260 nm) upon the
ddition of flavonoid. This indicated that the flavonoid might have
ntercalated between the two strands of DNA thereby increasing
he absorption of DNA due to the unwinding of DNA double helical
310 15.226 × 103 0.9974 3.82 × 103

a R2 = correlation coefficient.

structure to a little extent. Due to this slight unwinding of DNA,
the aromatic bases get more exposed to UV radiation and resulted
in increased intensity of absorption [12]. Further, the absorption
maximum of DNA at 260 nm exhibited red shift (up to 285 nm)
indicating the intercalative mode of binding.

3.2. Binding properties of EB with DNA

The fluorescence intensity of EB (excited at 525 nm)  is weak;
however, enhanced fluorescence intensity was observed upon the
addition of DNA to it (Fig. not shown). The experimental results and
the earlier reports confirmed that the EB intercalated into the base
pairs of DNA double helix and the complex formed was stabilized
by the stacking interaction between EB and DNA bases [13].

3.3. Binding characteristics of flavonoids with DNA in the
presence of EB

It is known that the enhanced fluorescence of EB upon the addi-
tion of DNA could be quenched, at least partly, by the addition of
a second molecule [14]. The extent of fluorescence quenching of
EB bound to DNA was utilized to determine the extent of binding
between the second molecule and DNA.

In order to find the interaction mode between the flavonoid and
DNA, we have carried out fluorescence quenching experiments of
DNA-EB system by selected flavonoids and the binding constant
of flavonoid–DNA in the presence of EB was  calculated using the
fluorescence data.

On the addition of HES/NAR to DNA-EB system, the shape of
the fluorescence peak did not change, but its fluorescence inten-
sity decreased regularly with successive addition of the flavonoid
(Fig. 3a and b). The quenching of fluorescence intensity of DNA-EB
by the flavonoid was analysed using the Stern–Volmer equation
[15] shown below:

F0

F
= 1 + Ksv[Q ] (1)

where F0 and F are the fluorescence intensities in the absence and
presence of the quencher, respectively [Q], is the concentration of
the quencher and Ksv is the Stern–Volmer quenching constant. It
was  found that the Ksv values decreased with increase in tempera-
ture thereby indicating the presence of static quenching [16]. The
corresponding Ksv values are listed in Table 1.

To understand the mode of binding of flavonoid to DNA,
the fluorescence quenching of EB-single stranded DNA (ssDNA)
and EB-double stranded DNA (dsDNA) by flavonoid was  stud-
ied. The ssDNA was  obtained by heating the dsDNA in a boiling
water bath for 30 min and immediately cooling in an ice-water
bath for 10 min. The corresponding binding constant values of
flavonoid–dsDNA/ssDNA are shown in Table 2. From these results,
it is evident that the binding constant of flavonoid–dsDNA is much

greater than that of flavonoid–ssDNA. This indicated the greater
ability of binding of flavonoid to dsDNA compared to that with
ssDNA. This is possible since helical structure of dsDNA facilitated
the intercalation.
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Fig. 3. (a) Fluorescence quenching spectra of EB-DNA (CEB = 2.5 �M,
CDNA = 1.7 × 10−5 mol  L−1) upon addition of increasing amount of HES (1) 0,
(2)  2.5, (3) 5, (4) 7.5, (5) 10, (6) 12.5, (7) 15, (8) 17.5, (9) 20 and (10) 22.5 �M. (b)
Fluorescence quenching spectra of EB-DNA (CEB = 2.5 �M,  CDNA = 1.7 × 10−5 mol  L−1)
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pon addition of increasing amount of NAR (1) 0, (2) 2.5, (3) 5, (4) 7.5, (5) 10, (6)
2.5, (7) 15, (8) 17.5, (9) 20 and (10) 22.5 �M.

.4. Binding and thermodynamic characteristics of interactions

Various types of non-covalent interactions that can play a role
n the binding of a ligand to a biomolecule include hydrogen bonds,
an der Waals forces, electrostatic and hydrophobic interactions.
enerally, the complex of intercalation is stabilized by van der
aals forces while the complex of minor groove binding is sta-

ilized mainly by hydrophobic interactions.
The binding constant, K can be calculated using the following

quation:

log(F0 − F)
F

= log K + n log[Q ] (2)

The values of K were obtained by plotting the values of log
F0 − F)/F versus log [Q] (Fig. not shown) and the corresponding val-
es are given in Table 1.

The values of change in enthalpy and change in entropy were
alculated using the equation shown below:
og K = −�H0

2.303RT
+ �S0

2.303R
(3)

able 2
omparison of flavonoids binding to dsDNA and ssDNA.

Flavonoid dsDNA K (L mol−1) ssDNA K (L mol−1)

HES 4.19 × 103 9.7 × 102

NAR 3.99 × 103 8.4 × 102
d Biomedical Analysis 63 (2012) 40– 46 43

Utilizing the values of �H◦ and �S◦, the value of free energy
change, the values of �G◦ were evaluated from the following equa-
tion:

�G0 = �H0 − T�S0 (4)

The corresponding values of �G◦, �H◦ and �S◦ are listed in
Table 3. These results showed that the van der Waals and hydro-
gen bond played a major role. As per the thermodynamic data, the
formation of flavonoid–DNA complex is enthalpy favored while it
is entropy disfavored. The complex formation results in a more
ordered state, possibly due to the freezing of the motional free-
dom of both HES/NAR and DNA molecules. Therefore, the negative
�S◦ value confirmed the intercalative mode of binding of HES/NAR
to DNA [17].

3.5. Effects of metal ions

DNA is a negatively charged polyanion attracting counter ions,
positively charged ions as well as basic residues of proteins. The
presence of small counter ions affect the binding of the drug, since
the counter ions can screen and shield the negative backbone sur-
face allowing non electrolytes as well as positively charged ligands
to interact more strongly with the DNA target. Hence, the effect
of some cations on the binding of the flavonoid to DNA was stud-
ied and the corresponding binding constant values were calculated
(Table 4). It was  evident that the binding constant of DNA-EB-
HES/NAR was not significantly affected by the selected metal ions
and hence, we could not draw any conclusions.

3.6. Melting studies

DNA denaturation, also called DNA melting, is the process by
which dsDNA unwinds and separates into ssDNA through the
breaking of hydrogen bonding between the bases. When solutions
of DNA are exposed to extremes of pH or heat, the double helical
structure of DNA undergoes a transition into a randomly single-
stranded form at the melting temperature (Tm). The intercalation
of small molecules into the double helix is known to increase the
DNA melting temperature, at which the double helix denatures into
ssDNA owing to the increased stability of the helix in the presence of
an intercalator [18]. The intercalative mode of binding can increase
Tm by about 5–8 ◦C, but the non-intercalative binding causes no
obvious increase in Tm [19]. The values of Tm of DNA-EB, HES-DNA-
EB and NAR-DNA-EB were determined by fluorescence method. For
this, the fluorescence intensity of DNA-EB, HES-DNA-EB and NAR-
DNA-EB were noted down in the temperature range of 20–90 ◦C.
From the plot of F20

◦C/F versus temperature, the value of Tm was
obtained (Fig. 4a and b). The Tm value of DNA was  found to be
increased by 5 ◦C (from 75 ◦C to 80 ◦C) upon binding to the flavonoid
thereby confirming the intercalative mode of binding.

3.7. Anisotropy

Fluorescence anisotropy assays the rotational diffusion of a
molecule from the decorrelation of polarization in fluorescence.
The anisotropy value is expected to be very low in fluid solution
where the fluorophore can freely rotate, and high for rigid envi-
ronment. Anisotropic studies are ideal for studying the drug–DNA
interaction as the complex formed is larger and tumbles more
slowly than the unbound DNA. When the flavonoid intercalates
into the helix, its rotational motion would be restricted and, hence
the fluorescence from the bound flavonoid would be polarized.

In the absence of DNA, the fluorescence of flavonoid was  weakly
polarized due to the rapid tumbling motion of the flavonoid in aque-
ous medium. However, when flavonoid bound to DNA containing
alternative base sequences, the fluorescence would be significantly
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Table  3
Thermodynamic parameters of binding of flavonoids to DNA.

Flavonoid Temperature (K) �G0 (KJ mol−1) �H0 (KJ mol−1) �S0 (J mol−1 K−1)

HES 290 −15.27
300 −14.61 −34.41 −66.93
310 −13.95

NAR 290  −16.5
300 −15.5 −44.05 −95.36
310  −14.6

Table 4
Effect of metal ions on flavonoids-DNA binding.

Flavonoid Binding constant K (L mol−1)

Without Cu2+ Co2+ Ni2+ K+

p
t
o
t
o
(
b
t
a
i

F
(
i
C

HES 4.19 × 103 4.32 × 103

NAR 3.99 × 103 3.94 × 103

olarized. Generally, mere binding to the phosphate backbone or
o the DNA grooves do not enhance fluorescence polarization [20]
f the flavonoid. The significant increase in fluorescence polariza-
ion [anisotropy of HES increased from 0.0139 to 0.0224 while that
f NAR increased from 0.0161 to 0.0262 upon the addition of DNA
Fig. 5a and b)], noticed in the present study was attributed to the

inding of the flavonoid to DNA. This is consistent with the view
hat the flavonoid molecules were firmly incorporated in motion-
lly constrained site(s) of the DNA double helix, thus suggesting the
ntercalative mode of binding.
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4.35 × 103 4.30 × 103 4.58 × 103

4.04 × 103 3.70 × 103 3.96 × 103

3.8. Circular dichroism

Circular dichroism (CD) is a powerful and reliable tool to under-
stand the conformational changes in a biomacromolecule upon
interaction. It is known that the intercalation of linear or flat aro-
matic molecules into double-stranded DNA induce large chirality
changes and consequently significant effects on their CD spectra
[21]. The CD spectrum of free DNA shows a negative band at 247 nm
due to helicity, and a positive band at 279 nm due to the base stack-
ing, which is the characteristic of DNA in the right-hand B form
[22].
In the present study, the negative band at 247 nm decreased
while the positive band at 279 nm increased with the addition of
increased concentrations of the flavonoid to DNA (Fig. 6a and b).
This indicated the possibility of B → A conformational transition of
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Fig. 5. (a) Change in fluorescence anisotropy of HES (CHES = 2.5 �M)  upon the
addition of DNA (0, 1.7, 2.18, 2.67, 3.15 and 3.64 × 10−5 mol L−1). (b) Change in flu-
orescence anisotropy of NAR (CNAR = 2.5 �M)  upon the addition of DNA (0, 1.7, 2.18,
2.67, 3.15 and 3.64 × 10−5 mol L−1).
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Fig. 7. (a) Differential pulse voltammograms of 2.5 �M HES in the absence (b)
and presence of 1.7 (c), 2.18 (d), 2.67 × 10−5 mol  L−1 DNA (e) and only DNA,
CDNA = 1.7 × 10−5 mol  L−1 (a) in phosphate buffer of pH 7.4. (b) Differential pulse
DNA

 (b) and 10 �M (c) of HES. (b) CD Spectra of DNA, CDNA = 1.7 × 10−5 mol L−1 (a) and
NA in presence of 5 (b) and 10 �M (c) of NAR.

NA [23] upon interaction with the flavonoid. In this way, CD stud-
es support the conformational changes in DNA upon interaction

ith the flavonoid.

.9. Voltammetric studies

The differential pulse voltammograms of HES and NAR in the
resence of different amounts of DNA were recorded in phosphate
uffer of pH 7.4 and are shown in Fig. 7a and b, respectively. The
oltammograms of HES and NAR showed a prominent oxidation
eak at 0.488 V and 0.744 V, respectively. These peaks were found
o be shifted towards positive potentials (to 0.500 V and 0.764 V
or HES and NAR, respectively) in the presence of DNA. Further,
ecreased peak current was observed upon successive addition of
NA to the flavonoid. Such observation might be attributed to one
f the following two factors: (i) the non conducting DNA could block
he electron transfer from the flavonoid or (ii) the DNA–flavonoid
omplex formed was electrochemically inactive. If the electron
ransfer was blocked, then the current should decrease (relative to
hat of the clean electrode) but no peak shift would be expected
24]. The observed shift in the peak potential and decreased
eak current was attributed to the formation of DNA–flavonoid

omplex through intercalative mode of binding [25]. Thus, the
lectrochemical studies complimented the spectroscopic results to
ropose the intercalative mode of binding between the flavonoid
nd DNA.
voltammograms of 2.5 �M NAR in the absence (b) and presence of 1.7 (c), 2.18 (d),
2.67 (e), 3.15 × 10−5 (f), 3.64 mol L−1 DNA (g) and only DNA, CDNA = 1.7 × 10−5 mol L−1

(a) in phosphate buffer of pH 7.4.

4. Conclusions

The spectroscopic results indicate that the EB could be proposed
as a probe for understanding the mechanism of interaction between
the flavonoid and DNA. Based on spectroscopic and electrochemi-
cal data, intercalative mode of binding was  proposed between the
flavonoid and DNA.
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a  b  s  t  r  a  c  t

TM-25659  compound,  a novel  TAZ  modulator,  is developed  for the  control  of  bone  loss  and  obesity.
TAZ  is  known  to  bind  to a variety  of transcription  factors  to control  cell  differentiation  and  organ
development.  A selective  and sensitive  method  was  developed  for the  determination  of  TM-25659  con-
centrations  in rat plasma.  The  drug  was  measured  by  liquid  chromatography–tandem  mass  spectrometry
after  liquid–liquid  extraction  with  ethyl  acetate.  TM-25659  and  the  internal  standard  imipramine  were
separated  on  a Hypersil  GOLD  C18  column  with  a mixture  of acetonitrile–ammonium  formate  (10  mM)
(90:10,  v/v)  as  the  mobile  phase.  The  ions  m/z  501.2  →  207.2  for  TM-25659  and  m/z  281.0  →  86.0  for
ethod validation
harmacokinetics
C–MS/MS
at plasma

imipramine  in  multiple  reaction  monitoring  mode  were  used  for  the  quantitation.  The  calibration  range
was 0.1–100  �g/ml with  a correlation  coefficient  greater  than  0.99.  The  lower  limit  of  quantitation  of
TM-25659  in  rat plasma  was  0.1 �g/ml.  The  percent  recoveries  of TM-25659  and  imipramine  were  98.6%
and  95.7%  from  rat  plasma,  respectively.  The  intra-  and  inter-batch  precisions  were  3.17–15.95%  and  the
relative  error  was  0.38–10.82%.  The  developed  assay  was  successfully  applied  to  a pharmacokinetic  study
of TM-25659  administered  intravenously  (10  mg/kg)  to rats.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Transcriptional coactivator with PDZ-binding motif (TAZ)
as originally identified as a 14-3-3 – interacting protein,

lso called WW-domain-containing transcription co-regulator-
 (WWTR1) [1,2]. TAZ is a key modulator for mesenchymal
tem cell differentiation into osteoblasts and adipocytes through
ts regulation of lineage-specific master transcription factors
uch as core-binding factor-1 (Cbfa1)/runt-related transcription
actor-2 (Runx2) and PPAR� (peroxisome proliferator-activated
eceptor-�) [3–7]. It is involved in the control of cell cycle
rogression, cell differentiation, and apoptosis through inter-

ctions with phosphorylated signaling molecules [8,9]. TM-
5659, 2-butyl-5-methyl-6-(pyridine-3-yl)-3-[2′-(1H-tetrazole-5-
l)-biphenyl-4-ylmethyl]-3H imidazo[4,5-b]pyridine], a newly

∗ Corresponding author. Tel.: +82 42 860 7170.
E-mail addresses: mskime777@gmail.com, smkim9677@naver.com (M.-S. Kim).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.036
synthesized small molecule, enhanced TAZ expression in the
nucleus. The TAZ-dependent modulatory activity of TM-25659 in
adipocyte and osteoblast differentiation was  evidenced by loss of
the anti-adipogenic and osteogenic activity of TM-25659 in TAZ-
deficient cells. [10]. Thus, TM-25659 may  play beneficial roles in
the control of obesity and bone loss through activation of TAZ.

Liquid chromatography coupled with tandem mass spec-
trometry (LC–MS/MS) provides unique capabilities for preclinical
biopharmaceutical and clinical pharmacology studies [11–13]. This
method is applicable to a wide range of compounds of pharma-
ceutical interest with sensitivity, selectivity, speed of analysis, and
cost-effectiveness [14,12]. Multiple reaction monitoring (MRM)
enables the detection of a specific precursor ion that is programmed
to select certain ions chosen by the operator. The precursor ion is
fragmented by certain collision energy and it is possible to detect

a specific product ion following fragmentation [15,16].

The aim of this study was  to develop a LC–MS/MS method for the
determination of TM-25659 in rat plasma after simple liquid–liquid
extraction (LLE). The method was validated for accuracy, precision,

dx.doi.org/10.1016/j.jpba.2012.01.036
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:mskime777@gmail.com
mailto:smkim9677@naver.com
dx.doi.org/10.1016/j.jpba.2012.01.036


4 cal and

s
m
c

2

2

a
K
M
a
M
l
t

2

m
f
w
i
t
(

w
a
f
T

2

s
t
e
m
M
s
5
2
t
2
(
d

c
T
(
fl
u
a
r

2

m
1
f
p
(
t
r

8 S.H. Choi et al. / Journal of Pharmaceuti

electivity, sensitivity, reproducibility, and stability. This is the first
ethod for the biological quantitation of TM-25659 and its appli-

ation for a preliminary pharmacokinetic study.

. Experimental

.1. Chemicals

TM-25659 was synthesized by the Medicinal Science Division
t the Korea Research Institute of Chemical Technology (Daejeon,
orea). Imipramine was purchased from Sigma–Aldrich (St. Louis,
O,  USA). Organic solvents of HPLC grade (ethyl acetate, methanol,

cetonitrile) were acquired from Burdick & Jackson Inc. (Muskegon,
I,  USA). Distilled water was obtained from a Milli-Q system (Mil-

ipore, Bedford, MA,  USA). All other chemicals and solvents were of
he highest analytical grade available.

.2. Calibration standard and quality control samples

Stock solution of TM-25659 (1 mg/ml) was prepared in
ethanol. Working standard solutions at the desired concentration

or preparing a calibration curve and quality control (QC) samples
ere made by serial dilution with methanol:water (50:50, v/v). An

nternal standard (IS) working solution (1 �g/ml) was diluted from
he stock IS solution of imipramine (1 mg/ml) with methanol:water
50:50, v/v). All solutions were stored at −20 ◦C when not in use.

A calibration curve for TM-25659 was prepared by spiking the
orking standard solution equivalent to levels of 0.1, 0.3, 5, 40, 80,

nd 100 �g/ml in blank plasma. QC samples were also prepared
or TM-25659 concentrations of 0.3, 5, and 80 �g/ml in rat plasma.
hey were prepared from independent weightings of the analytes.

.3. Instrumentation and chromatographic conditions

Sample analyses were carried out with a 1200 series HPLC
ystem (Agilent, Santa Clara, CA, USA) coupled to an API 4000 Q
rap Mass Spectrometer (Applied Biosystems, Foster City, CA, USA)
quipped with a turbo-electrospray interface in positive ionization
ode for the LC–MS/MS analysis. The spectrometer was used in
RM mode. The optimized instrument conditions were as follows:

ource temperature, 400 ◦C; curtain gas, 20 psi; nebulizing (GS1),
0 psi; heating (GS2), 50 psi; collision energy (CE), 37 V for TM-
5659 and 25 V for imipramine. The most abundant product ions of
he compounds were at m/z 207.2 from the parent m/z  501.2 of TM-
5659, and m/z 86.0 from the m/z 281.0 of the IS. Analyst software
ver. 1.4; Applied Biosystems) was used for instrument control and
ata collection.

The LC chromatograph was equipped with a Hypersil GOLD C18
olumn (50 mm × 2.1 mm i.d., 3 �m;  Thermo, Waltham, MA,  USA).
he mobile phase consisted of acetonitrile–ammonium formate
10 mM;  90:10, v/v), and was filtered and degassed before use. The
ow rate was set at 0.3 ml/min for sample analysis. The method
sed isocratic elution with a total run time of 2 min. The temper-
tures of the autosampler and column oven were 4 ◦C and 30 ◦C,
espectively.

.4. Sample preparation

A volume of 30 �l of rat plasma was aliquoted in a 1.5 ml
icrofuge tube. Then 20 �l of the IS solution of imipramine at

 �g/ml was added to an individual sample tube and vortex mixed
or 1 min. Then 1 ml  of cold ethyl acetate was added to each sam-

le. After vortexing for another 10 min, the extract was centrifuged
13,000 rpm, 5 min, 4 ◦C). Next, the organic phase was  transferred
o another tube and evaporated to dryness under nitrogen gas at
oom temperature. The residue was dissolved in 1 ml  mobile phase
 Biomedical Analysis 63 (2012) 47– 52

and vortexed for 1 min. Finally, 5 �l of the supernatant was  injected
onto the analytical column.

2.5. Validation

The analytical method for TM-25659 was validated with regard
to selectivity, linearity, accuracy, and precision. For the pres-
ence of analytical interferences, the selectivity of the method was
investigated by analyzing the extract from six different sources. Cal-
ibration curves were constructed by linear regression of the peak
area ratios (y) of TM-25659 to the IS versus the concentration (x) in
�g/ml. The lower limit of detection was calculated as three-times
the signal-to-noise ratio. The lower limit of quantitation (LLOQ) was
defined as the lowest concentration that could be accurately quan-
titated above the noise level with acceptable precision (within 20%).
Precision and accuracy of the method were evaluated by analyses
of QCs at three levels in five replicates. The intra- and inter-assay
reproducibilities were investigated by analyzing the spiked sam-
ples at four different concentrations (0.1, 0.3, 5 and 80 �g/ml) in a
single day and for 5 days, respectively. The percentage of deviation
of the mean from calculated concentrations was expressed as the
relative error (RE). Precision was  expressed as the relative standard
deviation (RSD). All results were within the ranges of precision (%)
and accuracy (%) specified by US Food and Drug Administration
(FDA) guidelines [17].

2.6. Matrix effect and recovery

The matrix effect, recovery, and process efficiency for TM-25659
were assessed by analyzing three sets of standards at three concen-
trations (0.3, 5 and 80 �g/ml). To determine the matrix effect, those
of the analyte-spiked post-extraction matrix (set 2) were compared
with reference standards (set 3). The recovery was determined by
comparing the peak areas of analyte spiked before extraction (set 1)
with set 2. The process efficiency was calculated by comparing the
peak area of set 3 with that of set 1. Each sample set was  analyzed
five times.

2.7. Stability

The stability of TM-25659 was assessed by analyzing three QC
levels in five replicates under different conditions. The stock solu-
tion stability was estimated at −20 ◦C for 3 weeks. The study of
TM-25659 stability in rat plasma included short- and long-term
tests. The short-term stability included (a) freeze–thaw cycle sta-
bility, (b) exposure of samples to room temperature for 1 day, (c)
exposure to 4 ◦C for 1 day, (d) exposure to −20 ◦C for 1 day, (e) expo-
sure to −80 ◦C for 1 day, (f) exposure in the mobile phase at 4 ◦C for
1 day and 1 week after preparation, and (g) exposure in the mobile
phase at room temperature for 1 day after preparation. Long-term
stability included (a) exposure of samples to −80 ◦C for 30 days and
(b) exposure to −20 ◦C for 30 days.

2.8. Pharmacokinetic study

Three male Sprague–Dawley rats, aged 8 weeks and weighing
212.9 ± 6.6 g, were used for the pharmacokinetic disposition study.
Animals were kept in plastic cages with free access to standard
rat diet and water. The room was maintained at a temperature
of 23 ± 3 ◦C, relative humidity of 50 ± 10%, and an approximately
12/12 h light/dark cycle.

The intravenous dose solutions (10 mg/kg) were prepared in

PEG 400:distilled water:dimethyl sulfoxide at a ratio of 40:55:5.
Blood (about 0.2 ml)  was collected at pre-dose, 0.033, 0.167, 0.5, 1,
2, 4, and 8 h after intravenous administration. Blood samples were
centrifuged immediately and stored at −80 ◦C until analysis.
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A non-compartmental method using the nonlinear least-
quares regression program WinNonlin (Pharsight, Mountain View,
A, USA) was used to calculate the pharmacokinetic parameters.
he area under the plasma concentration–time curve from time
ero to the last measured concentration (AUC0 → last) and to infi-
ite time (AUC0→ ∞) by adding extrapolated area were estimated.
he terminal elimination half-life (t1/2), total body clearance (CL),
olume of distribution at steady state (Vss), and mean residence
ime (MRT) for TM-25659 were determined by individual plasma
oncentration–time profiles.

. Results and discussion

.1. Mass spectra and chromatography

The MRM  mode produces very specific and sensitive responses
or the selected analytes. TM-25659 has mass spectrometric
esponse either in the positive ionization or in the negative ion-
zation mode, although signal intensity in positive mode is higher
han that in the negative mode. TM-25659 and the IS were inves-
igated for the abundant precursor ions [M+H]+ at m/z 501.2 and
81.0, respectively. The precursor ions of the analyte and IS were
ormed using declustering potentials of 111 and 75 V, respectively.
he quantitation of analytes was performed using MRM  mode for
igh selectivity and sensitivity of acquisition data. To confirm the
orrect identification and to prevent false positives, two  or more
ifferent ions were selected for each analyte, and the peak area
atio of two selected ions (quantitative ion and confirmative ion)
as compared with that of the standard compound. Fig. 1 shows the

hemical structure and product ion mass spectra of TM-25659 and

he IS (imipramine). The predominant ion at m/z  207.2 was  chosen
or the quantitation, and that at m/z 267.2 was used as the confir-

ative ion for TM-25659. Imipramine was fragmented to produce
ntense product ion signals at m/z 281.0 → 86.0. The optimal values

Fig. 1. The structures and product-ion scan spectr
 Biomedical Analysis 63 (2012) 47– 52 49

of the collision energy were 37 and 25 eV for TM-25659 and the IS,
respectively.

The chromatographic separation was  performed on a Hypersil
GOLD C18 column offering excellent peak shape, efficient separa-
tion, desired linearity and reproducibility for TM-25659 and IS in
plasma matrix.

The optimization of the mobile phase was based on peak selec-
tivity and retention time. Increasing the ratio of organic solvent, the
peak shapes of TM-25659 and the IS were sharp, but the retention
time decreased. Therefore, a mixture of acetonitrile–ammonium
formate (10 mM)  (90:10, v/v) was  adopted as the isocratic mobile
phase. TM-25659 and the IS were retained on the column with good
peak shape at the retention times of 0.59 and 1.44 min, respectively.
Fig. 2 shows the typical peak shapes and retention times of MRM
chromatograms.

3.2. Sample preparation

For the extraction, LLE was chosen because of its efficiency,
specificity, and low cost. Ethyl acetate, methylene chloride, and
methyl-t-butyl ether (MTBE) were tested as the LLE solvents to
extract TM-25659 from spiked plasma. Methylene chloride and
MTBE exhibited relatively low extraction efficiency (recoveries 63%
and 14%, respectively). Ethyl acetate is the most effective solvent
for the recovery of spiked TM-25659 (recovery 91%). Although the
relatively polar solvent is able to extract polar impurities, no inter-
ference peaks and a stable baseline appeared in MRM  mode.

The extraction time required no more than 10 min  and 1 ml  of
solvent was enough to efficiently extract TM-25659 from a 30 �l
plasma sample.
3.3. Validation and matrix effect

Typical MRM  chromatograms of six different lots of rat plasma,
double blank plasma, blank plasma, and the LLOQ samples are

a of (A) TM-25659 and (B) imipramine (IS).
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ig. 2. Representative MRM  chromatograms of (a) double blank rat plasma, (b) bl
M-25659 and the IS, (d) a plasma sample obtained 1 h after intravenous administr

hown in Fig. 2. No significant endogenous peaks were observed
hat directly interfered at the retention times of the analyte or
S.

The calibration curve for TM-25659 was generated by a lin-
ar least squares regression analysis of the TM-25659/IS peak

rea ratio versus the amount of spiked TM-25659 in the range
f 0.1–100 �g/ml. The weighted regression (i.e., 1/x) was  used for
uantification of the analytes. The coefficient of determination (R2)

able 1
eproducibility and accuracy for TM-25659 in rat plasma (n = 5).

Theoretical concentration (�g/ml) Intra-day 

Concentration found (�g/ml) RSDa (%)

0.1 0.11 6.03 

0.3  0.29 3.73 

5 5.18 3.97 

80 80.31 3.17 

a RSD (%) = standard deviation of the concentration/mean concentration × 100.
b RE (%) = (calculated concentration − theoretical concentration)/theoretical concentrat
t plasma spiked with the IS, (c) blank rat plasma spiked with 0.1 �g/ml (LLOQ) of
of TM-25659 at 10 mg/kg to rats.

for the mean standard curve of five different lots of plasma was
0.99, indicating excellent linearity. The intra- and inter-assay repro-
ducibilities of the assay were investigated in terms of accuracy and
precision. As shown in Table 1, the intraday accuracy ranged from
0.38 to 5.62% (defined as RE), with RSD values ranging from 3.17

to 6.03%, and the inter-day accuracy ranged from 3.85 to 10.82%,
with RSD values ranging from 8.17 to 15.95%, indicating excellent
accuracy.

Inter-day

 REb (%) Concentration found (�g/ml) RSD (%) RE (%)

5.62 0.11 15.95 10.82
1.95 0.27 8.17 9.21
3.63 4.81 13.15 3.85
0.38 85.95 14.04 7.44

ion × 100.
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Table 2
Recovery, matrix effect and process efficiency (n = 5).

Concentration (�g/ml) Matrix effecta (%) Recoveryb (%) Process efficiencyc (%)

TM-25659 0.3 74.1 99.5 72.2
5 79.8  98.9 78.5
80 77.9  97.5 76.3
Mean 77.3 98.6 75.7

IS  (Imipramine) 1 94.6 95.7 90.6

a Matrix effect expressed as the ratio of the mean peak area of an analyte added post-extraction (set 2) to the mean peak area of the same analyte standards (set 3)
multiplied by 100.

b Recovery calculated as the ratio of the mean peak area of an analyte added before extraction (set 1) to the mean peak area of an analyte spiked post-extraction (set 2)
m

ded before extraction (set 1) to the mean peak area of the same analyte standards (set 3)
m
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ultiplied by 100.
c Process efficiency calculated as the ratio of the mean peak area of an analyte ad
ultiplied by 100.

The matrix effects are considered attributable to co-eluting,
educing, or enhancing the ion intensity of the analytes. The mean
atrix effects at TM-25659 concentrations of 0.3, 5, and 80 �g/ml
ere 74.1, 79.8, and 77.9%, respectively; the mean percentage

ecoveries at the three concentrations were 99.5, 98.9, and 97.5%,
espectively (Table 2). These results indicate the presence of some
atrix effect in terms of the TM-25659/imipramine response ratio,

ut the LLOQ signal intensity was sufficient. To evaluate the process
fficiency, the standards spiked before extraction were compared
ith standards injected directly in the mobile phase. It is deter-
ined by a combination of matrix effects and analyte recovery

rom the matrix by sample extraction. The process efficiency of
M-25659 was 72.2–78.5%. The sensitivity of this method was  high
nough to analyze samples during the pharmacokinetic study.

.4. Stability

The stability of TM-25659 was investigated in QC plasma sam-
les under a variety of conditions used for sample handling and
rocessed samples. The stock solution of TM-25659 in methanol
1 mg/ml) was  confirmed to be stable for 3 weeks at −20 ◦C; TM-
5659 was stable, ranging from 90.0 to 98.8%.

Table 3 summarizes the short-term and long-term stability of
M-25659 in plasma. There was no significant change when fresh
lasma were kept at −20 ◦C and −80 ◦C for the short and long
erm, respectively, in QC samples (0.3, 5 and 80 �g/ml). Three

reeze–thaw cycles and post-preparative stability had little effect
n the quantitation. However, the concentration of TM-25659 at
oom temperature and 4 ◦C for 1 day decreased. The stability of
M-25659 at room temperature for 1 day was 81.4, 70.0, and 73.6%,

able 3
tability of TM-25659 in rat plasma (n = 5).

Condition tested QCL (0.3 �g/ml) 

Mean RSDa (%) RE

Short-term stability
Control samples (freshly prepared) – 10.0 

Freeze–thaw (−80 ◦C, 3 cycle) 0.28 1.6 −
Bench  (room temperature, 1 day) 0.24 0.2 −1
Refrigerator (4 ◦C, 1 day) 0.25 0.9 −1
Freezer (−20 ◦C, 1 day) 0.27 0.6 −
Freezer (−80 ◦C, 1 day) 0.33 0.8 

Post-preparative stability (4 ◦C, 1 day) 0.30 1.0 −
Post-preparative stability (4 ◦C, 1 week) 0.31 0.9 

Post-preparative stability (room temperature, 1 day) 0.33 0.9 

Long-term stability
Freezer (−80 ◦C, 30 days) 0.32 0.8 

Freezer (−20 ◦C, 30 days) 0.24 2.6 −1

a RSD (%) = standard deviation of the concentration/mean concentration × 100.
b RE (%) = (calculated concentration − theoretical concentration)/theoretical concentrat
Fig. 3. Mean plasma concentration–time plot of TM-25659 after intravenous admin-
istration of TM-25659 at 10 mg/kg to rats (mean ± standard deviation, n = 3 rats).

respectively, and 82.5, 73.7, and 86.6% at 4 ◦C for 1 day. Therefore,
careful sample storage conditions are required above −20 ◦C.

3.5. Application to clinical testing

The method has been successfully applied to analyze plasma

samples obtained from male rats that received intravenous TM-
25659 at a dose of 10 mg/kg. Fig. 3 illustrates the mean plasma
concentration profiles of TM-25659 in rats. The concentration of
TM-25659 was readily measurable in plasma samples collected up

QCM (5 �g/ml) QCH (80 �g/ml)

b (%) Mean RSD (%) RE (%) Mean RSD (%) RE (%)

– – 1.2 – 7.6 –
7.5 4.98 0.6 −0.3 80.53 1.8 0.6
8.6 3.50 0.8 −30.0 58.81 1.9 −26.4
7.5 3.68 0.3 −26.3 69.25 1.5 −13.4
9.8 4.40 0.5 −12.0 78.34 1.5 −2.0
9.8 4.70 0.2 −6.0 80.12 0.8 0.1
0.8 5.00 0.3 −0.0 83.38 1.4 4.2
4.6 5.39 1.8 7.7 80.09 2.1 0.1
9.9 4.79 0.9 −4.2 73.72 1.1 −7.8

7.3 4.88 1.2 −2.4 71.08 1.5 −11.1
9.6 4.80 0.8 −3.9 69.04 2.8 −13.6

ion × 100.



5 cal and

t
2
T
j
0

4

v
p
p
a
a
d
R
u
b
c
t
i

A

E

R

[

[

[

[

[

[

[16] N.S. Lee, E.H. Kerns, LC/MS applications in drug, Mass Spectrom. Rev. 18 (1999)
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o 8 h post-dose. The terminal half-life and AUC∞ values of TM-
5659 were 3.51 ± 0.62 h and 39.80 ± 3.75 �g h/ml, respectively.
he AUC0 → last/AUC0  → ∞ ratio was higher than 75% for all sub-
ects (mean values, 81.02 ± 5.53%). The CL, Vss, and MRT  were
.25 ± 0.02 l/h/kg, 1.09 ± 0.21 l/kg, and 2.20 ± 0.06 h, respectively.

. Conclusions

A sensitive and selective LC–MS/MS method was developed and
alidated for determining TM-25659 in rat plasma. Plasma sam-
les were treated with LLE followed by LC–MS/MS analysis. The
resent assay was demonstrated in terms of selectivity, linearity,
ccuracy, precision, and stability. The R2 was greater than 0.99,
nd the recovery of QC samples was 98.6%. The intraday and inter-
ay accuracy was ≤15.95% RSD and precision was less than 10.82%
E. In the stability test, some losses of TM-25659 were observed
nder room temperature and 4 ◦C, so the samples should be kept
elow −20 ◦C. The method was successfully applied to a pharma-
okinetic study of TM-25659 in rats. The successful application of
his method to a pharmacokinetic study supports its applications
n future preclinical studies on TM-25659.
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a  b  s  t  r  a  c  t

The  present  study  deals  with  the physicochemical  characterization  of  solid  forms  of tacrine  monohy-
drochloride  (TCR),  a centrally  active  reversible  acetylcholinesterase  inhibitor  for  treating  the  symptoms
of mild  to  moderate  Alzheimer’s  disease,  obtained  by  recrystallization  of  hot  saturated  solutions  from
different  solvents.  Recrystallization  of the  commercially  available  hydrate,  TCR·H2O,  from  water,  hydroal-
coholic solutions  with  ethanol,  n-propanol,  methanol  and  isopropanol  (1:1,  v/v) and  isopropanol/water
(8:2,  v/v)  afforded  a new  dihydrate  phase  TCR·2H2O form  I. The  TCR  samples  obtained  by desolvation  of
TCR·H2O  and  TCR·2H2O  show  temperature  and  melting  enthalpy  values  very  similar,  thus  confirming  the
existence  of  a  unique  anhydrous  crystalline  phase.

Exposure  of  anhydrous  TCR  powder  samples  under  different  atmospheric  conditions  at  room  temper-
ature,  resulted  in rehydration  to  TCR·H2O at 32% relative  humidity  (RH),  whereas  at  100%  RH a  new  solid
 ray powder diffractometry
ourier transform infrared spectroscopy

form  of  TCR·2H2O (TCR·2H2O form  II),  i.e.  a polymorph  of  the  dihydrate  isolated  by recrystallization,  was
obtained.

Differential scanning  calorimetry  (DSC),  simultaneous  thermogravimetric  analysis  (TGA/DSC),  and
thermo optical  analysis  (TOA)  with  support  from  X-ray  powder  diffractometry  (PXRD)  and  Fourier  trans-
form  infrared  spectroscopy  (FT-IR),  were  used  for the  characterization  of  the  isolated  solid  forms  of  TCR
and  monitoring  the  water  uptake  of anhydrous  TCR.
. Introduction

Characterization of the solid state of active pharmaceutical
ngredients is one of the most important steps in drug devel-
pment due to its implications in physical and physicochemical
roperties such as density, chemical stability, melting point, sol-
bility, etc. that may  significantly affect the performance of drug
roducts. In this respect, the occurrence of polymorphism (i.e.,
rystalline forms with the same chemical composition but dif-
erent arrangements and/or conformations of molecules in the
rystal lattice), solvatomorphism (i.e., crystalline forms in which
olvent molecules are included in the structure in stoichiometric
r non-stoichiometric amounts) and amorphism (i.e., disordered
rrangements of molecules in solids with no crystal structure) are
o be considered for selecting the most suitable solid form of a

rug to be transformed into a drug product [1–5]. In particular,

ncorporation of solvent molecules into a solid form influences
he intermolecular interaction in the crystal structure with a

∗ Corresponding author. Tel.: +39 382 987372; fax: +39 382 422975.
E-mail address: milena.sorrenti@unipv.it (M.  Sorrenti).

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.12.023
© 2011 Elsevier B.V. All rights reserved.

consequent modification of the thermodynamic activity and there-
fore the physicochemical and pharmaceutical properties. A drug
solvate with a non-toxic organic solvent may exhibit a signifi-
cantly higher solubility in aqueous media than the stable anhydrous
form or an existing hydrate. So the isolation and solid-state char-
acterization of hydrates or solvates has to be considered during
preformulation studies as a possible strategy to enhance the disso-
lution rate and bioavailability of poorly water soluble drug [6].

Another aspect to be considered is the hydration or dehydra-
tion phenomena that can occur, sometimes unexpectedly, during
the manufacturing processes or storage conditions of the final prod-
ucts as a consequence of drug exposition to different temperature
and/or relative humidity (RH) conditions [7–10]. Upon dehydration
crystal hydrates can transform either into a crystalline anhydrous
form or a different hydrate form, retaining more or less their orig-
inal crystal structure, or into an amorphous phase losing their
original crystallinity. Since the formation of new hydrated solid
phases may have a same impact on the bioavailability, toxicity and

stability, as true polymorphism, the manufacture and characteri-
zation of hydrates is a part of the study of the physical properties
of drug substances according to the International Conference on
Harmonization (ICH) guidelines [11,12].

dx.doi.org/10.1016/j.jpba.2011.12.023
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:milena.sorrenti@unipv.it
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Table 1
TCR samples isolated by recrystallization from the tested solutions.

Solvent mL  per 1 gTCR Sample

Water 15 TCR·2H2O form I
Ethanol 11 TCR·H2O
Ethanol/water 1:1 (v/v) 6 TCR·2H2O form I
Ethanol/water 8:2 (v/v) 5 TCR·H2O
Methanol 4 TCR·H2O
Methanol/water 1:1 (v/v) 10 TCR·2H2O form I
Methanol/water 8:2 (v/v) 8 TCR·H2O
Isopropanol 29 TCR·H2O
Isopropanol/water 1:1 (v/v) 14 TCR·2H2O form I
Isopropanol/water 8:2 (v/v) 9 TCR·2H2O form I
n-Propanol 22 TCR·H2O
Fig. 1. Chemical structure of TCR·H2O.

The centrally active reversible acetylcholinesterase inhibitor
acrine (1,2,3,4-tetrahydro-9-aminoacridine monohydrochloride,
ereafter abbreviated as TCR) (Fig. 1) was the first drug approved by
he United States Food and Drug Administration (FDA) in 1993 for
reating the symptoms of mild to moderate Alzheimer’s disease, the

ost common form of dementia [13]. The main rationale for use of
CR stems from the recognition that Alzheimer leads to degenera-
ion of neurons, with a predilection for certain neuronal subgroups
hat are especially affected, i.e. neurons that release acetylcholine.

The official form listed in the USP 34 [14] is a monohydrate
13H14N2·HCl·H2O, MW 252.74 (TCR·H2O), a pale yellow crystalline
owder (mp  283–284 ◦C) readily soluble in water. Despite the
avorable aqueous solubility, peroral administration of TCR·H2O is
ssociated with low bioavailability (i.e., 17%) [15]. Hence the search
or alternative routes of TCR delivery such as transdermal [16,17]
r, more recently, the nasal route deserves attention for a rapid
rug delivery to the central nervous system [18,19].

This paper is aimed at isolating new solid forms of TCR, which
s only known to exist as TCR·H2O from previous reports [20,21].

The solid forms were prepared by recrystallization of commer-
ial hydrate TCR from hot saturated solutions in different solvents
ince drug polymorphs and/or solvates can often be discovered just
y changing the solvent system or the recrystallization conditions
4].

Moreover, because different solid forms of a drug can be iso-
ated by rehydratation of the desolvation products under controlled
xperimental conditions, the solvent adsorption of anhydrous TCR
owder samples by exposure under different RH conditions at room
emperature (RT) was investigated.

Differential scanning calorimetry (DSC), simultaneous thermo-
ravimetric analysis (TGA/DSC), and thermo optical analysis (TOA)
ith support from X-ray powder diffractometry (PXRD) and Fourier

ransform infrared spectroscopy (FT-IR), were used for the charac-
erization of the isolated solid forms of TCR.

. Materials and methods

.1. Materials

TCR·H2O (1,2,3,4-tetrahydro-9-acridinamine monohydrochlo-
ide monohydrate) was purchased from Sigma Aldrich (Milan,
taly). All other materials and solvents used were of analytical
eagent grade.

.2. Sample preparation

Samples were prepared by recrystallization of commercial
CR·H2O from solutions in the solvents and at the concentrations
ndicated in Table 1 at the respective boiling points. The solutions

ere filtered and allowed to recrystallize by spontaneously cooling
o RT. The resulting crystals were filtered and dried in a desiccator
ontaining P2O5. The solid-state forms of the crystals and the stoi-

hiometry of the solvates were assessed by DSC and TGA/DSC (see
elow).

Commercial TCR·H2O was sieved collecting the <250 �m gran-
lometric fraction and dried in oven at 150 ◦C for 2 h to obtained
n-Propanol/water 1:1 (v/v) 12 TCR·2H2O form I
n-Propanol/water 8:2 (v/v) 11 TCR·H2O

TCR anhydrous form. 1 g of each TCR anhydrous samples were uni-
formly distributed in a Petri dish and placed for variable period
of time at RT (∼22 ◦C) in a desiccator in which the RH of 32% was
controlled by saturated solution of CaCl2 [22]. Another desiccator
contained a saturated water solution was used to generated RH of
100%.

Samples (10–15 mg) were taken out at appropriate intervals and
checked for the solid phase composition by DSC and TGA/DSC (see
below).

2.3. Methods

2.3.1. Differential scanning calorimetry (DSC)
Temperature and enthalpy values were measured with a Mettler

STARe system (Mettler Toledo, Novate Milanese, MI,  Italy) equipped
with a DSC821e Module and an Intracooler device for subambi-
ent temperature analysis (Julabo FT 900) on 2–3 mg (Mettler M3
Microbalance) samples in sealed aluminium pans with pierced
lid (  ̌ = 10 K min−1, nitrogen air atmosphere (flux 50 mL  min−1),
30–350 ◦C temperature range). The instrument was preventively
calibrated with Indium as standard reference. Measurements were
carried out at least in triplicate.

2.3.2. Simultaneous thermogravimetric analysis (TGA/DSC)
Mass losses were recorded with a Mettler STARe system (Met-

tler Toledo, Novate Milanese, MI,  Italy) TGA with simultaneous
DSC (TGA/DSC1) on 3–5 mg  samples in alumina crucibles with
lid (  ̌ = 10 K min−1, nitrogen air atmosphere (flux 60 mL  min−1),
30–350 ◦C temperature range). The instrument was preventively
calibrated with Indium as standard reference. Measurements were
carried out at least in triplicate.

2.3.3. Thermo optical analysis (TOA)
Microscopic observation of the sample morphology and thermal

events on heating (  ̌ = 10 K min−1, 30–300 ◦C temperature range)
was performed under a Reichert (Arnsberg, Germany) polarized
light microscope equipped with a Mettler FP82HT/FP80 system
(Mettler Toledo, Novate Milanese, MI,  Italy). Images were taken
at different time intervals during heating with a MOTICAM 2000
video camera.

2.3.4. Powder X-ray diffractometry (PXRD)
PXRD patterns (CuK�, voltage of 40 kV and current of 30 mA)

were collected with a Bruker D5005 powder diffractometer
(Siemens, Germany) equipped with a �–� vertical goniometer and

a position sensitive detector (PSD, Braun). The spectra have been
recorded in the step scan mode (step: 0.015◦, counting time: 0.5 s)
in the angular range 5◦ < 2� < 30◦ at room temperature.
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Fig. 3. DSC (up) and TGA (down) curves of commercial TCR recrystallized from
water (a, a′), ethanol (b, b′), ethanol/water 1:1 (v/v) (c, c′), n-propanol (d, d′), n-
propanol/water 1:1 (v/v) (e, e′).
Fig. 2. DSC (curve a) and TGA (curve b) of commercial TCR·H2O.

.3.5. Fourier transform infrared spectroscopy (FT-IR)
Mid-IR (650–4000 cm−1) spectra were recorded on powder

amples using a Spectrum One Perkin-Elmer FT-IR spectropho-
ometer (resolution 4 cm−1) (Perkin Elmer, Wellesley, MA,  USA)
quipped with a MIRacleTM ATR device (Pike Technologies, Madi-
on, WI,  USA).

.3.6. Karl Fischer titrimetry (KFT)
The water content of the samples was determined with a Met-

ler DL40GP Memo titrator apparatus. Samples (60–70 mg)  were
uickly transferred to the titration vessel containing anhydrous
ethanol and titrated using Hydranal Composite 5 (Riedel-de
aen).

. Results and discussion

DSC profile (Fig. 2, curve a) of the commercial product shows
 couple of endothermal effects with a peak maximum tempera-
ure at 138 ± 2 ◦C (Tonset,des = 133 ± 2 ◦C, �Hdes = 193 ± 8 J g−1) and
85.7 ± 0.9 ◦C (Tonset,m = 284.4 ± 0.2 ◦C, �Hm = 117 ± 2 J g−1) due to
ehydration and melting of the anhydrous form, respectively. The
xothermal effect at around 320 ◦C was attributable to sample
ecomposition. TGA/DSC analysis of this sample (Fig. 2, curve b)
evealed a weight loss of 6.6 ± 0.4% over the 110–170 ◦C tempera-
ure range, in agreement with the theoretical value for the TCR·H2O
7.1%). The total weight loss beginning just after melting tempera-
ure in DSC confirmed thermal decomposition of the melted TCR.

Thermoanalytical characterization of the TCR samples recrys-
allized from different saturated solutions is illustrated in Fig. 3
DSC curves up, and TGA curves down). The sample obtained from
thanol (Fig. 3, curve b) showed the same profiles as the TCR·H2O, as
ell as the samples obtained by recrystallization from n-propanol

curve d) and ethanol:water 8:2 (v/v), methanol, methanol:water
:2 (v/v), isopropanol and n-propanol:water 8:2 (v/v) (curves
ot shown). DSC curve of the sample isolated by recrystalliza-
ion of commercial TCR·H2O from water (Fig. 3, curve a) showed

 two-step dehydration profile, with two distinct endothermal
ffects attributable to water losses with a peak maximum temper-
ture at 84 ± 1 ◦C (Tonset,des,1 = 79 ± 1 ◦C, �Hdes,1 = 120 ± 4 J g−1) and
52 ± 2 ◦C (Tonset,des,2 = 141 ± 5 ◦C, �Hdes,2 = 193 ± 9 J g−1), respec-
ively. The anhydrous dehydration product which melts at
85.1 ± 0.4 ◦C (Tonset,m = 282.3 ± 0.9 ◦C, �Hm = 107 ± 4 J g−1) was
he same as that obtained by commercial TCR (see Fig. 2). TGA
urve shows weight losses of 7.4 ± 0.9% and 5.5 ± 0.6%, respectively,
ver the same temperature range of the endothermal effects in DSC,
n reasonable agreement with the theoretical value for the loss of

wo water molecules for TCR molecule (TCR·2H2O form I) (13.3%)
Fig. 3, curve a′). The same thermal profile was recorded for samples
btained by recrystallization from equivolumetric hydroalcoholic
olutions with ethanol, n-propanol (Fig. 3, curves c, c′ and e, e′),
as well as, methanol, isopropanol and isopropanol/water 8:2 (v/v)
(curves not shown).

The TGA curves of the samples obtained by recrystallization
from ethanol and n-propanol (Fig. 3, curves b′ and d′) revealed the
same weight loss of 7.2 ± 0.4%, thus confirming the monohydrate
nature of the isolated crystals.

The thermogravimetric and calorimetric data of all solid forms
isolated by recrystallization from different solutions are collected
in Table 2. Experimental data show that all the samples, mono or
dihydrate, after dehydration converted into an anhydrous TCR solid
form with similar calorimetric data, suggesting that, in these exper-
imental conditions, was not possible to isolate new TCR forms.

The total percent mass loss recorded for each sample isolated in
TGA analysis was in agreement with KFT data (see Table 2) confirm-
ing the solvent nature and the stoichiometry of the TCR hydrates.

The percent of mass loss measured over the TGA/DSC dehydra-

tion step (�mS%) was related to the enthalpy change calculated
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Table 2
Calorimetric data (up) and thermogravimetric data and water content by KFT (down) for samples obtained by recrystallization from different solvent solutions (standard deviations in parentheses).

Sample Desolvation, step 1 Desolvation, step 2 Melting

TCR recrystallizzed by Tonset (◦C) Tpeak (◦C) �Hdes (J g−1) Tonset (◦C) Tpeak (◦C) �Hdes (J g−1) Tonset (◦C) Tpeak (◦C) �Hm (J g−1)

Water 80(1) 84(1) 120(5) 141(5) 152(2) 193(9) 282(1) 285(1) 107(4)
Ethanol 140(1) 149(1) 157(8) 285(1) 287(1) 120(1)
Ethanol/water 1:1 (v/v) 73(7) 80(6) 154(8) 141(3) 150(4) 184(7) 282(2) 285(2) 107(7)
Ethanol/water 8:2 (v/v) 134(5) 149(2) 180(3) 283(2) 285(1) 112(5)
Methanol 139(7) 154(2) 159(9) 285(1) 288(1) 119(2)
Methanol/water 1:1 (v/v) 80(4) 85(6) 154(9) 147(9) 154(8) 184(9) 283(1) 286(1) 108(1)
Methanol/water 8:2 (v/v) 134(1) 143(2) 120(9) 284(1) 287(1) 116(1)
Isopropanol 140(4) 150(4) 150(9) 284(1) 286(1) 117(3)
Isopropanol/water 1:1 (v/v) 80(3) 85(1) 155(3) 140(3) 151(1) 182(7) 282(3) 287(1) 110(3)
Isopropanol/water 8:2 (v/v) 79(3) 86(5) 154(8) 141(2) 150(3) 181(9) 283(1) 285(1) 107(6)
n-Propanol 138(1) 145(6) 175(9) 283(1) 285(1) 116(1)
n-Propanol/water 1:1 (v/v) 73(8) 82(7) 133(9) 140(2) 150(2) 181(9) 283(1) 285(1) 107(6)
n-Propanol/water 8:2 (v/v) 142(4) 153(4) 165(4) 283(1) 285(1) 112(9)

Sample  Desolvation, step 1 Desolvation, step 2 Water content (%)

TCR recrystallizzed by Mass loss (%) Mass loss (%) TGA KFT

Water 7.4(9) 5.5(6) 11.9(8) 14.7(3)
Ethanol 7.2(4)  7.2(4) 7.5(2)
Ethanol/water 1:1 (v/v) 6.9(9) 6.1(7) 13.0(9) 12.8(4)
Ethanol/water 8:2 (v/v) 7.1(6) 7.1(6) 6.9(2)
Methanol 7.1(4) 7.1(4) 7.1(2)
Methanol/water 1:1 (v/v) 7.6(6) 5.2(8) 12.8(8) 13.2(3)
Methanol/water 8:2 (v/v) 7.4(7) 7.4(7) 7.1(2)
Isopropanol 6.9(1) 6.9(1) 7.0(3)
Isopropanol/water 1:1 (v/v) 6.8(5) 6.1(4) 12.9(4) 13.4(5)
Isopropanol/water 8:2 (v/v) 7.6(9) 5.8(9) 13.4(9) 15.2(3)
n-Propanol 6.9(5) 6.9(5) 6.7(3)
n-Propanol/water 1:1 (v/v) 6.5(7) 6.0(9) 12.5(9) 13.4(4)
n-Propanol/water 8:2 (v/v) 6.8(1) 6.8(1) 6.9(1)
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Fig. 4. Photomicrographs of commercial product (a) and crystals obtained by recrystallization of TCR from water (b), ethanol (c) and n-propanol (d).
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ver the corresponding DSC desolvation endotherm (�HS,exp, in
 g−1) as in Eq. (1):

HS =
[

�HS,exp × 100)
�mS%

]
MS (1)

here �HS (in J mol−1) is the heat of vaporization of the TCR bound
olvent and MS the molecular weight of water.

On comparison of the �HS values collected in Table 3 with the
eat of vaporization for the pure solvent (tabulated as a function of
emperature [22]), an approximate evaluation of the water binding
trength in the hydrate TCR crystals was possible.

In the monohydrate sample the heat of vaporization calculated
as practically coincident with the heat of vaporization of pure
ater at 140 ◦C, although the higher onset temperature value indi-

ated a stronger interaction of water molecule within the TRC host.
In the dihydrate crystals of TCR·2H2O form I, instead, the pres-

nce of weakly bound solvent for the first water molecule was
vident both from the lower desolvation onset temperature, as well
s from the �HS value, that indicated an about 23% lower interac-
ion with the TCR host compared to heat of vaporization of pure
ater at 80 ◦C. For the second step of desolvation, the onset tem-
erature was comparable to that of monohydrate but a heat of
aporization about 65% higher than that of pure solvent at 140 ◦C,
ndicated a stronger interaction for this second water molecule

ithin the TCR host. Similar results are obtained for TCR·2H2O form
I (see the following discussion).

In Fig. 4 the photomicrographs of very small crystals of the
ommercial product (a) compared to TCR crystals obtained by

ecrystallization from water (b), ethanol (c) and n-propanol (d)
re shown. These samples revealed larger dimensions and dif-
erent morphologies, respectively, acicular, parallelepipedon and
rismatic.
Photomicrographs of sample morphology modifications
observed on heating TCR·H2O (a) and TCR·2H2O form I (b)
immersed in silicon oil, are shown in Fig. 5.

The evolution of TCR hydrate microcrystals upon heating under
ambient atmosphere from room temperature to 300 ◦C showed
that the overall shape of the initial particle was preserved in both
samples just before melting.

The observation of TCR·H2O crystal showed the occurrence of
solvent escape in the range of 150–160 ◦C followed by the melting
of the anhydrous form until decomposition at 290 ◦C.

In the TCR·2H2O form I crystal the first step of desolvation at
90 ◦C appeared as a browning of the crystal, whereas in the sec-
ond step the solvent escape was evident as a bubbles flux at about
150 ◦C. The shape and the colour of the crystal were maintained
just before melting with decomposition at 300 ◦C.

The distinct solid phases of the two  crystalline hydrate forms
of TCR with different stoichiometry were also confirmed by their
PXRD patterns (Fig. 6). In particular, the PXRD pattern of TCR·H2O
obtained by recrystallization from ethanol (pattern b) matched the
computer-generated pattern data from single-crystal X-ray anal-
ysis [20,21], as reference for TCR·H2O crystalline phase (pattern
a).

On the other hand the distinct PXRD pattern recorded for crys-
tals obtained by recrystallization of commercial product from water
(pattern c) give evidence for different structural arrangements in
the hydrate phase as TCR·2H2O form I.

By exposure of the anhydrous form of TCR (Fig. 7, curves a, a′)
to about 32% RH at RT, it was  possible to demonstrate the grad-
ual hydration of the anhydrous solid phase up to the complete

transformation into the monohydrate form. The presence of the
endothermal effect in the DSC curve corresponding to a mass loss in
the TGA curve, was  evident just after ten days of exposure (curves b,
b′) and went to completion after two months (curves d, d′) with the
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Fig. 5. Photomicrographs of TCR recrystallized from ethanol (a) and water (b) at various temperatures recorded by TOA.
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Table  3
Thermogravimetric and Calorimetric data for TCR hydrates (standard deviations in parentheses).

Sample Desolvation onset
temperature Tonset (◦C)

Desolvation enthalphy
change �HS,exp (J g−1)

Percent mass loss
�mS%

Heat of vaporization of
the bound solvent �HS

(kJ mol−1)

Heat of vaporization of the
pure solvent �HPS (kJ mol−1)a

TCR·H2O 140(0) 156(8) 6.9(1) 39(4) 38.6
TCR·2H2O Step 1 80(2) 120(4) 7.4(9) 32(3) 41.6
Form  I Step 2 141(5) 193(9) 5.5(6) 64(9) 38.6
TCR·2H2O Step 1 87(1) 152(9) 8.8(8) 31(3) 41.6
Form  II Step 2 134(1) 165(9) 4.2(4) 71(6) 38.6

aHeat of vaporization of water tabulated as a function of temperature, 80 ◦C and 140 ◦C, respectively.
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the pattern recorded on the completely rehydrated sample (patter
b), which was different for diffraction peak positions from that of
the anhydrous form (pattern a) such as from that of the TCR·2H2O
otal transformation of anhydrous TCR into TCR·H2O. The monohy-
rate nature of the sample powder was confirmed by PXRD (Fig. 8)
here the pattern of the completely re-equilibrated sample (pat-

ern c) was different from that of the initial anhydrous form (pattern
), but comparable to that of the monohydrate form obtained by
ecrystallization (see Fig. 6, pattern b). In the sample exposed to
umidity for just twenty days, the rehydration of the powder was
ot completed and actually in the PXRD pattern some characteris-
ic diffraction peaks of both the anhydrous and monohydrate forms
ere present (Fig. 8, pattern b).

Anhydrous TCR exposed to 100% RH absorbed higher water
mounts, as can be seen by the two endothermic effects in DSC
urves corresponding to distinct desolvation steps in TGA curves
Fig. 9).

Although the total mass loss of the sample after exposition
′
or 40 days at 100% RH (Fig. 9, curves e and e ) corresponded to

hat of the TCR·2H2O form I obtained by recrystallization, the
ingle effects attributable to dehydration (Tonset,des,1 = 87 ± 1 ◦C,
peak,des,1 = 92 ± 2 ◦C, �Hdes,1 = 152 ± 9 J g−1, �mdes,1 = 8.8 ± 0.8%),

ig. 6. Computer generated (a) and experimental PXRD patterns for TCR·H2O (b)
nd experimental PXRD pattern for TCR·2H2O form I (c).
and Tonset,des,2 = 134 ± 1 ◦C, Tpeak,des,2 = 143 ± 4 ◦C, �Hdes,2 =
165 ± 9 J g−1, �mdes,2 = 4.2 ± 0.4%) were different, and a possi-
ble isolation of a new dihydrate form (TCR·2H2O form II) can be
deduced.

This hypothesis was confirmed by PXRD. In Fig. 10 are reported
Fig. 7. DSC (top) and corresponding TGA (down) curves of TCR anhydrous form
exposed to 32% RH at RT after times t = 0 (a, a′), t = 10 days (b, b′), t = 20 days (c, c′)
and  t = 60 days (d, d′).
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ig. 8. PXRD patterns of TCR anhydrous form (a) and exposed to 32% RH at RT after
imes t = 20 days (b) and t = 60 days (c).

orm I (Fig. 6, pattern c) confirming the existence of the new dihy-
rate phase.

The differences in the structure of the two dihydrate forms are
vident also in FT-IR spectra that permit to be distinguished the
ew phase TCR·2H2O form II from the TCR·2H2O form I. In Fig. 11 are
ompared the FT-IR spectra of the commercial product (spectrum
), TCR·H2O obtained by recrystallization from methanol (spectrum

), TCR·2H2O form I (spectrum c) and TCR·2H2O form II (spec-
rum d). The stretching bands in the N H and O H absorption
egion at 3400–2900 cm−1 are very similar for the commercial and

able 4
ransformation of the anhydrous TCR at different RH.

RH (32%) Sampling time Gain in weight (%)

6 da 0.10
8  d 0.65
10 d 0.83
13 d 1.06
20 d 2.60
26 d 3.24
35 d 4.93
40 d 5.47
60 d 6.27
90 d 6.25

RH (%) Sampling time Gain in weight (%)

100 Step 1 Step 2

0.5 hb 6.67 –
1  h 2.74 5.41
4  h 3.84 5.06
24  h 6.51 6.44
7  d 7.46 6.46
20  d 8.28 3.71
40  d 9.41 3.08
90  d 9.45 3.32

a d, days.
b h, hours.

Fig. 9. DSC (top) and corresponding TGA (down) curves of TCR anhydrous form
exposed to 100% RH at RT after times t = 0 (a, a′), t = 1 h (b, b′), t = 24 h (c, c′), t = 20

days  (d, d′) and t = 40 days (e, e′).

monohydrate samples but different from those of the dihydrate
forms. Shifts of the bands at 3151–3186 cm−1 and 2946–2957 cm−1

in the TCR·2H2O form I and in the TCR·2H2O form II spectra,
respectively, can be related to different arrangements of the water
molecules in the dihydrate structures.

The transformation of the anhydrous TCR into the various
hydrate forms is schematically summarized in Table 4. For every
RH conditions are reported the progressive percent mass gain
until the equilibrium was  reached. After six months in atmosphere
conditions the equilibrated samples had already the same water
content (by TGA analyses) confirming their solid state stability.

Unfortunately, until now, in our experimental conditions was

not possible to isolate crystals of TCR·2H2O suitable to single X-ray
analysis to solve the structures.
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Fig. 10. PXRD patterns of TCR anhydrous form (a) and after exposition to 100% RH
at  RT for 40 days (TCR·2H2O form II) (b).

Fig. 11. FT-IR spectra for commercial TCR (a), TCR·H2O (b), TCR·2H2O form I (c) and
TCR·2H2O form II (d).
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4. Conclusions

TCR recrystallized by different solvents (i.e. ethanol, n-propanol,
methanol, isopropanol and isopropanol:water 8:2 (v/v)) was iso-
lated as the same commercially available monohydrate crystal
form (TCR·H2O). A new hydrate phase with two molecules of sol-
vent for one molecule of TCR (TCR·2H2O form I) was obtained by
recrystallization of TCR from water, hydroalcoholic solutions with
ethanol, n-propanol, methanol and isopropanol (1:1, v/v) and iso-
propanol:water 8:2 (v/v). Desolvation studies of all samples, mono
and dihydrates, demonstrated the absence of polymorphism for
desolvated TCR, thus confirming the existence of a unique anhy-
drous solid phase.

A polymorphic form of dihydrate TCR (TCR·2H2O form II) was
isolated by exposure of anhydrous TCR at 100% RH at RT.

This kind of studies is relevant from the viewpoint of drug
formulation design because the anhydrous form stability under
ambient conditions has implications at both technological and bio-
pharmaceutical levels, due to the less favorable dissolution rate
and bioavailability of hydrate with respect to the corresponding
anhydrous form.
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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to  evaluate  the  suitability  of  the  compendial  active  pharmaceutical  ingredi-
ent  (API)  method  for  the  analysis  of  finished  products  and  characterization  of  degradation  products  in
eprinomectin  (EPM)  samples.  Heat  stressed  sample  tests  revealed  a  limitation  of  the API  method  in dis-
tinguishing  an  impurity  merging  with  the  principal  analyte  peak.  A  new  selective,  specific  and  sensitive
method  was  therefore  developed  for  the  determination  of  EPM  in  formulations  that  separates  its  degra-
dation products  currently  undetectable  with  the  official  method.  The  determination  was  carried  out  by
reversed-phase  HPLC  using  an  isocratic  solvent  elution.  The  method  was  validated  and  found  to  be  pre-
cise,  accurate  and specific;  the  detector  response  was  linear  over  50–150  �g/ml  (EPM)  and  0.1–3  �g/ml
(degradation  product)  range  of  concentrations.

Two major  degradation  products  detected  with  the  new  method  were  isolated  from  sample  matrices
and  characterized  using  LC-PDA,  high  resolution  FT-ICR  MS,  NMR  and  hydrogen/deuterium  exchange  (HX-
eometric and structural isomers MS)  studies.  FTMS  analysis  showed  accurate  mass  of  molecular  ion  peaks  for EPM  and  its two  degradation
products  at  m/z  914.52505  (mass  error  ≤ 1  ppm)  with  almost  identical  fragmentation  patterns.  Given  the
isomeric  nature  of  the  compounds,  all three  were  further  evaluated  by 1H, 13C,  1D  NOESY  and  2D  (COSY)
NMR  experiments.  The  interpretation  of  experimental  data  positively  identified  Unknown  1  as the  2-
epimer  of  EPM  and  Unknown  2  as the  structural  isomer  �2,3-EPM  containing  a conjugated  enoate.  The
new  HPLC  method  and  identification  exercise  is  useful  for analysis  of EPM  and  its  degradation  products.
. Introduction

Eprinomectin (EPM) [(4R)-4-(acetylamino)-4-deoxy-
vermectin B1] belongs to a group of compounds known as
he avermectins (AVMs), and is commercially available as a

ixture of two  closely related homologues (see Fig. 1), EPM B1a

>90%; M.W.:  914.13) with EPM B1b (<10%; M.W.:  900.10) [1,2].
t is currently licensed for the treatment of a broad spectrum of
ndo- and ectoparasites of cattle such as gastrointestinal round-
orms, lungworms, lice, grubs and mange mites [3] and has a zero

laughter withdrawal and milk discard [4,5].
The avermectins have a 16-membered macrocyclic ring and

ontain a spiroketal group, a benzofuran ring and a modified dis-

ccharide attached via a glycosidic linkage [6].  EPM is obtained by
hemical modification of abamectin (ABM) [7,8].

∗ Corresponding author. Tel.: +64 9 923 2836; fax: +64 9 367 7192.
E-mail address: s.garg@auckland.ac.nz (S. Garg).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.12.030
© 2012 Elsevier B.V. All rights reserved.

There are a number of reports published on the High Per-
formance Liquid Chromatography (HPLC) analysis of EPM in
environmental, food, milk and other matrices using different
extraction and detection methods. A comprehensive methodology
review by Danaher on macrocyclic lactones (ML) outlines details of
commonly used techniques for analysis of the AVMs, including EPM
[9]. In general, EPM is detected by reverse phase chromatography
using an ODS column. However, none of the published work was
carried out to determine the degradation products (DPs) of EPM in
pharmaceutical preparations.

As EPM is an active pharmaceutical ingredient (API), a United
States Pharmacopeia (USP) method is available for its assay and
analysis of related substances [2].  But it is known that API methods
are not necessarily suitable for the analysis of finished products
due to the interactions of excipients and vehicles with the drug
molecules themselves. Hence, there was a need to evaluate the

suitability of the API pharmacopeial EPM method for the finished
product, and if deemed unsuitable, then to develop and validate
an alternative/supplementary method for the EPM assay and DPs
in finished products. Since no EPM impurity reference standards

dx.doi.org/10.1016/j.jpba.2011.12.030
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:s.garg@auckland.ac.nz
dx.doi.org/10.1016/j.jpba.2011.12.030
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Fig. 1. Chemical structure and m

re available, the major DPs require further identification and
haracterization using HPLC, mass spectrometry (MS) and nuclear
agnetic resonance (NMR) spectroscopy techniques.
Several MS  methods for confirmation of AVM drugs, including

PM, in biological and environmental samples have been pub-
ished. Ballard et al. have used LC–MS/MS method to confirm EPM

arker residues in biological samples [10]. The Danaher review
iscussed detection systems for the determination of AVMs and
heir residues with a particular emphasis on new developments
n screening technologies [9,11].  Despite an increase in analytical
apers using LC–MS/MS for the determination of AVMs in environ-
ental and food samples, there has been a general lack of detailed

ublished reports targeting high end approaches such as high res-
lution FT-ICR MS  accurate mass determination, multistage mass
ragmentation and mechanistic pathway analysis, H/D exchange
12,13] and use of in silico approaches for EPM analysis and quan-
itation.

Overall, there are no specific reports detailing analysis of EPM
nd its DPs in finished products using LC and high resolution MS.
herefore, the aim of the present work is to evaluate the USP HPLC
ethod against a newly developed method for the separation and

haracterization of EPM and its major DPs in formulations. Further-
ore, this study also aims to identify and characterize DPs using LC,

T-MS, HX-MS, and NMR  techniques. Structure elucidation using
omparative studies of MS  data and the establishment of degra-
ation pathway/mechanism of decomposition highlighted by the
eterminative method, are proposed.

. Materials and methods

.1. Chemicals

EPM (Zhejiang Hisun Pharmaceutical Co. Ltd., Taizhou, China)
as kindly given by Ancare Scientific Ltd (Auckland, New Zealand).

he base catalyzed DPs of EPM were generated and purified in-
ouse. HPLC grade methanol (MeOH) and acetonitrile (ACN) were
urchased from Merck (Darmstadt, Germany). Deuterated chlo-

oform (CDCl3) with 0.03%, v/v TMS  (D, 99.8%) was supplied by
ambridge Isotope Laboratories Inc. (Andover, MA, USA). All other
nalytical reagent grade chemicals were purchased from Ajax
ine Chem (Auckland, New Zealand). Ultrapure water (H2O) was
lar formula of EPM (B1a & B1b).

obtained from a Purelab Ultra water system (ELGA LabWater, High
Wycombe, Bucks, UK).

2.2. Apparatus and equipment

2.2.1. HPLC set-up
HPLC analysis of samples were performed using a LC20 series

HPLC system (Shimadzu Inc., Kyoto, Japan), equipped with an DGU-
20A5 on-line degasser, LC-20AT low-pressure quaternary pump,
SIL-20AC auto-injector, CTO-20AC thermostated column compart-
ment and SPD-20A UV–Vis detector. For data acquisition and
processing, LCsolutions (v 6.7) software was  used. Photodiode array
(PDA) experiments and method validation were performed on an
Ultimate 3000 Liquid Chromatographic system (Dionex Corpora-
tion, Idstein, Germany) equipped with an on-line degasser, gradient
pump, auto-injector, thermostated column compartment and PDA
detector (all Ultimate 3000 modules). For data acquisition and pro-
cessing, Chromeleon (v 6.8) software was  used.

2.2.2. Mass spectrometry (MS)
Commercial EPM as well as synthesized DPs were dissolved

in diluent (H2O:MeOH:ACN 25:25:50, v/v/v) at concentrations of
1 �g/ml, and analyzed by positive ion electrospray ionization (ESI),
on a high resolution LTQ FT-ICR mass spectrometer (Thermo Sci-
entific, San Jose, CA, USA) with a detection accuracy ≤ 2 ppm [14].
Samples were introduced into the mass spectrometer by means
of a syringe, infused at a flow rate of 3 �l/min. The source volt-
age was set to 3.80 kV, to maintain a source current of ∼4.60 �A,
the sheath gas and auxiliary gas flow rates were set to 10 and 2
units respectively, the capillary temperature was  275 ◦C and the
tube lens voltage was set to 90 V. Collision-induced dissociation
(CID) using He was set at a value of 35% collision energy for frag-
mentation of analytes. Instrument control and data collection were
handled by Xcalibur (v 2.0.7 SP1) software. The system was cali-
brated prior to analysis of the test samples. In silico evaluation of
MS data was carried out on HiChem Mass FrontierTM (v 5.1), and
ACD/MS ManagerTM (v 12).
2.2.3. H/D-exchange experiments
The exchange of labile hydrogen atoms of EPM and DPs by deu-

terium atoms was  carried out by preparing a 100 �g/ml solution
in chloroform, and then incubation of 100× diluted solution with
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Fig. 2. EPM heat-stress study sample chromatogram using the USP method: 

euterating agent (10 ml  of methanol and deuterium oxide 9:1,
/v with 5 mM ammonium acetate, pH 7.2) for 15 min  at room
emperature. The resulting solution was quickly cooled in a dry
ce/ethanol bath, and then the reaction was quenched by addi-
ion of 100 �l formic acid with further cooling for 5 min. The final
amples were immediately infused directly into the ESI FT-MS
ystem.

.2.4. NMR  spectroscopy

The 1H, 13C, 1D NOESY and 2D experiments (1H–1H COSY)

ere carried out on 1 mg/ml  solutions of EPM and DPs in CDCl3,
n an Avance III 400 NMR  spectrometer (Bruker BioSpin GmbH,
heinstetten, Germany) using ICON-NMR real-time software. The

Fig. 3. EPM heat-stress study sample chromatogram (new method): (1) day-0,
y-0, (2) day-5, (3) day-10, (4) day-20, (5) day-30, (6) day-40, and (7) day-50.

evaluation of data was  carried out with Bruker-Topspin (v 2.1) and
MestReNova (v 6.2.1-7569) Software.

2.2.5. Isolation and purification of degradation products
Isolation of DPs from finished products was carried out on a

semi-preparative flash chromatographic system connected with an
UV monitor, and an external pump (Ecom Ltd, Prague, Czech Repub-
lic). The pure compounds were recovered in vacuo,  using a rotary
evaporator system.
2.2.6. Other equipment
During the development and validation process, samples were

heat stressed at 70 ◦C in a fully calibrated Thermotec 2000 oven

 (2) day-5, (3) day-10, (4) day-20, (5) day-30, (6) day-40, and (7) day-50.
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ig. 4. UV spectrum and �max values for (A) EPM B1a, (B) Unknown 1, and (C)
nknown 2.

Contherm Scientific Ltd, Petone, New Zealand). The pH of solutions
as measured by a Cyberscan 510 pH meter (Eutech Instruments,

ingapore).

.3. HPLC methods
.3.1. EPM USP HPLC method
The EPM assay and DP analysis of stress study samples

ere carried out using the specified reverse phase liquid
d Biomedical Analysis 63 (2012) 62– 73 65

chromatography method [2].  Separation of compounds was
achieved using a Zorbax C8, 250 mm  × 4.6 mm i.d., particle size
5 �m,  HPLC column (Agilent Technologies, Santa Clara, CA, USA).
A mobile phase gradient consisting of solution A (0.1%, v/v perchlo-
ric acid solution), and solution B (100% ACN) was eluted at a flow
rate of 1.5 ml/min through the column maintained at 40 ◦C. During
the gradient programme, the composition of solution A and B was
kept isocratic at 45%:55% for the first 15 min, followed by a linear
change of solution B to 95% over 5 min, and then back to the origi-
nal composition over the next 5 min. The system was equilibrated
for another 5 min  before the next injection was made. UV detection
was  performed at a wavelength of 245 nm.

Analytical standard and sample solutions were prepared in dilu-
ent (20% H2O in MeOH) at a concentration of 100 �g/ml of EPM; the
injection volume was  20 �l.

2.3.2. Alternate HPLC method
A new method was  developed based on the ivermectin USP

method [2] with further modifications to suit a fast and isocratic
separation of EPM and its degradation peaks in stress study sam-
ples.

Chromatographic separations were achieved on a Prodigy ODS3,
150 mm × 4.6 mm  i.d., particle size 5 �m,  HPLC column (Phe-
nomenex Inc., Torrance, CA, USA). An isocratic mobile phase
consisting of H2O/MeOH/ACN (27:25:48, v/v/v) at a flow rate of
1.5 ml/min was pumped through the column maintained at 40 ◦C
monitoring the eluate at 245 nm.  The standard and sample prepa-
rations were kept the same way  as described in Section 2.3.1.

3. Results and discussion

3.1. USP method

EPM standard and test samples were prepared as described
in Section 2.3.1. The chromatogram of reference standard solu-
tion showed adequately separated principal peaks EPM B1a (RT
18.65 min) and EPM B1b (RT 14.73 min). This method was then
used for the analysis of EPM formulation samples under stress. The
study involved heat stressing 1%, w/v  EPM solutions in dimethyl-
formamide (DMF) at 70 ◦C (detailed discussion of the stress study
will be reported elsewhere). HPLC analysis performed at 0, 5, 10, 20,
30, 40 and 50 days showed an impurity at relative retention time
(RRT) 1.10, continuously increasing with time. The principal ana-
lyte peak EPM B1a in chromatograms from the initial study phase
was  clean, but after day 20 in the heat stress study, broadening
became evident. From day 30 to day 50, broadening of the EPM B1a

peak in sample chromatograms becomes very obvious and conse-
quently raised the question of the suitability of the USP method
for finished product analysis. The representative chromatograms
of various days are shown in Fig. 2.

3.2. Development of alternative HPLC method

The EPM reference standards and stress study solutions used
for the USP method were again analyzed using the newly devel-
oped method to achieve a short run time using a reverse phase
isocratic elution with adequate separation of principal peaks as well
as potential DPs (see Section 2.3.2 for detailed chromatographic
condition). The standard preparation showed distinctly separated
principal peaks i.e. EPM B1a (RT 7.9 min), and EPM B1b (RT 6.0 min).
Interestingly, a new DP peak emerged (in addition to one DP peak
earlier seen with USP method) after the EPM B1a peak in chro-

matograms, and was noticed growing from day 10 to day 50 stress
study samples. These two major degradation peaks (Unknown 1
and Unknown 2) were adequately separated with acceptable reso-
lution from adjacent peaks as shown in Fig. 3.
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Using the new HPLC method therefore, EPM and DP peaks are
ell separated. The resolution factors for Unknown 1 and Unknown

 were both >1. The peaks were found to be pure and ultravio-
et (UV) spectrum �max values for EPM B1a, and Unknown 1 peaks

ere 245 ± 1 nm,  whilst the Unknown 2 �max was 252 ± 1 nm (see
ig. 4). EPM and Unknown 1 showed identical UV absorption, indi-
ate this DP was merging with the principal peak when samples
ere analyzed using the USP method and HPLC purity analysis was

nable to differentiate co-eluting compounds possessing similar
pectra in the UV region. On other hand Unknown 2 exhibiting
max 252 ± 1 nm with USP as well as new method, confirmed the
etection of the same DP by both methods.

Fig. 5. FT-MS spectra of (A) EPM, (B) 2-epi isomer, and (C) �2,3 isom
d Biomedical Analysis 63 (2012) 62– 73

3.3. Method validation

3.3.1. Stability indicating assay method (SIAM) validation
The new HPLC assay method was fully validated with respect

to linearity, method precision (intra-day, inter-day, and inter-
mediate), accuracy, specificity and solution stability, using well
established guidelines [15–18].  EPM solutions in the concentra-
tion range of 50–150 �g/ml showed linear detector response with

a correlation coefficient (r2) value >0.99. The % relative standard
deviation (RSD) for intra- and inter-day precision established by
analyzing six replicate preparations on the same day and next day,
was  less than 2%. The accuracy determined by spiking excipients

er (isotopic pattern of molecular ion peaks is shown in insets).
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Fig. 5. 

ith a known concentration of EPM in triplicate for each of three
oncentrations, showed all values within 98.0–102.0% of spiked
oncentration. Specificity study (stress study under acid, alkali,
eroxide, light and thermal conditions) experiment showed peak
urity values >0.99 for principal analytes and also points out sen-
itivity of EPM under alkaline conditions. The standard and sample
olutions were stable for 24 h at room temperature. Overall, the
ethod for EPM assay was found to be stability indicating.

.4. Degradation products method validation

Impurity method validation was carried out using EPM and DP
olutions prepared at impurity reporting and specification levels,
sing established guidelines [18,19]. The limit of quantitation (LOQ)
f EPM and DP concentrations were found to be 0.1 �g/ml. The accu-
acy, linearity, and method precision experiments were designed
onsidering impurity specification at <1% (identification thresh-
ld 1%) [19]. The linearity of detector response was  achieved with
.1–3 �g/ml of solution taking into consideration the EPM con-
entration in assay samples at 100 �g/ml. The method precision,
ccuracy, and stability of analytical solutions were also found to be
atisfactory.

.5. Isolation and purification of impurities

A stress study sample from day 50, showing >10% lev-
ls of DPs was used for their isolation and purification
n a flash chromatographic system, using a glass column
700 mm  × 25 mm)  filled with silica gel (Devisil, 63 �m).  A con-
entrated DCM aliquot was applied to the column and eluted with
iethylether:dichloromethane:methanol (9:9:1, v/v/v). First, EPM
nd Unknown 2 eluted as a mixture, followed by Unknown 1. Sim-
lar observations were earlier reported for the isolation of DPs of
ther AVM analogues [20]. The mixture of EPM and Unknown 2

ere further separated on a preparative thin layer chromatography

TLC) system using the same mobile phase, and pure samples were
ollected by scraping off relevant bands and dissolving the organic
ompounds from the silica using DCM. The recovered solvent
inued).

eluants were concentrated in vacuo using a rotary evaporator
and the resulting chromatographically pure compounds were
collected and stored refrigerated under nitrogen for further
analysis.

3.6. Mass spectrometry characterization

In general, MS  techniques have been reported for identification
of drugs and impurities using accurate mass and fragmentation
patterns [13,21,22].  Recent strategies in the analysis of AVMs have
been based on liquid chromatography/mass spectrometric (LC/MS)
assays in addition to conventional gas chromatographic/mass spec-
trometric (GC/MS) techniques that require time-consuming sample
preparation protocols and results are prone to higher uncertainties
in measurement. LC/MS/MS procedures described in the literature
employ either triple-quadrupole or quadrupole ion trap analyzers,
and the product ion mass spectra generated by collision-induced
dissociation (CID) demonstrate significant differences regarding
the presence or absence of fragment ions as well as product ion
abundances. CID fragmentation of target analytes giving rise to
major product ions has been proposed in the literature occasion-
ally but was  not further evaluated by systematic chemical or mass
spectrometric experiments with higher resolution and accuracy.
We  have examined EPM and its DPs for comparison of accurate
mass, isotopic patterns, fragmentation pathways, multistage mass
fragmentation (MSn), and H/D exchange studies using high resolu-
tion LTQ FT-MS. MSn and H/D exchange data are also explored for
the possibility of distinguishing between EPM and DPs which are
supposed to be structural isomers.

MS  data management programmes (HiChem MassFrontierTM

and ACD/MS ManagerTM) were initially used to predict theoret-
ical mass fragmentation pathways. The fragmentation patterns
observed were then correlated with experimental fragment data.
Since ABM, a precursor of EPM, does not ionize well under
electrospray (ESI) conditions [23], 10 mM ammonium acetate was
added to the solvent mixture (MeOH:ACN:H2O 27:48:25) to assist
with sample ionization.
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Fig. 6. Fragmentation pathway

The FT mass spectra and isotopic pattern for molecular ion peaks
n Fig. 5 exhibits, that EPM presents a pseudomolecular ion at m/z
14.52505 and a more intense sodiated adduct peak [M+Na]+ at
/z 936.50729. The common fragments observed for molecular

on peaks were m/z 896.51434, 878.50403, 860.49340, 637.30471,
49.32102, 468.29554, 330.19107, 298.16488, 186.11245, and
54.08625. As anticipated EPM DPs Unknown 1 and Unknown 2,
oth show an identical pseudomolecular ion adduct peak [M+Na]+

/z of 936.50 and pseudomolecular ion at m/z 914.52. Their frag-
entation profiles were similar to EPM with the exception of a

ew additional ions (may be an adduct with solvents used in the

ynthesis). Furthermore, the isotopic pattern for the molecular ion
eaks of all three compounds was determined, and experimental
esults show a good match to theoretical values for the assigned
tomic compositions.
olecular ion peak m/z 914.52.

Comprehensive and elaborate MS  fragmentation patterns of the
EPM and its DPs were undertaken using CID at 30–35% collision
energy to generate MSn mass fragment data with concomitant HR-
MS when ion intensity was  sufficient (see Fig. 6). To elucidate the
fragmentation scheme, accurate masses of the fragments were used
to derive molecular formulae and assign elemental composition
to the losses. MSn studies clearly help to understand the origin
and pathways of ions shown in mass spectra. The molecular ion
at peak m/z 914.52504 undergoes fragmentation with three con-
secutive H2O losses resulting the ions at m/z  896.51434 (MS2)
followed by m/z 878.50430 (MS3), and m/z 860.49340 (MS4). On

the other hand, cleavage of the glycosidic bond at C13 at the macro-
cyclic ring of the parent ion results in the formation of an aglycone
ion at m/z 567.33150 (MS2) and a disaccharide amide ion at m/z
330.19107 (MS2). A water loss from the aglycone ion at C4–C5
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Table  1
Proton assignment and chemical shift (ı) for eprinomectin, Unknown 1, and Unknown 2.

Assignments Eprinomectin B1a Unknown 1 Unknown 2

2 CH 3.30, m 3.21, obs. m –
3  CH 5.43, obs. m 5.70, m (obs) 6.15, d (J = 1.8)
4 CH – – 2.51 obs. m
4a  CH3 1.87, app. t (J = 1.6) 1.88, s 1.22, d (J = 7.2)
5 CH 4.29, app. t (J = 7.3) 4.24, s (br) 3.59, dd (J = 9.3, 1.5)
5  OH 2.35, d (J = 8.2) – –
5a  CH 3.97, d (J = 6.2) 4.31, d (J =3.0) 4.05, d (J = 2.2)
7  CH2 4.70, dd (J = 14.3, 2.3) and 4.66, dd

(J = 14.3, 2.5)
4.60, dd (J = 12.9, 1.3) and 4.13, dd
(J = 12.9, 2.3)

4.58, dd (J = 14.1, 2.1) and 4.50, dd
(J = 14.1, 2.2)

8a OH 4.01, s – 4.75, s (br)
9 CH 5.87, app. dq (J = 10.7, 2.3) 5.95, app. dt (J = 10.2, 1.9) 6.16, m (obs)
10  CH 5.75–5.71, complex m 5.68, dd (J =15.2, 10.3) 5.68, dd (J = 15.0, 10.6)
11  CH 5.75–5.71, complex m 5.72, dd (J = 15.2, 5.9) 5.76, dd (J = 14.9, 9.5)
12  CH 2.52, m 2.46, m 2.46, m (obs)
12a  CH3 1.16, d (J = 7.0) 1.15, d (J = 6.4) 1.15, d (J = 8.1)
13 CH 3.93, br. s 3.93, m 3.91, obs. m
14a  CH3 1.49, br. s 1.47, s 1.45, s
15 CH 4.98, m 4.93, m 4.94, d (br) (J = 9.9)
16  CH2 2.33–2.22 complex obs. m 2.31, obs. m and 2.23 obs. m 2.29, obs. m and 2.21, obs. m
17 CH 3.87, obs. m 3.90, obs. m 3.91, obs m
18  CH2 1.77, m and 0.88, obs. m 1.83, m and 0.79, m 1.89, dd (J = 10.2, 2.1) and 0.75, m
19  CH 5.41, obs. m 5.50, m 5.37, obs. m
20  CH2 2.01, obs. m and 1.48, obs. m 1.94, ddd (J = 12.1, 4.7, 1.5) and 1.67, obs.

m
1.98, dd (J = 12.0, 3.4) and 1.64, obs. m

22 CH 5.76, dd (J = 9.9, 1.7) 5.78, dd (J = 9.9, 1.7) 5.77, dd (J = 9.9, 1.5)
23  CH 5.55, partially obs. dd (J = 9.9, 2.6) 5.58, dd (J = 9.8, 2.6) 5.57, dd (J = 10.0, 2.5)
24 CH 2.27, obs. m 2.27, obs. m 2.27, obs. m
24a  CH3 0.91, d (J = 7.2) 0.92, obs. m 0.91, d (J = 6.7)
25  CH 3.48, dd (J = 9.9, 1.3) 3.49, obs. m 3.48, obs. m
26 CH 1.60, obs. m 1.62, obs. m 1.60, obs. m
26a  CH3 0.92, d (J = 6.5) 0.89, obs. m 0.89, d (J = 6.7)
27 CH2 1.50, obs. m 1.50, obs. m 1.47, obs. m
28  CH3 0.94, t (J = 7.3) 0.94, obs. m 0.93, obs. t (J = 7.0)
1′ CH 4.77, d (J = 3.2) 4.76, d (J = 3.0) 4.76, obs. m
2′ CH2 2.23, obs. m and 1.56, obs. m 2.25, obs. m and 1.62, obs. m 2.23, obs. m and 1.56, obs. m
3′ CH 3.62, ddd (J = 13.2, 8.8, 4.8) 3.64, m 3.65, obs. m
4′ CH 3.21, t (J = 9.0) 3.21, obs. m 3.21, t (J = 9.0)
5′ CH 3.84, obs. m 3.83, dq (J = 9.4, 6.3) 3.85, partially obs. dq (J = 9.4, 6.3)
6′ CH3 1.24, d (J = 6.2) 1.24, d (J = 6.2) 1.24, d (J = 6.9)
1′′ CH 5.39, obs. m 5.40, m 5.39, d (J = 4.1)
2′′ CH2 2.03, obs. m and 1.61, obs. m 2.05, obs. m and 1.62, obs. m 2.06, obs. m and 1.59, obs. m
3′′ CH 3.69, app. dt (J = 12.0, 4.5) 3.68, m 3.70, partially obs. dt (J = 12.1, 4.4)
4′′ CH 4.43, ddd (J = 9.8, 3.7, 1.0) 4.44, dd (J = 10.0, 3.2) 4.43, dd (J = 10.0, 3.2)
5′′ CH 4.07, qd (J = 6.2, 1.0) 4.07, qd (J = 6.5, 1.2) 4.07, obs. m
6′′ CH3 1.13, d (J = 6.5) 1.13, d (J = 6.4) 1.13, d (J = 6.7)
3′ OCH3 3.44, s 3.48, s 3.48, s
3′′ OCH3 3.30, s 3.41, s 3.40, s
4′′ CH3COCH3 2.07, s 2.07, s 2.07, s
4′′ NH 5.57, br. d (J = 9.4) 5.59, br. d (J = 10.0) 5.59, d (J = 10.3)

s bs., ob
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, singlet; d, doublet; t, triplet; q, quartet; m,  multiplet; app., apparent; br., broad; o

osition further gives rise to a dehydrated aglycone ion at m/z
49.32102 (MS3), whilst disaccharide amide loses methanol to give
he ion at m/z  298.16488 (MS3). Further lysis of the demethy-
ated amide ion produces abundant ions at m/z 186.11245 (MS4),
nd m/z  112.01788 (MS4). The monosaccharide amide ion at m/z
86.11245 (MS4) further loses methanol to produce an ion at m/z
54.08625 (MS5). On other hand, allylic cleavage at C13–C14 posi-
ion of the molecular ion peak in addition to C19 O cleavage,
eads to the formation of ions at m/z 637.30499 and m/z  305.21111
eparately.

.7. HX-MS studies

An HX-MS (hydrogen/deuterium exchange) experiment

nvolves the replacement of acidic protons with deuterons from
eavy water (D2O) [24]. Due to the back exchange problem
ssociated with the commonly used online exchange method and
ccess to pure compounds, herein hydrogen/deuterium exchange
scure.

was  carried out by a chilling and quenching process as described
in Section 2.2.3, and spectra were recorded by FT-MS. The ions
possessing labile hydrogen underwent that exchange process.
The pseudomolecular ion peak had an increase of 3 m/z  units
corresponding to 3 exchangeable hydrogens present at OH-5,
OH-8a and NH. Sequential loss of water molecules is reflected in a
decrease in exchangeable sites; therefore at m/z 878.50, only one
hydrogen exchanged. The disaccharide amide ion (m/z 330.19) and
monosaccharide amide ion (m/z 186.11) showed a single proton
from the NH group undergoing exchange.

3.8. Use of MS data to distinguish structural isomer

One of the advantages of high resolution MS is its application

towards study of structural isomers [25], whereas Madhusudanan
[26] has successfully tried to distinguish the diastereoisomers of
monosaccharide using MSn data, and used relative abundance and
appearance/disappearance of isobaric peaks as a complementary
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Fig. 7. Expansion of 1H NMR  spectra of (from top) (3) EPM (blue), (2) Unknown 1 (green) and (1) Unknown 2 (red), showing key differences in ı 3.1–6.3 ppm region. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

t
s
H
t
m
i
9
a
o
d
t

s
t
t
v

3

f
o
f
f
t
f
b
o
c

ool. ABM (a precursor for EPM) and IVM are known to produce
tereo- and structural isomers under alkaline conditions [27,28].
ence the two DPs of EPM formed under same conditions are pos-

ulated to be similar structural isomers. The isotopic pattern of
olecular ion peaks for all three compounds was found to be sim-

lar; examination of the MS  spectra of the [M+Na]+ peak at m/z
36.50 clearly distinguishes all three molecules. The ratio, relative
bundances and appearance of various ions confirm the presence
f three individual chemical entities possessing similar mass, but a
istinguishable chemical environment due to the unique orienta-
ion of the protons and position of saturation.

A close look at the isotopic pattern of key ions from the MS
pectrum of m/z 937.50 [M+Na+D]+ and m/z 936.50 [M+Na]+ shows
he differences as a fingerprint for EPM and its DPs, whereas iso-
opic ratio of leading ions in this spectra also shows a significant
ariation.

.9. NMR  studies

Proton NMR  spectra for EPM, Unknown 1 and Unknown 2 were
ully assigned (see Table 1) with the aid of COSY data and shown
verlaid in Fig. 7. The chemical shifts for the C2 hydrogen in the
ormer two compounds are similar (ı 3.30 and 3.21), as expected
or stereoisomers, and that of Unknown 1 is in agreement with
he avermectin 2-epi isomer (ı 3.22) [6].  There are substantial dif-

erences in the chemical shifts of several protons attached to the
icyclic system, which would be affected by the change in stere-
chemistry at C2, namely the C3, C5a, and C7 hydrogens. The
hemical shifts of the two C7 hydrogens are different, indicating
that they are in different environments, as expected in a fused
bicyclic system with chiral centres and seen in EPM itself. Further-
more, the chemical shifts of these hydrogens have moved upfield
and their chemical shift difference is larger (ı 4.60 and 4.13) in
comparison with EPM (ı 4.70 and 4.66). Similar shifts have been
reported for the C7 hydrogens of the avermectin 2-epimer (ı 4.61
and 4.13) [6]. Chemical shift changes of the protons attached to
C18, C19 and C20 in Unknown 1 compared to EPM together with
almost constant values throughout the rest of the structure also
indicate that a nearby region of the EPM structure is perturbed
due to a degradation reaction consistent with 2-epimerization.
Strong two-way NOE correlations between the signals at ı 3.21
(H2) and ı 4.24 (H5) for Unknown 1 are consistent with the pro-
posed epimerization at C2, as H2 and H5 will be on the same
face of the six membered ring in 2-epi-EPM. A weak correlation
from H2 to H5a is also seen, again consistent with epimerization
of C2. These facts, coupled with the facility of carbonyl �-centres
to undergo epimerization, suggest Unknown 1 is 2-epi-EPM (repre-
sented by the structure shown in Fig. 8). The chemical shift changes
that were observed are in very good agreement with the data
reported for the base-catalyzed epimerization of other avermectin
derivatives [20].

Analysis of the proton resonances of Unknown 2 with the aid
of the 1H/1H COSY data showed further alteration of the bicyclic
system. Most notably, H2 was  absent and the chemical shift of H3

was  significantly downfield from that in EPM or its 2-epimer (ı
6.15 vs 5.43 or 5.70, respectively), consistent with the deshield-
ing of the �-position typically observed in conjugated enoates.
Furthermore, correlation of H3 to a new signal (H4, ı 2.51) and
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Fig. 8. Chemical structure and molecu

he upfield shift of the attached (and no longer allylic) CH3 (H4a,
rom ı 1.87 in EPM to ı 1.22 in Unknown 2) and CH (H5, from ı
.29 in EPM to ı 3.59 in Unknown 2) corroborated the hypothesis
f isomerism of the alkene into conjugation during the degra-
ation process. The majority of other differences between the
pectra of EPM and Unknown 2 were within the fused bicyclic
ystem and close to C19, giving further evidence of Unknown

 being �2,3-EPM (represented by the structure shown in
ig. 9).

The carbon NMR  data for EPM were found to correspond with
arlier work [13]. Assisted by the 1H/13C HSQC spectrum, assign-
ent of the carbon resonances of EPM was carried out. Comparison

f the EPM data with the carbon resonances of Unknown 1 and
nknown 2 indicated differences in structure, particularly around

he lactone carbonyl. For example, whilst one carbonyl resonance

emained constant in all three compounds (ı 170.8–170.9) and is
hus presumably that of the amide, the other varied considerably
etween EPM, Unknown 1 and Unknown 2 (ı 173.9, 171.4 and
69.1, respectively) and is attributed to the lactone. Remarkable

Fig. 9. Chemical structure and molecular for
mula of Unknown 1: 2-epi-EPM (B1a).

similarities are seen in the 13C shifts of atoms distant from the lac-
tone carbonyl for the three compounds (e.g. the three acetal signals
at ı 98.8–98.9, ı 95.8–95.9 and ı 95.0–95.1), whereas local signals
are affected markedly (e.g. C2, ı 45.9 in EPM, ı 51.1 in 2-epi-EPM
and absent from the aliphatic methine region of the spectrum in
�2,3-EPM).

3.10. Mechanism of EPM degradation pathway to 2-epi-EPM and
�2,3-EPM

As discussed in Section 1, EPM is a synthetic acetylated amino
derivative of ABM. The degradation chemistry of its precursor ABM
(AVM B1a and B1b) and its close derivative ivermectin (22,23-
dihydro AVM) is well established [27,28]. In alkaline conditions
these compounds degrade to the 2-epi and �2,3 isomers. The base-

catalyzed mechanism of action for ABM is shown in Fig. 10,  whereby
2-epi is formed by isomerization at the C-2 position of the parent
compound, and then gradually transforms into the thermodynam-
ically stable �2,3-isomer.

mula of Unknown 2: �2,3 EPM (B1a).
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Fig. 10. Base-catalyzed

It is postulated that degradation of EPM also followed the base
atalyzed mechanism as shown by ABM (DMF used in formulation
s apparently an alkaline solvent). Initially it degrades to the 2-epi
somer (Unknown 1) as the major and �2,3 isomer (Unknown 2)
s a minor DP. Gradually with time the �2,3 species becomes the
rincipal DP at the expense of the 2-epimer and EPM in sample.

. Conclusion

From the above studies it is concluded that the current phar-
acopeial method for API has deficiencies for analysis of EPM in

nished products containing DPs. A new method has been devel-
ped, in which a significant DP (2-epi-EPM) earlier merging with
he EPM peak obtained using USP method, is now fully separated.
he data also showed that this DP merging was not elucidated by
he established spectral and purity analysis, because the molecu-
ar weight and �max of EPM and Unknown 1 are similar. The other

ajor DP Unknown 2 is also positively identified as �2,3 isomer
f EPM. The method is fully validated and found to be stability
ndicating. The DPs are successfully isolated from sample matrix
nd positively identified using FT-MS, HX-MS and NMR  studies.
he new stability indicating HPLC method for EPM and DPs in
ormulations will support the clinical, residue and environmental
nalysis of matrices containing EPM and its DPs.
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a  b  s  t  r  a  c  t

A  complex  of  sulfamethoxazole  (SMX)  and  hydroxypropyl-�-cyclodextrin  (HP-�-CD)  was  developed
and  characterized  in  order  to investigate  their  interactions  in  aqueous  solution  and  the  solid  state.
The  SMX  solubility  was  significantly  increased  upon  complexation  with  HP-�-CD,  with  the  solubility
isotherm  being  an AN type  due  to the  presence  of  aggregates  and  the  stability  constant  calculated  for  a
1:1 complex  being  302  ±  3  M−1.  Fourier-transform  infrared  (FT-IR)  spectroscopy  and  scanning  electron
microscopy  (SEM)  experiments  were  used  to  compare  the  freeze-dried  system  with  a  physical  mixture,
eywords:
ulfamethoxazole
ydroxypropyl-�-cyclodextrin
ggregation
onductivity
olid-state analysis

and  demonstrated  the  complex  formation  in the  solid  state.  The  differential  scanning  calorimetry  (DSC)
and thermogravimetric  analysis  (TGA)  showed  that  the  thermal  stability  of  SMX  was  enhanced  in the
presence  of  HP-�-CD.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Cyclodextrins (CDs) are water-soluble cyclic oligosaccharides
omposed by 6 (�-CD), 7 (�-CD) or 8 (�-CD) D-(+)-glucopyranose
nits arranged in a truncated cone-shaped structure [1].
ydroxypropyl-�-cyclodextrin (HP-�-CD) (Fig. 1), derivative of �-
D, has attracted a growing interest due to its improved complexing
bility, high solubility and low toxicity [2,3]. Different molecules
an penetrate into the relatively hydrophobic cavity and form non-
ovalent inclusion complexes modifying their physical, chemical
nd biological properties [4,5]. CDs are used to improve the solu-
ility and dissolution of poorly soluble drugs in water and provide

 way to increase their stability and bioavailability. Recently it has
een observed that non-inclusion complexes can also participate in
he solubilization of poorly soluble drugs by CDs. In aqueous solu-
ions, CDs and their complexes show a tendency to self-associate
o form aggregates with solubilizing properties. Also, the formation
f CD complexes can increase the tendency of CDs to form aggre-
ates and can lead to the formation of micellar-type CD aggregates

apable of solubilizing poorly soluble compounds [6–8].

Sulfonamides are synthetic agents used in human and vet-
rinary therapy for the prevention and treatment of infections

∗ Corresponding author. Tel.: +54 351 4334127; fax: +54 351 4334127.
E-mail addresses: garneroc@fcq.unc.edu.ar (C. Garnero), aiassa@fcq.unc.edu.ar

V. Aiassa), mrlcor@fcq.unc.edu.ar (M.  Longhi).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.011
[9].  However, their poor aqueous solubility has hindered their
application in the therapy as pharmaceutical formulations. In previ-
ous studies, we  demonstrated that the CD:sulfonamide complexes
improved their solubility in water compared to that of the free
drugs [10–12].  In addition, the sulfonamides exhibit interesting
solid state properties, among which is the ability to exist in two
or more polymorphic forms through the propensity for hydrogen
bonding due to the presence of various hydrogen bond donors
and acceptors [13]. Sulfamethoxazole (SMX) (Fig. 1) is a sulfon-
amide agent frequently used in human medicine to treat bronchitis
and urinary tract infections. It is widely used in combination with
trimethoprim, since this mixture possesses synergistic antibacte-
rial effects [14]. SMX  is sparingly soluble in water, and is known
to exist in the three polymorphic forms, I, II and III (hemihydrates)
[15].

Studies involving the complexation of SMX  with �-CD have been
reported [16–18].  The formation of a 1:1 complex with HP-�-CD at
various pH values was able to improve the aqueous solubility of
the drug in trimethoprim/sulfamethoxazole parenteral solutions
but could not prevent its precipitation [19]. The chemical stability
under oxidation stress of SMX  in co-trimoxazole (a 5:1 combination
of SMX  with trimethoprim) aqueous buffer solutions was increased
using HP-�-CD [20]. In addition, we previously developed a method

for the simultaneous quantification of trimethoprime and SMX  in
mixtures using HP-�-CD solutions [21]. However, no reports about
the characterization of the new systems SMX:HP-�-CD in solution
or in solid state have been published.

dx.doi.org/10.1016/j.jpba.2012.01.011
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:garneroc@fcq.unc.edu.ar
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1:1 molar ratio was  formed at low HP-�-CD concentrations. The
apparent stability constant (KC) value of 302 ± 3 M−1 was  estimated
from the slope of the initial linear portion of the diagram and the
Fig. 1. Chemical structur

Taking into account these previous studies, in the present work
e prepared and characterized a complex between the commercial

MX  active ingredient and HP-�-CD.

. Materials and methods

.1. Chemicals and reagents

All the experiments were performed with analytical grade
hemicals and solvents. HP-�-CD, with a degree of substitution of
.63, was kindly supplied by Ferromet agent of Roquette (France).
illipore Milli Q Water Purification System was used to generate

he water used in these studies.

.2. Phase solubility studies

The solubility measurements were performed according to the
ethod of Higuchi and Connors [22] in aqueous solutions contain-

ng different concentrations of HP-�-CD, ranging from 14.3 mM to
43.2 mM.

.3. Conductivity measurements

The conductance measurements were taken in HP-�-CD solu-
ions, in the range 1.65–161.55 mg/ml, in the presence of a
onstant SMX  concentration throughout the experiment. The crit-
cal concentration for the aggregate formation was determined by

easuring the specific conductivity change as a function of concen-
ration, using a Malvern Zetasizer 3000 (Malvern Instruments Inc.,
ondon, UK). All measurements were recorded at 25 ◦C, with the
alues shown being the mean of 20 conductance measurements.

.4. Solid sample preparation

The preparation of a solid complex SMX:HP-�-CD with a 1:1
olar ratio was carried out using the freeze-dry method [23]. Phys-

cal mixtures were prepared by mixing the SMX  and HP-�-CD
owders or the corresponding freeze-dried components, with a 1:1
olar ratio uniformly in a mortar.

.5. Fourier-transform infrared (FT-IR) spectroscopy

The FT-IR spectra (potassium bromide disks) were recorded on
 Nicolet 5 SXC FT-IR Spectrophotometer (Madison, WI,  USA).

.6. Differential scanning calorimetry (DSC) and
hermogravimetric analysis (TGA)
The DSC curves of the samples were produced using a DSC
A 2920, and the TGA curves were recorded on a TG TA 2920.
he samples were placed in aluminum hermetic pans, with the
) HP-�-CD and (b) SMX.

experiments being carried out under a nitrogen gas flow, at a heat-
ing rate of 10 ◦C/min, and over a temperature range of 25–400 ◦C.

2.7. Scanning electron microscopy (SEM)

Microscopic morphological structures of the solid samples were
investigated and photographed using a scanning electron micro-
scope LEO Model EVO 40XVP. To improve the conductivity, samples
were gold-coated under vacuum employing a sputter coater PELCO
Model 3.

3. Results and discussion

3.1. Phase solubility analysis

The phase solubility diagram of SMX  and HP-�-CD, obtained by
plotting the changes in guest solubility as a function of HP-�-CD
concentration (Fig. 2) can be classified as an AN type, with the neg-
ative deviation from linearity at higher concentrations. This curve
form may  originate from both an alteration in the effective nature
of the solvent in the presence of large concentrations of HP-�-CD
and a self-association of HP-�-CD at higher concentrations [22,24].

The initial ascending portion of the diagram had a slope less
than 1, which indicated that a soluble inclusion complex with a
Fig. 2. Effect of HP-�-CD on the solubility of SMX  in an aqueous solution at 25.0 ◦C.
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ig. 3. Conductivity measurements as a function of HP-�-CD concentration for
queous solutions of SMX:HP-�-CD at 25 ◦C.

olubility of SMX  in water (S0), according to the following equation:

c = Slope
S0(1 − Slope)

SMX  (pKa 5.6) mainly existed in its unionized form in aque-
us solutions of pH 4.7, which was the reason why the interaction
ith HP-�-CD occurred efficiently, and consequently, an important

ncrease in solubility was observed as a function of HP-�-CD con-
entration. The aqueous solubility of SMX  in water was 0.4 mg/ml.
his increased approximately 10.5 times (4.6 mg/ml) in 57.3 mM
P-�-CD solution, while 143.2 mM HP-�-CD caused a 20.2-fold rise

n the drug solubility (8.7 mg/ml). Therefore, these results showed
he large solubilizing effect of HP-�-CD. It seems that our results
re in good agreement with those obtained previously by Loftsson
t al. [25]. They have described the phase solubility studies of SMX
ith HP-�-CD and reporting KC value of 370 M−1.

.2. Aggregation behavior of SMX:HP-ˇ-CD complex

The formation of aggregates in aqueous solution and the criti-
al concentration for the SMX:HP-�-CD complex was studied, by
onductivity, to interpret the phase solubility diagrams observed.
n Fig. 3, a plot of conductivity is shown as a function of the
P-�-CD concentration for aqueous solutions of SMX:HP-�-CD at
5 ◦C. The results revealed a significant increase in the conduc-
ance of the solutions caused by SMX:HP-�-CD system compared
o pure HP-�-CD (with this latter value has already been deter-

ined in our previous work, [26]), demonstrating that the complex
MX:HP-�-CD was more effective as charge carrier than the free
acromolecule in aqueous solution, because the conductivity of
ater is dependent on the concentration of the conducting species
resent. A break point on the slope of the plot demonstrates that
t high concentrations of HP-�-CD was favored the formation of
ggregates. The critical concentration, defined as the point corre-
ponding to the maximum change in gradient of a physical property
f solution against ligand concentration, was determined from the
ntersection point of the linear segments, corresponding to the

onomeric and aggregate forms, and the best correlation coeffi-

ient was chosen. A value of was 70.99 mg/ml  (about 50.8 mM)
as determined, and its similarity with the value of 69.3 mg/ml

eported for free HP-�-CD [26] suggests that the complex forma-
ion did not affect the balance of the intermolecular forces that
d Biomedical Analysis 63 (2012) 74– 79

held the HP-�-CD molecules together in the aggregates. These
experimental results indicated that the self-association between
SMX:HP-�-CD complexes as well as that between free HP-�-CD
molecules and the complexes may  explain why the observed sol-
ubilization phenomena had a negative deviation from linearity at
higher host concentrations (Fig. 2).

Taken together, the results suggest that the increase in the sol-
ubility of SMX, at low concentrations of HP-�-CD, was  the result of
the formation of an inclusion complex. However, at ligand concen-
trations above the critical concentration, water-soluble aggregates
were formed, which possess the capacity to solubilize SMX  by form-
ing non-inclusion complexes [6].

3.3. Solid-state studies

The pure materials, the freeze-dried system SMX:HP-�-CD and
the corresponding physical mixture were examined.

3.3.1. Fourier-transform infrared (FT-IR) spectroscopy
In order to identify the polymorph form of SMX in the com-

mercial sample, the characteristic FT-IR bands in the region
3500–3100 cm−1 were examined. As shown in Fig. 4a, bands were
found at 3467.3 and 3375.7 cm−1 (NH2), 3300 cm−1 (NH) and
3143.7 cm−1 (CH), which are in agreement with the FT-IR spec-
trum corresponding to the SMX  form I reported by Takasuka et al.
[15]. Also, other bands were located at 1620.9 cm−1 (a combina-
tion of NH2 and isoxazole ring CN), 1596.9 and 1504 cm−1 (phenyl
ring C C), 1473.4 and 1380.8 cm−1 (isoxazole ring), 1307.5 and
1145.8 cm−1 (SO2), 926.2 cm−1 (SN), 884.3 cm−1 (isoxazole ring CH)
and 829.4 cm−1 (benzene ring CH). SMX  showed a large variation
in the hydrogen-bond pattern between polymorphs, and the poly-
morphic conversion resulted in a change in the hydrogen-bond
pattern of the amido proton. It is also noteworthy that Form I
appeared to have the weakest hydrogen bonds [13,27].

The FT-IR spectrum of the freeze-dried system (Fig. 4b) did
not reveal any new bands, although if SMX  and HP-�-CD form a
solid inclusion complex, the non-covalent interactions between
them such as hydrophobic interactions, Van der Waals interac-
tions and hydrogen bonds lower the energy of the included part of
SMX, thereby reducing the intensity of the corresponding absorp-
tion bands. Based on these considerations, the differences between
the spectra of SMX, freeze-dried system and the physical mixture
were analyzed to obtain supporting evidence of complexation. We
can see an absence of SMX  bands in the region 3700–3000 cm−1,
demonstrating that the aniline NH2, and the sulphonamide NH and
the CH of the isoxazole ring of the drug were involved in the inter-
action process. In addition, the band assigned to the combination of
the NH2 group and the CN isoxazole ring was  broader and shifted
to 1619.3 cm−1 with intensity reduction, indicating a host restric-
tion of vibration within the cavity of the HP-�-CD. The isoxazole
ring bands became broadened and shifted to lower frequencies of
1465.3 and 1376.2 cm−1, respectively, with the bands assigned to
SO2 group being broader and shifted to higher frequencies of 1325.9
and 1154.9 cm−1 respectively, suggesting that the sulphonamide
group of SMX  interacts with the groups of the host during inclusion
complexation. The characteristic band assigned to CH of the isox-
azole ring disappeared, and the band of the aromatic protons was
broader and shifted to a higher frequency of 838.6 cm−1. According
to these observations, there seemed to be formation of an inclu-
sion complex between SMX  and HP-�-CD in the solid state. In

contrast, the FT-IR spectra of the physical mixture (Fig. 4c) there
were no changes since they were derived from the superposition
of the spectra of the single components, suggesting the absence of
interactions.



C. Garnero et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 74– 79 77

F
S

3
t

m
2

Fig. 5. (a) DSC curves of SMX (solid line), SMX:HP-�-CD freeze-dried (short dash)
SMX:HP-�-CD physical mixture (dash dot line) and HP-�-CD (broken double dash
line). (b) TGA curves of of SMX  (solid line), SMX:HP-�-CD freeze-dried (short dash)
SMX:HP-�-CD physical mixture (dash dot line) and HP-�-CD (broken double dash
line).

cess. The considerably higher temperature needed for degrading
ig. 4. FT-IR spectra of: (a) SMX, (b) HP-�-CD, (c) SMX:HP-�-CD freeze-dried, (d)
MX:HP-�-CD physical mixture.

.3.2. Differential scanning calorimetry (DSC) and
hermogravimetric analysis (TGA)
The DSC and TGA profiles in Fig. 5 SMX  showed a sharp endother-
ic  peak at 170.5 ◦C due to drug melting. The exothermic peak at

83.8 ◦C ascribed to the oxidation of evolved products [28] was
associated with a loss in the mass fraction of 30%, between 200
and 300 ◦C in the TGA curve. HP-�-CD exhibited a typical broad
endothermic peak between 50 and 175 ◦C, which resulted from a
dehydration process (6.5% mass loss) that corresponded to a loss of
about 4.5 water molecules per HP-�-CD molecule. Also, at temper-
ature higher than 300 ◦C, the CD decomposition began to appear.

The DCS curve of the binary freeze-dried system showed com-
plete disappearance of the SMX  melting peak, indicating molecular
encapsulation of the drug inside the CD cavity. Interestingly, the
TGA curve for the system showed that the dehydration stage con-
tained only 3.3% of water compared to the 5.0% present in the
physical mixture, which indicates that most of the water molecules
in the HP-�-CD cavity were replaced by SMX during the inclu-
sion process. In addition, in the physical mixture, the characteristic
events observed for the individual curves of SMX  and HP-�-CD
were also found.

Finally, the TGA curves showed mass losses indicating the fol-
lowing order of thermal stability: freeze-dried system > physical
mixture > SMX, with the drug being thermally stable up to 243, 234
and 200 ◦C, respectively. Furthermore, the mass loss observed for
the freeze-dried system and physical mixture occurred through a
fast process whereas the mass loss for SMX  began as a slow pro-
the freeze-dried system compared with the pure drug, suggests a
substantial enhancement of the thermal stability of SMX  in solid
state through the formation of the inclusion complex.
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Fig. 6. Scanning electron microphotographs of: SMX  (a) powder and (b) freeze-dried, HP-�-CD (c) powder and (d) freeze-dried; SMX:HP-�-CD freeze-dried (e and f);
S ed com

3

w
p

MX:HP-�-CD  physical mixture prepared with (g) pure powders and (h) freeze-dri
.3.3. Scanning electron microscopy (SEM)
Supporting evidence for complexation of SMX with HP-�-CD

as also obtained from SEM microphotographs (Fig. 6). Sam-
les of SMX  and HP-�-CD freeze-dried powders were included
ponents.
in the assays to evaluate the effect of the lyophilization pro-
cess on the morphology of the solids used to prepare the solid
systems. SMX  showed a plate like habit crystal, compact struc-
tures can be observed with irregular shapes and different sizes,
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haracterized by a smooth surface. Their morphology was not
ffected by the lyophilization process. On the other hand, the HP-
-CD microphotographs reveal hollow spherical particles with a
road size distribution (10–50 �m).  In addition, large particles were
etected containing smaller particles, which may  be assumed to be
n aggregation of HP-�-CD in the solid powder. However, the HP-�-
D freeze-dried appeared in the form of irregular particles in which
he original morphology disappeared.

The images of the freeze-dried system showed a less crystalline
tructure. By image magnification, it was possible to visualize lam-
nated structures of irregular size and shape, with smooth surfaces
nd a fragile aspect. By contrast, both physical mixtures, pre-
ared with pure powders or freeze-dried components, showed
he characteristic crystals of SMX  mixed with particles of HP-�-
D, confirming the presence of crystalline drug and revealing the
bsence of interaction in the solid system.

Considering the drastic change in the shape of particles obtained
y the freeze-dried method in which the original morphology of
oth components disappeared, together with their differences with
he systems obtained by physical mixing, reveals a solid-state inter-
ction and constitutes clear evidence of a new solid phase formation
esulting from the molecular complexation of SMX in the cavity of
P-�-CD.

. Conclusions

This study clearly evidence that the complexation with HP-�-CD
s an effective strategy to increase the solubility of SMX  form I. Fur-
hermore, the results show that the ligand is capable of producing
inary complexes in solution and solid state.
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a  b  s  t  r  a  c  t

Diffraction  and  spectroscopic  methods  were  evaluated  for quantitative  analysis  of binary  powder  mix-
tures  of  FII(6.403)  and  FIII(6.525)  piracetam.  The  two polymorphs  of  piracetam  could  be  distinguished
using  powder  X-ray  diffraction  (PXRD),  Raman  and  near-infrared  (NIR)  spectroscopy.  The  results  demon-
strated  that  Raman  and  NIR  spectroscopy  are  most  suitable  for  quantitative  analysis  of  this  polymorphic
mixture.  When  the  spectra  are  treated  with  the  combination  of  multiplicative  scatter  correction  (MSC)
eywords:
iracetam polymorphs
uantitative analysis
owder X-ray diffraction
aman spectroscopy
ear-infrared spectroscopy

and second  derivative  data  pretreatments,  the  partial  least  squared  (PLS)  regression  model  gave  a  root
mean  square  error  of  calibration  (RMSEC)  of  0.94  and  0.99%,  respectively.  FIII(6.525)  demonstrated  some
preferred  orientation  in  PXRD  analysis,  making  PXRD  the least  preferred  method  of  quantification.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Polymorphism is a well recognized phenomenon whereby a
ure chemical compound may  exist in two or more structural
rientations, each displaying different physical characteristics.
seudo-polymorph—solvates and hydrates which have a molecule
f solvent included in the crystal structure are also possible. As dif-
erent polymorphs display individual physical properties, such as
ensity, melting point and solubility, polymorph purity is vitally

mportant to the manufacture of chemicals, in particular, phar-
aceuticals. Production of an unwanted, or impure, polymorph
ill give a product that most likely will not satisfy the intended
urpose, or processing characteristics, of the required polymorph.

dentification and quantification of polymorphic forms has become

 necessary requirement in the production of modern day pharma-
euticals [1,2].
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A range of analytical techniques have proven suitable
for the analysis and quantification of polymorphic mixtures.
Powder X-ray diffraction (PXRD) [3–11], near-infrared spec-
troscopy (NIR) [12–16],  attenuated total reflectance infrared
(ATR-IR) spectroscopy [14], diffuse reflectance infrared spec-
troscopy (DRIFTS) [4,17],  Raman spectroscopy [7,9,14,18–21] and,
more recently, solid state 13C CPMAS NMR  spectroscopy [22] have
been used to successfully quantify polymorphic mixtures with
methods ranging from simple univariate correlations to more com-
plicated multivariate chemometric approaches.

Piracetam (2-oxo-1-pyrrolidine acetamide) is a polymorphic
drug compound (Fig. 1) with five reported polymorphs, of which
two  (FIV and FV) are obtained only under high pressure (>0.5 GPa)
conditions [23]. The remaining polymorphs FI, FII and FIII, have
been identified and structurally characterized under ambient con-
ditions [24,25].  FI is highly unstable at ambient conditions and can
be isolated only by heating FII or FIII to 400 K and then quenching
to room temperature. It transforms back to FII in the solid state
within a few hours, and, as such, is not of much practical relevance.

FII is metastable, and FIII is the stable polymorph at ambient condi-
tions, as determined by melting data [25]. A quantification model
for polymorphic mixtures of FII and FIII piracetam is desired to
investigate the solution mediated polymorphic transformation of

dx.doi.org/10.1016/j.jpba.2012.01.013
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:Denise.Croker@ul.ie
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of 250–3310 cm−1 with 4 cm−1 resolution. Each sample was ana-
Fig. 1. Chemical structure of piracetam (2-oxo-1-pyrrolidine acetamide).

II to FIII. To our knowledge, no efforts have been made in pub-
ished literature to quantify mixtures of FII and FIII piracetam.
hroughout the literature there is some confusion over the nomen-
lature of the different polymorphs. In this work the system used
or identifying the polymorphs is simply the form number followed
y the a lattice parameter reported for the particular polymorph

n the Cambridge Crystallographic Data Centre (CCDC) in brack-
ts, so that Form II and Form III will subsequently be referred to
s FII(6.403) and FIII(6.525) respectively. The reference codes for
iracetam FII(6.403) and FIII(6.525) in the CCDC are BISMEV and
ISMEV01, respectively.

As polymorphs differ fundamentally in their crystal structure,
owder X-ray diffraction (PXRD) has become the gold standard for
olymorph analysis [2,26].  Quantification using PXRD is based on
he principle that the intensity of diffraction peak for a component
n a mixture is related to the concentration of that component in
he mixture [27]. A number of different peak parameters on PXRD
atterns can be used for this analysis: peak height intensity [4],  a
atio of peak height intensity [6],  and peak area [7–9] being the
ost common in univariate analysis. Pharmaceutical compounds

resent an issue for X-ray diffraction analysis in that these mate-
ials can tend to display a high degree of preferred orientation.
his can lead to difficulty in obtaining good quality, representative,
eproducible diffractograms. Campbell Roberts et al. completed a
omprehensive quantitative study for binary mixtures of mannitol
olymorphs, and investigated the effect of preferred orientation on
he quantification [5].  For particle sizes below 125 �m, this effect
as deemed negligible. However, grinding pharmaceutical prod-
cts to achieve this small particle size is not always feasible, as
rinding may  induce some phase transformation.

In addition to PXRD methods, vibrational spectroscopy, such as
IR, MIR, and Raman spectroscopies, can be used for rapid char-
cterization and quantification of polymorphs of pharmaceutical
aterials. NIR is associated with the overtones and combination
odes of fundamental molecular vibrations that occur in the NIR

o IR spectral region [28]. The coupling of NIR with chemometrics
llows for interpretation of the resulting broad spectra and it is a
echnique widely used in pharmaceutical environments, in reaction

onitoring, quality control and quantification of pharmaceutical
aterials [29,30].  For Raman spectroscopy the gross selection rule

s that for a Raman active vibration to occur there must be a change
n polarizability of the molecule during its molecular vibration
31]. As many active pharmaceutical ingredients (APIs) contain aro-

atic functional groups with symmetric vibrational modes, they
re considered to be strong Raman scatterers. Raman spectroscopy
equires little or no sample preparation, and allows for in situ analy-
is and high chemical specificity. However fluorescence of samples
an obscure useful spectral information, although this may  be over-
ome by use of NIR excitation and/or the application of various
ata pre-processing methods. Raman Spectroscopy has been uti-

ized successfully for the quantification of polymorphic mixtures,
ablets, capsules and for inline analysis of fluid bed drying processes
32–36].
The objective of this work is to develop and compare quan-
ification models for binary mixtures of FII(6.403) and FIII(6.525)
iracetam using PXRD, Raman, and NIR spectroscopy.
nd Biomedical Analysis 63 (2012) 80– 86 81

2. Materials and methods

2.1. Preparation of polymorphs

Piracetam was supplied by AXO Industry Ltd., Belgium, and
complies with European Pharmacopoeia standards (CAS Number:
7491-74-9). Methanol was reagent grade. 10 g of the FIII(6.525)
polymorph of piracetam was  prepared by recrystallization from
methanol [1]. The FII(6.403) polymorph was prepared by heat-
ing 5 g of FIII(6.403) crystals to 140 ◦C for 72 h, and storing under
ambient conditions for 5 days [2].  Isolation of pure polymorphic
forms was confirmed using PXRD, DSC, and ATR-FTIR spectroscopy
(Supplementary Information).

2.2. Preparation of polymorphic standards

The pure forms were ground individually in an agate mortar
with a pestle for 30 s each, and a 90–125 �m sieve fraction col-
lected for standard preparation. The possibility of any phase change
occurring during grinding was  discounted by testing a control sam-
ple before and after grinding. 100 mg binary calibration mixtures
containing 0, 1, 5, 10, 20, 30, 40, 50 60, 70, 80, 90, 95, 99 and
100% of FII(6.403), with the remaining mass balance provided by
FIII(6.525), were prepared by gentle mixing of weighed quantities
of both polymorphs in an agate mortar with pestle. Validation mix-
tures containing 15, 50, 75 and 85% of FII(6.403) were prepared in
the same way.

2.3. X-ray powder diffractometry

Diffraction patterns of the samples were obtained in reflectance
mode using a Phillips PANalytical X’Pert MPD Pro instrument with
a Cu K� source (� = 1.5418 Å), nickel filter, fixed divergence slit
of 1/2◦, and accelerating voltage and anode current set as 40 kV
and 35 mA,  respectively. Data was recorded over the range 8–35◦

2�, using a step size of 0.017◦ 2�, a count time of 33 s per step,
a scan speed of 0.064◦ 2�/s, and a sample rotation of 4 rpm using
PANanalytical Data Collector, version 2.0.

The polymorph mixture was placed on a silicon crystal zero-
background disc, which was mounted into a sample holder using
a clip. The sample surface was  smoothed with a glass slide. The
samples were measured consecutively in triplicate. Sample prepa-
ration using pressed cellulose discs was  also attempted, but this
was  found to result in amplified preferred orientation effects in the
recorded diffraction patterns.

Reference PXRD patterns for the FII and FIII polymorph were
generated with the CIF files BISMEV and BISMEV01, respectively,
from the Cambridge Crystallographic Data Centre (CCDC), using
Mercury 2.4.

2.4. Raman spectroscopy

Raman spectra were collected at room temperature using a
RamanStation spectrometer (AVALON Instruments Ltd., Belfast,
Northern Ireland; now PerkinElmer) equipped with 785 nm laser
diode excitation, cooled (−77 ◦C) CCD detector, and a motorized
XYZ sample stage. The samples were placed in aluminum crucibles
(Thorn Scientific Services Ltd., UK) of 2 mm depth and 5 mm diam-
eter and measured with a laser power of 79.9 mW at the sample
(spot size ∼200 �m).  An exposure time of 2 s × 10 acquisitions was
used for each measurement and spectra were collected over a range
lyzed on a 3 × 3 grid with 0.5 mm spacing to reduce sub-sampling
effects. An average spectrum was calculated from the 9 individual
spectra.
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.5. NIR spectroscopy

NIR data were collected using a PerkinElmer Spectrum One spec-
rometer fitted with an NIR reflectance attachment. NIR spectra
ere collected with interleaved scans in the 10,000–4000 cm−1

ange with a resolution of 8 cm−1, using 32 co-added scans. Sample
ials (SUN-Sri Ltd.) were shaken and repositioned between tripli-
ate measurements of each sample.

.6. Data analysis

X’Pert HighScore Plus software (PANalytical) was  used to calcu-
ate peak height intensity and area, and correct the shifts along the
� axis for PXRD scans. The cubic spline data interpolation tech-
ique was then used to reconstruct the PXRD scans. Multivariate
ata analysis was carried out using The Unscrambler v9.8 software
Camo, Norway). To remove unimportant baseline (offset) inter-
erences from samples or correct scatter effects and accentuate
pectral signals of interest, various different pre-processing meth-
ds, including multiplicative scatter correction (MSC), standard
ormal variate (SNV), first and second derivative and their combi-
ations were applied for Raman and NIR data. Savitzki-Golay first
nd second derivative calculations were performed with a window
ize of 15 points and a second order polynomial. Mean normal-
zation was used for PXRD data. The PXRD and spectroscopic data

ere subjected to mean centering prior to partial least squares (PLS)
nalysis. The optimal number of PLS factors was determined by
sing a leave-one-out cross validation procedure. The performance
f the model was evaluated by using the correlation coefficient
R2) and root mean square error (RMSE) of the calibration (RMSEC),
ross-validation (RMSECV) and prediction (RMSEP). RMSE was  cal-
ulated using the following equation,

MSE =
√∑n

i=1(yi − ŷi)
2

n
(1)

here ŷi, yi and n represent the calculated value, the actual value
nd the number of samples.

. Results and discussion

.1. Characterization of piracetam polymorphs

Production of the pure FII(6.403) and FIII(6.525) polymorphs
as confirmed with PXRD, DSC and FTIR analysis, as seen in Fig. 2

nd Supplementary Information. The experimental PXRD patterns
ere compared to the theoretical patterns (Fig. 2) and no poly-
orph impurity was detected. Some preferred orientation was

vident in the FIII(6.525) pattern. Transmission mode PXRD could
ave provided for superior diffraction results, but this capability
as not available in this study. The FTIR spectra and DSC ther-
ograms (Supplementary Information) were compared to those

ublished by Pavlova [24] and Kuhnert-Brandstaetter et al. [25].
he endothermic peaks in the DSC thermograms indicted that the
ransformation to FI(6.747) at 114 and 120 ◦C in FII(6.403) and
III(6.525), respectively and melting of FI(6.747) at 152 ◦C.

.2. Powder X-ray diffraction analysis

Diffraction patterns for the pure polymorphs were examined
o identify regions of sufficient selectivity for either polymorph to
e used for quantification studies. A region with a well resolved

iffraction peak, showing no overlap with the corresponding region
or the alternative polymorph was desired. The (1 0 1) peak of
II(6.403) at 15.8◦ 2� and the (0 1 4) peak of FIII(6.525) at 25.7◦

� were selected, and the change in intensity of these peaks as
Fig. 2. Theoretical and experimental PXRD patterns of FII(6.403) and FIII(6.525) of
piracetam.

a function of FII(6.403) content is shown in Fig. 3. Accordingly, a
simple univariate quantification method was  attempted using the
PXRD data [37]. The PXRD patterns for calibration samples were
analyzed quantitatively by calculating the percentage of FII(6.403)
using peak height intensities and area (Eq. (2),  K = 1), and relating
this to the measured percentage weight composition. The use of
a response factor, K, to account for the difference in peak inten-
sity, or area, observed for the (1 0 1) peak of FII and the (0 1 4)
peak of FIII(6.525) in the diffraction pattern of pure FII(6.403) and
FIII(6.525), respectively, was also assessed.

XA = IA
IA + (IB + K)

(2)

K = IAo

IBo
(3)

The peak intensity and area for PXRD data were calculated with
the X’Pert HighScore Plus software, which uses a mathematical
function designed to identify the peaks present in the experimental
pattern and their exact position and area. The settings used for this
procedure were a minimum peak significance of 1.00, minimum
tip width of 0.01◦ 2�, maximum tip width of 1.00◦ 2�, and a peak
base width of 2.00◦ 2�. The univariate calibration correlations for
26242220181614

Diff raction ang le 2 θ (o)

Fig. 3. PXRD patterns of different piracetam FII(6.403) and FIII(6.525) binary mix-
tures, and the content of FII from bottom to top is: 0, 20, 40, 60, 80, 100%.



D.M. Croker et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 80– 86 83

0 20 40 60 80 10 0

0

20

40

60

80

100

y = 1 .004 1x-2.3810

  R
2 
= 0.9892

y = 1.0139 x+2.5468

    R
2 
= 0.9824

P
e

a
k
 a

re
a

Measured c onten t of  FII ( %)

0 20 40 60 80 10 0

0

20

40

60

80

100

y = 0.9628x+0.7213

  R
2 
= 0.9927

y = 0.967 1x+6.505 3

   R
2 
= 0.9774

P
e

a
k
 i
n

te
n

s
ti
y
  

Measure d con tent  of F II ( %)

)b()a(
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Table  1
Performance of the regression models for quantifying FII(6.403) in binary mixtures using different analytical methods.

Methods Pretreatments R2 PLS factors RMSEC (%) RMSECV (%) RMSEP (%)

PXRD (peak intensity) Without K 0.977 5.20 4.64
With  K (=1.54) 0.993 2.94 1.91

PXRD  (peak area) Without K 0.982 4.58 6.71
With  K (=1.52) 0.989 3.57 8.13

1 2.07 2.17 1.81
1 0.94 1.06 1.21
1 0.99 1.11 0.64
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PXRD  (PLS) Mean normalization 0.997 

Raman (PLS) MSC  and 2nd derivative 0.999 

NIR  (PLS) MSC  and 2nd derivative 0.999 

inear correlation coefficient was achieved when a response factor
 was used with the peak intensity data. The calibration model(s)
as tested by using a set of validation standards, and the results

re presented in Table 2.
The limit of detection (LOD) and limit of quantification (LOQ) for

ach correlation were calculated using Eqs. (3) and (4),  the standard
eviation (STD) of three measurements of a sample with 95% FIII
nd the slope (m)  of the calibration plot for the peak intensity and
eak area:

OD = 3 × STD
m

(4)

OQ = 10 × STD
m

(5)

Multivariate calibrations were performed on the 15.1–21.0 and
2.8–26.1◦ 2� range excluding the reflection around 21.3◦ and 21.7◦

hich exhibited extraordinary intensity variation with the concen-
ration change of FII(6.403), as shown in Fig. 3. The PLS regression
nalysis used 45 PXRD scans from 15 calibration samples. The best
alibration model (requiring only 1 PLS factor) was achieved for
he quantification of FII(6.403) in the binary mixtures when PXRD

atterns of calibration samples were subjected to mean normal-

zation. The RMSEC, RMSECV and RMSEP values are presented in
able 1 and the results show a significant improvement over the
nivariate analysis using peak intensity or peak area. A good linear

able 2
omparison of the three techniques for the quantification of FII(6.403) in validation samp

Actual fraction of FII (%) PXRD (peak intensity with K = 1.54) 

15.12 18.02 

24.58  25.74 

49.95 52.01 

74.95 74.20 

LOD  0.88 

LOQ 2.68 
Fig. 5. Correlation curve of predicted vs. measured content of FII in FIII using PXRD
by PLS analysis.
relationship was observed between the PLS predicted content of
FII(6.403) against the measured content (Fig. 5) with R2 of 0.997.
LOD and LOQ for the multivariate method were estimated using the
same sample, and similar results were obtained (Table 2).

les and calculated limits of detection (LOD) and quantification (LOQ).

PXRD (PLS) Raman (PLS) NIR (PLS)

16.95 14.53 14.59
25.57 25.10 24.79
47.69 51.26 49.14
76.86 76.59 74.13

0.75 1.48 0.84
2.26 4.47 2.56
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Fig. 6. (a) Raman and (b) NIR spectra of the

.3. Raman and NIR spectroscopic analysis

Raman spectroscopy has distinct advantages in the analysis
f solid materials because of the minimal sample preparation
equired and the non-contact, non-destructive nature of the mea-
urement. Different polymorphs of the same compound have
ifferent packing of molecules, and so the Raman spectra of the
arious polymorphs will be different due to subtle differences
n molecular vibrations and rotations. Recently, the polymorphic
orm (FII(6.403) or FIII(6.525)) of piracetam produced from a cool-
ng crystallization in ethanol was successfully monitored in situ
y Raman spectroscopy [38]. Fig. 6a shows the Raman spectra
from 250 cm−1 to 3310 cm−1) for the polymorphs FII and FIII of
iracetam. The band at 3140 cm−1 is due to symmetric stretch-

ng vibrations of NH2 while the 2750–2990 cm−1 bands can be
ssigned to the symmetric and anti symmetric stretching vibrations
f the CH2 groups. The 1680 and 1650 cm−1 bands are ascribed to
he C O stretching vibrations in the ring and acetamide, respec-
ively. The remaining Raman band assignments can be found in
he literature [39]. It is noted that there are some differences
n the Raman spectra of these two polymorphs. For example,
II(6.403) has one characteristic amide peak at 1654 cm−1, while in
III(6.525) the band is split into two at 1658 and 1648 cm−1. There
s also a peak specific to FIII(6.525) at 1410 cm−1 and band shifts
n the region 1530–1370 cm−1. Furthermore, band shifts are also
bserved between of 890–750 cm−1 which are related to changes
n the bond lengths and angles made by atoms adjacent to the
arbonyl group.

Partial least squares (PLS) regression analysis was  carried out
sing the whole and several selected spectral regions of interest
RoI). In addition, various pretreatment methods, including SNV,

SC, derivative and their combinations were used to reduce the
ffect of systematic variations, which are not related to the mea-
ured parameters. The results suggested the spectral region from
730 to 1370 cm−1 was the most suitable for quantification and
herefore selected for the model. The best PLS model was achieved
or the quantification of FII(6.403) in these two binary mixtures
hen Raman data subjected to MSC  and 2nd derivative treatment.
SC  has been proved useful as it eliminated any light scattering
rom the powders and then subsequent use of the 2nd derivative
n these pre-processesd spectra gave more meaningful quanti-
ative models with low RMSEC and RMSEP values of 0.94% and
.12%, respectively. The plot of predicted vs. measured content of
mc(rebmunevaW )

etam batches FII and FIII used in this study.

FII(6.403) is presented in Fig. 7a and shows an R2 value of 0.999
with high linearity.

NIR spectroscopy is also suitable for quantitative polymorph
analysis and the method has been successfully applied to a
wide variety of solid state characterizations [12–15,18,21]. The
NIR spectra (Fig. 6b and Supplementary Information) of these
two  polymorphs show some differences in the 5870–5600 and
4314–4080 cm−1 spectral regions. For example, FII(6.403) has one
peak at 5724 cm−1, while FIII(6.525) has two  peaks at 5748 and
5708 cm−1. In addition, FII(6.403) has one peak at 4364 cm−1, while
FIII(6.525) has two peaks at 4380 and 4358 cm−1. These two  spec-
tral RoIs were combined and used to construct PLS model. The
optimal PLS model was generated after assessing the effects of
several different pretreatments and combinations thereof. This
optimal model was obtained by using a combination of MSC  and
2nd derivative pretreatments, which gave a good linear relation-
ship (R2 = 0.999) between the predicted and measured FII(6.403)
content (Fig. 7b). LOD and LOQ for the multivariate Raman and NIR
based models were estimated from the mixtures containing 95% of
FIII(6.525), and the results are listed in Table 2.

3.4. Comparison of the three techniques

The above results clearly show that accurate quantification of
FII(6.403) in binary mixtures with FIII is possible by either PXRD
or spectroscopic analysis, but the spectroscopic methods outper-
form PXRD. This is evident from the 95% confidence internals
(Figs. 5 and 7) where those of PXRD are much wider than for the
Raman or NIR techniques. The RMSEC and RMSEP values for the
Raman and NIR models are also significantly smaller than the PXRD
model. To further compare the accuracy of these three techniques, a
set of validation samples containing different amounts of FII(6.403)
were analyzed (Table 2). For example, determination of the sample
15% FII(6.403), Raman and NIR proved to be the most accurate, fol-
lowed by PXRD with PLS analysis, while PXRD with peak intensity
was  the least accurate. However as the FII(6.403) content increases
the differences decrease, and, overall, NIR gives the most accurate
predictions.

It is well known that sample homogeneity is very important in

the quantification of solid powder mixtures. In this study, all the
samples were sieved using a 90–125 �m sieve fraction and sam-
ples were rotated during the PXRD acquisition. Nine measurements
(from a 3 × 3 grid with 0.5 mm  spacing) were performed on each
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Fig. 7. Correlation curve of predicted vs. measured conten

ample for the Raman measurements to reduce potential errors
hich could arise from the small sampling size. To clarify this, the

elative standard deviation (RSD) values of quantitation of the 95%
III sample obtained from the average spectrum and from individ-
al spectra were 6.22% and 58.81%, respectively. The results clearly
how that the increase in sampled volume using the 3 × 3 mapping
educes the errors associated with sub-sampling. NIR spectra were
ollected from glass sample vials and the spectra were recorded
rom a sample area which was 15 mm in diameter. Each sample
as measured in triplicate to reduce sampling errors arising from

ocal inhomogeneity [14].

. Conclusion

Binary polymorphic mixtures of the nootropic drug piracetam
ave been prepared and analyzed quantitatively by PXRD, Raman
nd NIR spectroscopy, coupled with univariate and multivariate
nalysis. The spectroscopic techniques gave superior correlation
nd proved accurate in quantifying a validation data set. The
III(6.525) polymorph of piracetam exhibits a degree of preferred
rientation in XRD analysis, making quantification with this tech-
ique less accurate.
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a  b  s  t  r  a  c  t

This  paper  describes  the  development  and  validation  of a multivariate  method  based  on  transmittance
NIR  spectroscopy  for simultaneous  quantification  of  l-�-phosphatidylcoline  (LPC)  and  cholesterol  (CHO).
Method  development  was  based  on  a D-optimal  experimental  design  consisting  of  16 LPC–CHO  mixtures.
Calibration  models  were  generated  by  partial  least-squares  (PLS)  and  principal  component  regression
(PCR)  method  followed  by leave-one-out  cross-validation.  Among  the  spectra  pretreatment  methods
eywords:
IR spectroscopy
LS
-�-Phosphatidylcoline
holesterol

tested,  Norris  Gap first  derivative  was  the  best  for  both  LPC  and  CHO  quantification,  combined  with  PLS
multivariate  method.  The  method  was  validated  (trueness,  precision,  accuracy)  for  the concentration
range  50–150%  of  the  expected  concentration  in  liposomes.  This  method  was  successfully  applied  for  the
characterization  of liposomes  prepared  using  the  two  excipients.

© 2012 Elsevier B.V. All rights reserved.

iposomes

. Introduction

Phosphatidylcholine (PC) is the principal component of egg
ecithin, which represents the major structural component of cel-
ular membranes. Lecithin is used in a variety of pharmaceutical
roducts as dispersing, emulsifying and stabilizing agent, for its
bsorption-enhancing properties and as component of enteral
nd parenteral nutrition formulations [1].  Also, they are com-
only used for the preparation of liposomes, vesicles consisting

f one or more concentrically ordered assemblies of phospholipids
ilayers. For liposomes preparation, egg phosphatidylcholine and
hospholipids such as phosphatidylserine, synthetic dipalmitoyl-
l-�-phosphatidylcholine or phosphatidylinositol, are used in
ssociation with cholesterol (CHO) and positively or negatively
harged amphiphiles such as stearylamine or phosphatidic acid [2].

Cholesterol, another important component of most natural
embranes, is used in cosmetics and topical pharmaceutical for-
ulations as an emulsifying agent [1]. CHO is incorporated in the

ipid bilayer of liposomes to increase their stability by modulat-
ng the fluidity of the lipid bilayer, preventing crystallization of the

hospholipids acyl chains and providing steric hindrance to their
ovement [3].

∗ Corresponding author at: Department of Pharmaceutical Technology and Bio-
harmaceutics, Faculty of Pharmacy, 41 Victor Babes, 400012 Cluj-Napoca, Romania.
el.: +40 264595770; fax: +40 264595770.
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731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.017
The characterization of liposomes usually is done through phos-
pholipids content and the ratio between phospholipids and drug
content of these carriers. However, phospholipids are difficult to
be quantified by conventional and current techniques. Several col-
orimetric methods are usually applied for phosphate assay, but
they can be used only after destruction of phospholipids to inor-
ganic phosphate or after derivatization of the phospholipids with a
chromophore and they are quite time consuming [4–6]. Besides col-
orimetric methods, high-performance liquid chromatography with
evaporating light scattering detector or mass spectroscopy [7–9]
and enzyme-based assays [10,11] could be implemented.

In this work we  have developed a suitable analytical method
for the quantification of LPC and CHO in the same sample, as a
review of the literature showed that currently there are no meth-
ods available for this purpose. In the context of the above presented
difficulties in phospholipids quantification, the near infrared spec-
troscopy (NIR) has been chosen as an alternative. NIR spectroscopy
has numerous applications in the pharmaceutical field, includ-
ing determination of physical parameters, polymorphs, moisture
and chemical composition (active pharmaceutical ingredient and
excipients) of pharmaceuticals [12]. Our group of research has
recently developed a NIR–chemometric method for the quantifi-
cation of meloxicam as active pharmaceutical ingredient and two
excipients in tablets which is readily applicable to tablet testing
[13]. The use of this technique in liposomes’ characterization has

first been described by Christensen et al. [14] who  determined
simultaneously the lipid (dimethyldioctadecylammonium bromide
and trehalose-dibehenate) and lyoprotector in a liposomal vaccine
adjuvant system.
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Table 1
Composition of calibration set, according with a D-optimal experimental design.

Exp. name X1 (�g/ml) X2 (�g/ml)

N1 2000 200
N2 3000 200
N3 5000 200
N4 6000 200
N5 2000 300
N6 4000 300
N7 6000 400
N8 2000 500
N9 4000 500
N10 2000 600
N11 3000 600
N12 5000 600
N13 6000 600
N14 4000 400
N15 4000 400
N16 4000 400
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Golay), derivatives (Norris Gap first derivative, Norris Gap second
1, lecithin and X2, cholesterol.

This paper describes the development of NIR spectro-
hotometric–chemometric method reliable for simultaneous
uantification of LPC and CHO, the validation of the method and
nally its application in the characterization of LPC–CHO liposomes.

. Materials and methods

.1. Materials

l-�-Phosphatidylcoline (LPC, lecithin) (≥50%, TLC) was from
igma–Aldrich (Germany), and cholesterol (CHO) (>98%) was
rovided by Avanti Polar Lipids (USA). All the other reagents
chloroform, ethanol, phosphates) were of analytic grade purity,
ommercially available.

.2. Samples

.2.1. Preparation of calibration samples
Stock solutions of LPC and CHO (with a concentration of

6 mg/ml  and 1.6 mg/ml, respectively) were separately prepared
y dissolving 800 mg  LPC and 80 mg  CHO in 50 ml  of chloroform.
ive standard solutions of LPC (2, 3, 4, 5 and 6 mg/ml) were pre-
ared by dilution of the stock solution with appropriate volume of
hloroform. Similarly, the CHO standard solutions (0.2, 0.3, 0.4, 0.5
nd 0.6 mg/ml) were prepared by dilution of stock solution with
ppropriate volumes of chloroform. Finally, a training calibration
et (Table 1) of 16 standard mixtures containing LPC and CHO in
hloroform was prepared according with a D-optimal experimen-
al design, developed in Modde 9.0 Software (Umetrics, Sweden).
or that purpose, stock solutions of LPC and CHO were used and
ere appropriately diluted with chloroform to give reference mix-

ures with concentration values within the range 2–6 mg/ml  for
PC, and 0.2–0.6 mg/ml  for CHO.

.2.2. Preparation of validation samples
The NIR method was validated in order to demonstrate that

his analytical tool is suitable for its intended use. For validation
urpose, 3 independent series (corresponding to 3 different days)
ere prepared at 3 concentration levels for both LPC (3, 4 and

 mg/ml) and CHO (0.3, 0.4 and 0.5 mg/ml). For each concentration

evel 6 independent mixtures were prepared and analyzed (18 sam-
les/day). The validation set was prepared using the same LPC and
HO stock solutions used for the preparation of calibration samples.
d Biomedical Analysis 63 (2012) 87– 94

2.2.3. Preparation of liposomes
The liposomes were prepared using the “film method”. Briefly,

PC (50 �M/ml)  and cholesterol (5 �M/ml)  were dissolved in 5 ml
ethanol in a 300 ml  round-bottomed flask. After complete dissolu-
tion, the solvent was evaporated under reduced pressure at 50 ◦C
in a rotary evaporator, leading to the formation of a thin film of
lipids on the surface of the flask. In order to completely remove the
residual solvent, the film was maintained under a nitrogen gas flow
for 1 h. Then the film of lipids was hydrated with 5 ml  phosphate
buffered saline (PBS, pH = 7.8) for 15 min  at 37 ◦C. The liposomes’
dispersion was maintained overnight at 4 ◦C and then the lipo-
somes were separated by centrifugation (30 min, 8000 × g). Finally,
the liposomes were diluted to 5 ml  with the hydration buffer and
stored at 4 ◦C until analysis.

2.3. Calibration and validation protocol

An experimental protocol was followed for the calibration and
validation steps, in order to develop and validate the near infrared
method. Calibration and validation samples were prepared and
analyzed in 3 different days (3 series), using freshly prepared stock
solutions of LPC and CHO. The usual targeted concentration in lipo-
somes samples is 4 mg/ml  for LPC and this has been considered as
100% LPC content. The standard mixtures in the calibration set were
prepared on a concentration range of 50–150% of usual LPC content
(50, 75, 100, 125 and 150%), according to D-optimal experimental
design (Table 1). The validation has been conducted on independent
samples: 75, 100 and 125% of usual LPC content, in 6 replicates for
each concentration level. Similarly, the concentration of 0.4 mg/ml
has been considered as 100% CHO content. The standard mixtures
in the calibration set were prepared on a concentration range of
50–150% of usual CHO content (50, 75, 100, 125 and 150%), accord-
ing to D-optimal experimental design (Table 1). The validation has
been conducted on 6 independent samples in the range 75–125%
of usual CHO content (75, 100 and 125%). All the calibration and
validation samples were prepared in the laboratory.

2.4. NIR equipment and software

The NIR spectra were collected in the transmission mode, using
a multipurpose analyzer (MPA) near infrared (NIR) spectrometer
(Bruker Optics, Germany), with MPA-SC (Multi Purpose Analyzer-
Sample Compartment) configuration specially designed for liquids
analysis. The light transmitted through the sample is then mea-
sured using a sensitive indium gallium arsenide (InGaAs) detector
placed immediately next to it.

Each spectrum was recorded using OPUS 6.5 software (Bruker
Optics, Germany), over the range from 12500 to 4000 cm−1, with
a resolution of 8 cm−1, in a 20 mm diameter vial. Each spectrum
was the average of 32 scans. Chloroform was  used as reference
and its previously obtained spectrum was subtracted from samples’
spectrum.

2.5. Data processing

Spectra pre-processing methods were used in order to enhance
the information searched for the study, to decrease the influ-
ence of the side information contained in the spectra and finally
to construct the calibration methods. In this study, spectral pre-
processing methods were applied comparatively, and they were
smoothing (Smoothing – Moving Average, Smoothing – Savitsky
derivative) and deresolve.
The ability and efficiency of calibration were studied by estimat-

ing the standard variation of chemometric calibrations in the case
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f the investigated samples. The root mean square error of cross
alidation (RMSECV) has also been calculated.

The Unscrambler X software package (CAMO Software AS,
orway) has been used for multivariate regressions, with no spec-

ra pre-treatment as well as after applying pre-processing methods.
his software permits models’ validation by full cross-validation. In
his procedure, iterative calibrations were performed by removing
n turn each standard from the training set and then predicting the
xcluded sample with that calibration [15].

The regression methods were partial least squares (PLS) and
rincipal component regression (PCR) analysis. In PLS methods, the
egressions are computed with least squares algorithms, in order to
stablish a linear link between two matrices, the spectral data X and
he reference values Y. The goal is to find out the variables in the X

atrix that will best describe the Y matrix through linear combina-
ions of wavelengths, called factors, in order to find the maximum
ovariance between the X and Y matrices [12]. In PCR method, the
pectral data are treated first with principal component analysis
PCA), for the reduction of the number of variables (scores) and the
epresentation of a multivariate table in a low dimensional space.
he new variables are linear combinations of the original ones and
an be interpreted like spectra. In the second step a multi-linear
egression is performed on the scores as predictive variables, in
rder to establish a link between a reduced number of wavelengths
nd a property of the samples [2].

For validation purpose, the method developed using Unscram-
ler X software was then implemented in OPUS Quant software
Bruker Optics, Germany), because this software offers rapid anal-
sis for a large amount of samples. The calculation of validation
arameters (trueness, precision, accuracy) was realized using
icrosoft Office Excel 2007 (Microsoft Corporation, USA).

.6. Application of the method

The NIR–chemometric method was applied to determine the
C and CHO content in liposomes. In order to do that, liposomes
amples were evaporated at 40 ◦C for 24 h and the resulted film
as dissolved in 4 ml  of chloroform. The yield of liposome prepa-

ation process was also calculated as the ratio between the final
ipid concentration of liposomes and the initial lipid concentra-
ion used in the preparation process. For comparison, the yield
f the preparation process was also calculated using the phos-
holipids content determined by the method of Steward-Marshall
6,16].  In this method, liposomes samples were mixed with chloro-
orm (1.5 ml)  and reagent (0.1 mol/l ammonium ferrothiocyanate,
.5 ml)  and shaken vigorously. After shaking, the samples were
entrifuged and the absorbance of the organic phase was read at
90 nm.  A calibration curve was performed with LPC in chloroform.

. Results and discussions

The aim of our research was to develop an analytical method
uitable for the quantification of both materials (PC and CHO) used
n the preparation of liposomes by film hydration method. Although
C and CHO are widely used in the preparation of liposomes,
o analytical method specifically designed for their simultaneous
uantification has been described in the literature.

.1. Spectra investigation

The NIR spectra for PC at 3 concentration ranges (2000 �g/ml,

000 �g/ml and 6000 �g/ml) are presented in Fig. 1(a) and
he NIR spectra for CHO at 3 concentration ranges (200 �g/ml,
00 �g/ml and 600 �g/ml) are shown in Fig. 1(b). Seen from
ig. 1(a and b), the intensive spectral peaks are mainly in
 Biomedical Analysis 63 (2012) 87– 94 89

the region of 7000–4000 cm−1. In addition, significant differ-
ences in the absorption bands of PC and CHO are found in the
same region. As a result, for PC model development and future
analysis the spectral regions 7000–6100 cm−1, 5830–5450 cm−1,
5212–4300 cm−1, 4150–4000 cm−1 have been selected. Similarly,
for CHO model development and future analysis the spectral
regions 7000–6100 cm−1, 5830–5450 cm−1, 5212–4300 cm−1 have
been selected. As highlighted in Fig. 1, the negative bands in the
spectra were excluded from model development. These negative
bands were the result of subtracting the chloroform absorption
bands. Chloroform was  used as solvent and absorbs NIR radiation
only between 5970 and 5830 cm−1, 5400 and 5240 cm−1, 4300 and
4160 cm−1, the NIR spectral regions excluded from model develop-
ment.

3.2. Calibration of models

In this study, model development consisted in checking five
different spectra pretreatments in combination with the whole
spectra or different spectral regions containing strong bands of LPC
and CHO. The spectral regions used in analysis were selected before
applying any spectral pre-treatment method. Multivariate calibra-
tion using mathematical models was  then applied to analyze the
two excipients and the analysis was  improved by evaluating two
chemometric approaches based on PLS and PCR. After designing the
calibration model, its predictive ability was  tested with the samples
used during its development.

The first step in model development was to investigate the most
adequate pre-processing method. This investigation was mainly
based upon the choice of the number of factors (principal com-
ponents), and the calculation of RMSECV and R2.

The validation of the model was  done using cross-validation
method, leaving out one sample at a time, and the predicted con-
centrations were compared with the known concentrations of the
compounds in each sample. The RMSECV was  used as a diagnos-
tic test for examining the errors in the predicted concentrations,
as it indicates both precision and accuracy of predictions. It was
calculated upon addition of each new factor to the PLS and PCR
models. For each pre-processing method, the squared correlation
coefficient, R2, between actual known concentration and predicted
concentration was computed, in order to select the model with
good predictive ability. The predictive ability of the chosen model
was checked on independent samples during method validation
step.

An appropriate choice of the number of factors is necessary
for PCR and PLS calibration. The optimum number of factors was
selected by following the criterion of Haaland and Thomas [17]. The
selected model is that with the smallest number of factors such that
RMSECV for that model is not significantly greater than RMSECV of
the model with one or more additional factors.

The RMSECV and statistical parameters’ values for simultaneous
determination of PC and CHO, obtained by optimizing the calibra-
tion matrix of the absorption spectra for the PLS and PCR methods,
without data pretreatment as well as after applying different spec-
tra pre-processing methods are presented in Table 2. As seen in
this table, satisfactory correlation coefficient values between actual
and predicted concentrations are obtained for both LPC and CHO in
the training set by PLS and PCR optimized models, indicating good
predictive abilities of the models.

Concerning the results for LPC, the R2 values for all proposed
models were greater than 0.99, in both PLS and PCR algorithm. The

lowest number of PCR factors was 3 for (f) model and the lowest
number of PLS factors was also 3 for models (b), (c), (d) and (f).
Considering the RMSECV and bias for those models, together with
the R2 values and the number of factors, the (d) model, Norris Gap
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ig. 1. NIR spectra of lecithin and cholesterol for: (a) PC (2000 �g/ml, 4000 �g/ml an
efine the selected spectral ranges for the NIR model.

rst derivative, has been chosen as the best fitted model for LPC

uantification, using PLS algorithm.

In the case of CHO, only (c) model with PLS algorithm resulted
n R2 value greater than 0.99. For PCR regression, the best R2

as obtained in Norris Gap first derivative model while for PLS

able 2
tatistical parameters and number of principal components for LPC and CHO in the PL
retreatments.

Pre-treatment Model No. of PC RMSECV 

LPC CHO LPC 

(a) PLS 4 7 108.50 

(b)  PLS 3 5 150.58 

(c)  PLS 3 7 142.07 

(d)  PLS 3 4 112.26 

(e) PLS 4 7 120.71 

(f)  PLS 3 5 135.40 

(a)  PCR 4 6 116.51 

(b)  PCR 4 6 116.51 

(c) PCR 4 6 113.77 

(d) PCR 4 4 111.96 

(e)  PCR 5 6 129.50 

(f) PCR 3 6 159.77 

a) No-treatment, (b) Smoothing – Moving Average, (c) Smoothing – Savitsky Golay, (d) N
0 �g/ml) and (b) CHO (200 �g/ml, 400 �g/ml and 600 �g/ml). The highlighted areas

regression, the best R2 was  obtained in Smoothing – Savitsky Golay

method. The lowest number of factors was 4 for (d) method in both
PCR and PLS algorithms. Considering the number of factors, the R2

and RMSECV values, Norris Gap first derivative has been chosen as
the best model for CHO quantification, using PLS algorithm.

S and PCR method, without data pre-treatment as well as after different spectra

R2 Bias

CHO LPC CHO LPC CHO

27.28 0.998 0.987 −14.53 1.16
28.37 0.995 0.986 −2.22 1.93
23.20 0.996 0.990 5.55 −1.47
30.20 0.997 0.984 0.60 2.56
28.82 0.997 0.985 −6.06 −0.27
25.20 0.996 0.989 −0.31 −1.65

28.45 0.997 0.986 −2.79 0.55
28.23 0.997 0.986 −2.79 0.53
28.14 0.997 0.986 −2.76 0.49
25.69 0.997 0.989 −1.73 −0.84
38.86 0.996 0.973 −2.21 −1.39
27.68 0.994 0.986 −0.89 0.42

orris Gap first derivative, (e) Norris Gap second derivative and (f) Deresolve.
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Based on the results presented in Table 2, Norris Gap first deriva-
ive has been chosen as the best fitted model for LPC quantification,
sing PLS algorithm and the optimal number of factors was 3. For
HO quantification, according to the results shown in Table 2, the
est fitted model was also Norris Gap first derivative with PLS algo-
ithm but the optimal number of factors was 4.

.3. Validation of model for LPC and CHO

In order to validate the model for quantitative evaluation of
PC and CHO, three sets of experiments have been performed.
ach experiment consisted in the preparation and analysis of 16
alibration mixtures according to the experimental design, taken

roportionately in the concentration range between 50 and 150%
f the usual LPC and CHO content.

The NIR–chemometric model was developed taking into
ccount all the samples of the three sets in the experimental design,

Interce pt=  -10 .504
Slope = 1.0031 x

R2 = 0.998
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ig. 3. Linear profile of NIR model for LPC. The dashed limits on the graph correspond to 

xpressed in concentration unit. The continuous line is the identity line y = x.
 �-expectation tolerance limits (  ̌ = 95%) and the dotted curves are the acceptance

which were used for the determination of the concentrations of LPC
and CHO, respectively, in the validation samples of each series.

The predicted values were obtained using the number of PLS
factors (3 for LPC and 4 for CHO) chosen in the calibration of model.
For LPC, all the developed methods have good linearity when using
3 factors and the correlation coefficients were good for both model
calibration (0.9967) and model validation (0.9947). Similarly, in the
case of CHO, a good linearity was obtained when using 4 factors
and good correlation coefficients were calculated for both model
calibration (0.9842) and model validation (0.9702).

3.4. Method validation
For method validation the methodology reported by Hubert
et al. [18,19] was used. The following validation parameters were
calculated: linearity, trueness, precision and accuracy.

 4100 4300 4500 4700 4900 5100

centra tion (µg/ ml)

the accuracy profile and the dotted curves represent the acceptance limits at ±10%
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.4.1. Validation of NIR method for LPC
The model predictive performance was evaluated with accuracy

rofiles computed on the external validation results. This approach
s using tolerance intervals as statistical methodology that allows
redicting a region of concentration where each future result has

 defined by analyst probability to fall [20]. The accuracy profile
as the advantage of taking into account the total error, which is
he sum of the trueness (systematic error) and precision (random
rror), and meets the ICH Q2 (R1) guideline requirements [18,19].

Fig. 2 shows the accuracy profile for LPC, based on the val-
dation results obtained with Norris Gap first derivative model.
he acceptance limits were set at ±10%. The �-expectation
olerance limits should be included in the acceptance limits. As for
PC the �-expectation tolerance limits are fully included within
he ±10% acceptance limits, it can be concluded that this method
ill provide results with adequate accuracy for LPC over the whole

oncentration range (3000–5000 �g/ml).
Table 3 shows the ICH Q2 (R1) validation criteria of the devel-

ped method for LPC. As seen in the accuracy profile and in Table 3,
he relative bias has values between −0.75% and −0.9% for all the
oncentration levels in the validation set.

The precision of the method was evaluated by calculating two
arameters: repeatability and intermediate precision at the three
PC concentration level in the validation protocol. Both parameters
ad satisfactory values for all LPC concentration levels. The best
epeatability and intermediate precision values were obtained at
he highest LPC concentration level, 5000 �g/ml, while the worst

oncentration level for repeatability and intermediate precision
as 3000 �g/ml.

As shown in Fig. 2 and Table 3, the accuracy of the method for
he entire LPC concentration domain is good, as the �-expectation

able 3
alidation results of NIR method for LPC quantification.

Concentration level
(�g/ml)

Mean concentration
(�g/ml)

Trueness 

Relative bias (%) Recovery (%) 

3000 3012.0 −0.86 99.14 

4000  4014.3 −0.90 99.10 

5000 5025.6 −0.75 99.25 
es are the �-expectation tolerance limits (  ̌ = 95%) and the dotted curves are the

tolerance limits do not exceed the ±10% acceptance limits.
Again, the best accuracy was obtained at LPC concentration level
5000 �g/ml.

The linear profile of the prediction model is shown in Fig. 3. The
linear model was represented by plotting the calculated concen-
trations of the validation samples as a function of the introduced
concentrations. As seen in the figure, the R2 value is 0.998 and the
slope is very close to 1, confirming the linearity of the model for
LPC.

According to data presented in Figs. 2 and 3 and Table 3,
the NIR–chemometric method has reproducibility and satisfactory
accuracy profile and linearity profile. After analyzing the statistical
parameters it can be concluded that the NIR–chemometric method
is linear and sufficiently precise and accurate for the quantification
of lecithin.

3.4.2. Validation of NIR method for CHO
The model predictive performance for CHO quantification was

evaluated using accuracy profiles. The accuracy profile for CHO is
shown in Fig. 4. As in the case of LPC, for CHO the acceptance lim-
its were set at ±10%. For CHO, the �-expectation tolerance limits
are not fully included within the ±10% acceptance limits. Thus, the
model is inaccurate for the quantification of CHO in the concentra-
tion range 300–400 �g/ml. It can be concluded that the lower limit
of quantification (LLOQ) for CHO, defined as the lower concentra-
tion that can be accurately quantified by the analytical method, is
400 �g/ml.
Table 4 shows the ICH Q2 (R1) validation criteria of the devel-
oped method for CHO. As seen in the accuracy profile and in Table 4,
the relative bias has values between 0.04% and 2.51% for all the
concentration levels in the validation set.

Precision Accuracy

Repeatability (RSD
%)

Intermediate
precision (RSD %)

Relative tolerance
limits (%)

Tolerance limits
(�g/ml)

1.00 2.13 [−7.5, 5.8] [2734.3, 3341.9]
0.69 1.80 [−7.4, 5.6] [3645.7, 4455.8]
0.48 1.44 [−5.9, 4.5] [4557.1, 5569.8]
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Table 4
Validation results of NIR method for CHO quantification.

Concentration level
(�g/ml)

Mean concentration
(�g/ml)

Trueness Precision Accuracy

Relative bias (%) Recovery (%) Repeatability (RSD
%)

Intermediate
precision (RSD %)

Relative tolerance
limits (%)

Tolerance limits
(�g/ml)

300 310.6 2.51 102.51 2.05 2.86 [−7.4, 12.4] [272.7, 333.3]
400  409.1 1.27 101.27 1.19 2.19 [−5.5, 8.1] [363.2, 444.0]
500 501.8  0.04 100.04 1.22 1.86 [−6.5, 6.6] [469.0, 534.5]

Inter cept= 26.333
Slope = 0.940 4

R² = 0.984 8

250.000

300.000

350.000

400.000

450.000

500.000

550.000
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Fig. 5. Linear profile of NIR method for cholesterol. The dashed limits on the graph correspond to the accuracy profile and the dotted curves represent the acceptance limits
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In the same way as for LPC, the precision of the method was
valuated at the three concentration levels of CHO in the valida-
ion protocol. The best repeatability was obtained at the 400 �g/ml
oncentration level, while the best intermediate precision was
btained at the highest concentration level. As expected, the worst
esults for precision were obtained at 300 �g/ml.

Concerning the accuracy of the method for CHO, the results
hown in Table 4 confirm the fact that for 300 �g/ml CHO the rel-
tive tolerance limits exceed the acceptance limits of ±10%. Thus,
he relative tolerance limits at the lowest CHO concentration were
etween −7.41 and 12.43%, and the best relative tolerance lim-

ts, between −6.48 and 6.56% were obtained at the highest CHO
oncentration level in the validation samples.

Fig. 5 shows the linear profile of the prediction model for
HO, plotted as the calculated concentration versus the intro-
uced concentration in validation samples. The intercept, the
lope and the R2 values are also presented in Fig. 5. The linear-
ty of the results obtained by the NIR method is demonstrated
or the 400–500 �g/ml concentration domain, since here the
-expectation tolerance limits are included in the absolute accep-

ance limits, while for the 300–400 �g/ml concentration domain
he �-expectation tolerance limits are exceeding the absolute
cceptance limits.

According to data presented in Figs. 4 and 5 and Table 4,
he NIR–chemometric method has reproducibility and satisfactory

ccuracy profile and linearity profile. After analyzing the statistical
arameters it can be concluded that the NIR–chemometric method

s linear and sufficiently precise and accurate for the quantification
f cholesterol.
3.5. Application of the method

The described NIR method has been used for the quantification
of LPC and CHO in liposomes. However, this method can be used
to estimate the yield of the film hydration step in the preparation
process of liposomes. For this purpose, different liposomes batches
were prepared and analyzed in 3 different days, resulting in a total
of nine batches. Thus, using data obtained from NIR analysis of lipo-
somes samples, the yield of the preparation process was calculated
to be close to 90.4 ± 2.3%. This value is in the same order with that
obtained by the method of Steward-Marshall (96.3 ± 5%). The NIR
method has the advantage of taking into account both LPC and CHO
concentration in the final liposomal dispersion, while the result in
Steward-Marshall method is only based on LPC concentration.

4. Conclusions

The overall results of this study demonstrate that the content
of LPC and CHO in liposomes can be simultaneously determined
by NIR spectroscopy with an appropriate multivariate calibration
method. Among the spectra treatment methods tested, Norris Gap
first derivative was the best for both LPC and CHO quantifica-
tion, combined with PLS multivariate method. For both analytes,
PLS regression method was better than PCR regression method

concerning the results obtained during model calibration. The
calibration was done using a set of 16 PC–CHO mixtures, according
to a D-optimal experimental design and afterwards method was
validated by linearity, trueness, precision and accuracy.



9 cal an

d
f
C
a
i

A

v
1

R

[

[

[

[

[

[

[

[

[

[

dation of quantitative analytical procedures: a SFSTP proposal. Part II, J. Pharm.
4 A. Porfire et al. / Journal of Pharmaceuti

In conclusion, NIR–chemometric spectrophotometrical method
escribed in this study can be an interesting and appropriate tool
or chemical characterization of liposomes prepared using LPC and
HO, due to the simplicity of the technique and adequate precision
nd accuracy for two principal components which can be present
n the liposomal wall.
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a  b  s  t  r  a  c  t

In  LC method  development,  the  choice  of  suitable  experimental  conditions  is  often  challenging  for  the
analyst  because  of  the  huge  diversity  of stationary  phases,  mobile  phase  pH  and  organic  modifiers,  that
could  significantly  alter  the selectivity.

The influence  of  these  parameters  on  selectivity  was  experimentally  tested  in both  RPLC  and  HILIC
conditions  for  the  analysis  of 45 pharmaceutical  compounds  covering  a wide  range  of  physico-chemical
properties.  Principal  component  analysis  (PCA)  models  were  built  to assess  the  resulting  multivariate
dataset.  The  complementarity  between  RPLC  and  HILIC  was  clearly  demonstrated.  The  importance  of
mobile phase  pH  as  one  of the  main  experimental  factors  to be  considered  was  confirmed.

The  RPLC  and  HILIC  methods  were  thus  employed  for  the  analysis  of  a drug  cocktail  containing  two
substrates  and  their  numerous  desmethylated  metabolites.  All  the  compounds  were  finally  resolved  in
both modes,  with  a very  distinct  elution  order.  In addition,  the  possibility  to  combine  columns  of  different

selectivity  was  highlighted  using  a column  coupler  set-up  and  found  to  be  extremely  promising.  The
same  type  of experiments  was also  carried  out for the  impurity  profiling  of  an  antihistaminic  drug.  In  this
example,  compounds  of  very  distinct  polarity  were  satisfactorily  eluted  in  both  RPLC  and  HILIC modes,
using  suitable  conditions  of  pH and  stationary  phase.

In conclusion,  this  study  demonstrates  the  complementary  and  interest  of  RPLC  and  HILIC  in the  case
of pharmaceutical  method  development.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In the pharmaceutical field, the analyst has to deal with ever
ore complex samples containing an increasing number of indi-

idual compounds that need to be separated. The purpose of
iquid chromatography method development is thus to find suit-
ble conditions allowing a sufficient resolution between individual
onstituents of the mixture. In LC, the choice of the experimental
onditions is a major concern for the analyst because of the vari-
us parameters that influence the selectivity and their numerous
ombinations. Indeed, the LC separation mode, the stationary phase
ype, the organic modifier nature or pH have been proven to be the
ost relevant parameters for tuning selectivity [1–10] while tem-
erature, gradient profile or buffer concentration appear to be less
ritical.

∗ Corresponding author. Tel.: +41 22 379 34 63; fax: +41 22 379 68 08.
E-mail address: davy.guillarme@unige.ch (D. Guillarme).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.019
Concerning the choice of LC separation mode, several recent
studies explored the orthogonality of chromatographic systems
for an implementation in 2D-LC set-up [1,11].  The combina-
tion of hydrophilic interaction liquid chromatography (HILIC) and
reversed phase liquid chromatography (RPLC) has demonstrated
the highest degree of orthogonality for both low molecular weight
analytes and peptides [12]. RPLC remains the method of choice for
the separation of a wide range of compounds but in the case of
polar compounds, the lack of retention is often an issue. On the
other hand, HILIC, proposed by Alpert in 1990 [13], is characterized
by a hydrophilic stationary phase and a mobile phase consisting of a
mixture of water and usually more than 70% of aprotic organic sol-
vent (generally acetonitrile) [14]. Consequently, the latter appears
to be complementary to RPLC and provides reasonable retention
and selectivity for polar compounds [15–20].  In addition, McCal-
ley also demonstrated the use of HILIC as a valuable alternative to

RPLC for the separation of ionisable compounds of diverse polarity
[21,22]. One aim of the present work was  to confirm the applica-
bility of HILIC to a large panel of compounds with diverse polarity,
in the case of “real” pharmaceutical applications.

dx.doi.org/10.1016/j.jpba.2012.01.019
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:davy.guillarme@unige.ch
dx.doi.org/10.1016/j.jpba.2012.01.019
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In this study, 45 pharmaceutical compounds possessing dif-
erent physico-chemical properties (pKa, MW and lipophilicity)
ere chosen to evaluate the complementarity of various chro-
atographic conditions in RPLC and HILIC. In RPLC, four stationary

hases, two organic modifiers and, three mobile phase pH were
ested. In HILIC conditions, two different HILIC materials, two

obile phase pH and one organic modifier were tested. First, prin-
ipal component analysis (PCA) was performed to evaluate the
electivity of the different chromatographic conditions and deter-
ine the most important parameter. Second, the most promising

onditions for each mode were selected for future applications:
i) the analysis of a drug cocktail containing two substrates and
heir desmethylated metabolites and, (ii) an impurity profiling of
n antihistaminic drug in both RPLC and HILIC.

. Experimental

.1. Chemical and reagents

Water was obtained from a Milli-Q Water Purification System
rom Millipore (Bedford, MA,  USA). Acetonitrile and methanol were
f HPLC gradient grade from Panreac Quimica (Barcelona, Spain).
mmonium hydroxide was from Sigma-Fluka (Buchs, Switzerland).

Methanol and acetonitrile (used in MS  analysis) were of ULC-MS
rade and purchased from Biosolve (Valkenswaald, Netherlands).
ormic acid was from Merck (Darmstadt, Germany) and acetic acid
rom Sigma-Aldrich (Steinheim, Germany).

Formate buffer 10 mM (or 20 mM for HILIC analysis) was pre-
ared with an adapted volume of formic acid and pH adjusted to 3.0
ith ammonium hydroxide 28%. Acetate buffer 10 mM (or 20 mM

or HILIC analysis) was prepared with an adapted volume of acetic
cid and the pH adjusted to 4.5 and 6.0 with ammonium hydroxide
8%. Ammonium buffer 10 mM was prepared with an adapted vol-
me  of ammonium hydroxide 28% and the pH adjusted to 9.0 with
ormic acid.

.1.1. Pharmaceutical compounds dataset
A dataset of 45 analytes was assessed. Amphetamine,

ethadone, 3,4-methylenedioxymethamphetamine (MDMA)
ere supplied by Lipomed (Arlesheim, Switzerland). Maproti-

ine, chlorpromazine, levomepromazine, clotiapine, thioridazine,
isperidone, fluphenazine, olanzapine, chlorprothixen, clozapine,
razodone, pipamperone, brotizolam, flupentixol and duloxetine
ere generously provided by E. Bachmann from the Department of
linical Chemistry (Lausanne, Switzerland). Lidocaine, prilocaine,
ethylphenidate, ketamine, promethazine, cocaine, mandelic

cid, baclofen, flurbiprofen, atropine, cetirizine, trimipramine,
trychnine, pentobarbital, scopolamine, hyoscyamine, metola-
one, betamethasone, clopamide and mefloquine were purchased
rom Sigma–Aldrich (Steinheim, Germany). Codeine, morphine,
xycodone, indapamide, acebutolol, ephedrine, warfarin were
rom Sigma-Fluka (Buchs, Switzerland). Two mixtures were
repared by an appropriate dilution of a 1 mg/ml  stock solution
f each compound prepared in pure MeOH. The first mixture
ontained amphetamine, prilocaine, methylphenidate, ketamine,
aprotiline, promethazine, duloxetine, cocaine, methadone,

hlorpromazine, levomepromazine, clotiapine, thioridazine,
isperidone each at 2 �g/ml and mandelic acid, ephedrine,
aclofen, flurbiprofen, atropine, oxycodone, acebutolol, inda-
amide, cetirizine, betamethazone, fluphenazine each at 10 �g/ml.
ixture 2 contained 3,4-methylenedioxymethamphetamine
MDMA), trimipramine, olanzapine, chlorprothixen, clozapine,
trychnine, trazodone, brotizolam each at 2 �g/ml; pentobar-
ital, lidocaine, morphine, hyoscyamine, codeine, scopolamine,
arfarin, clopamide, metolazone, pipamperone, mefloquine,
iomedical Analysis 63 (2012) 95– 105

flupentixol each at 10 �g/ml. Dilutions were performed with pure
water for RPLC studies and pure ACN for HILIC analysis because
of the influence of the dilution solvent on peak shape in HILIC,
as previously demonstrated elsewhere [15]. Finally, because of
the reasonable employed concentrations, no problem of solubility
occurred.

2.1.2. First example: drug cocktail
Tramadol (TMD), O-desmethyltramadol (O-TMD), N-

desmethyltramadol (N-TMD) and N,N-didesmethyltramadol
(N,N-TMD) were a gift from Prof. P. Dayer (Clinical Pharmacology
Division, Geneva University Hospital, Geneva, Switzerland).
Venlafaxine (VLX), O-desmethylvenlafaxine (O-VLX), N-
desmethylvenlafaxine (N-VLX) and N,O-didesmethylvenlafaxine
(N,O-VLX) were a gift from Dr A. E. Balant-Gorgia (Department of
Psychiatry, Geneva University Hospital, Geneva, Switzerland). A
stock solution at 1 mg/ml  of each compound was prepared in pure
MeOH, then a solution at 10 �g/ml was injected in RPLC and HILIC
conditions using the appropriated sample diluents, as previously
specified.

2.1.3. Second example: impurity profiling
An antihistaminic drug and 14 related substances (synthesis

products, synthetic impurities and denaturation products) were
kindly provided by a company that cannot be named due to a
confidentiality agreement. The chemical structure of the antihis-
taminic drug (API: Active Pharmaceutical Ingredient) and the 14
compounds (A to N) can also not be specified. Stock solutions were
prepared at 1 mg/ml  by dissolving appropriate amount of sub-
stances in a mixture of sulfuric acid 0.01% in water–acetonitrile
(75:25, v/v). A dilution solution containing all compounds was  pre-
pared at 25 �g/ml in water for RPLC analysis and at 12.5 �g/ml in
ACN for HILIC analysis.

2.2. Instrumentation

Chromatographic experiments were performed using a Waters
Acquity ultra performance liquid chromatography (UPLC) system
(Waters, Milford, MA,  USA) that can deliver mobile phases at pres-
sures up to 1000 bar. This instrument was equipped with a binary
solvent manager with a maximum delivery flow rate of 2 ml/min,
an autosampler with a 2 �l loop operating in the full loop injec-
tion mode, a UV–vis programmable detector with a 500 nl flow cell
set at 220 or 230 nm.  The column manager composed of a column
oven was  replaced by a column coupler prototype developed by
Cabooter et al. [23,24]. Data acquisition, data handling, and instru-
ment control were performed by the Empower software v2.0. The
acquisition rate and time constant of the UV detector were fixed
at 20 Hz and 50 ms,  respectively. For this system, the extra column
volume (Vext), and dwell volume (Vd) were experimentally mea-
sured at 13 and 100 �l, respectively. The columns employed in this
study were listed in Table 1.

The column coupler prototype consists of two  high-pressure
multiposition switching valves, TitanHT, HT715-000 from Rheo-
dyne (Rhonert Park, CA) that can withstand pressures of 1000 bar.
The stator consisted of six peripheral ports with one central port
and had a port-to-port volume of only 300 nl. The rotor was  custom-
made to allow the valves to be used in six different positions. The
valves were operated with the Empower software. The connection
tubes between injector and column coupler, and column cou-
pler to detector (Nanoviper fingertight fitting, 75 �m I.D., Dionex,
Sunnyvale, USA), were kept as short as possible to reduce band

broadening. PEEKsil tubing (75 �m I.D., resistant to pressures up to
1000 bar, Infochroma, Zug, Switzerland) was  used to connect the
columns to the switching valves. Each piece of tubing between
valve and column had a maximum length of 10 cm.  The return
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Table  1
Column properties.

Column name Suppliers Particles diameter Pore size Surface area Carbon load pH range Temperature limits

Acquity BEH C18 Waters 1.7 �m 130 Å 185 m2/g 18% 1–12 Low pH = 80 ◦C
High pH = 60 ◦C

Acquity  BEH Shield RP18 Waters 1.7 �m 130 Å 185 m2/g 17% 2–11 Low pH = 50 ◦C
High pH = 45 ◦C

Acquity  BEH Phenyl Waters 1.7 �m 130 Å 185 m2/g 15% 1–12 Low pH = 80 ◦C
High pH = 60 ◦C

Acquity  CSH C18 Waters 1.7 �m 130 Å 185 m2/g 15% 1–11 Low pH = 80 ◦C
High pH = 45 ◦C

Acquity  BEH HILIC Waters 1.7 �m 130 Å 185 m2/g Unbounded 1–9 Low pH = 45 ◦C
High pH = 45 ◦C
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Acquity  BEH Amide Waters 1.7 �m 130 Å 

apillary has a length of 20 cm.  A mobile phase preheater (diam-
ter 125 �m,  Dionex, Sunnyvale, USA) was directly connected to
he column coupler. For the two applications in RPLC mode, the
olumn coupler was configured with the Acquity BEH C18 of 5 and
0 cm lengths in positions 1 and 3, respectively and Acquity CSH
18 of 5 and 10 cm lengths in positions 2 and 4, respectively. For
ILIC analysis, Acquity BEH C18 and Acquity CSH C18 were replaced
y Acquity BEH HILIC and Acquity BEH amide columns of the same

engths. For a schematic representation of the column coupler, the
olumn positioning and some possible configurations of the valves,
ee Fig. 1 of [23].

The analysis of the 45 compounds was performed on a Waters
cquity UPLC system hyphenated with a Waters TQD triple
uadrupole mass spectrometer fitted with a Z-spray electrospray

onization source. The ESCi® ionization source was used in the
SI positive and negative modes and Selected Ion Recording (SIR)
erformed. Nitrogen was used as drying gas. The capillary volt-
ge and the source extractor voltage were set at +2.5 kV and +3 V,
espectively. The source temperature was maintained at 120 ◦C, the
esolvation gas temperature and flow rate at 350 ◦C and 600 L/h,
espectively, and the cone gas flow at 20 L/h. Cone voltage was set
t 30 V for all compounds. Finally, dwell time and inter-channel
elay were set to 5 ms  to obtain a sufficient number of data points
cquisition. Data acquisition, data handling and instrument control
ere performed with the Masslynx v4.1 Software.

.3. Data analysis

Data were analyzed by PCA with the SIMCA-P software (version
2, Umetrics, Umeå, Sweden). Autoscaling, i.e. mean centering and
nit variance normalization, was applied as preprocessing to assign
n equal weight to the variability of each analytical column.

. Results and discussion

.1. Complementarity between RPLC and HILIC

A dataset of 45 drugs covering a wide range of physico-chemical
roperties was initially selected to evaluate the potential of both
PLC and HILIC in the pharmaceutical field. Around 75% of these
ompounds possess basic properties while the remaining 25% were
ither acidic, neutral or zwitterionic, providing a representative
icture of marketed drugs. Log D values at pH 3 and 9, respectively,
re displayed as a function of pKa values for the 45 model com-
ounds in Fig. 1A and B. As shown, pKa values ranged between 0
nd 11 and log D between −3 and +5. In the presence of an acidic

obile phase, pH 3 (Fig. 1A), charged analytes (i.e. zwitterionic and

asic compounds) are more hydrophilic than in basic conditions,
H 9 (Fig. 1B) and thus less retained in RPLC and more retained

n HILIC. As expected, the opposite situation is observed for acidic
185 m2/g 12% 2–11 Low pH = 90 ◦C
High pH = 90 ◦C

compounds. This observation underlined the well-known influence
of pH on retention in liquid chromatography.

Various chromatographic conditions consisting of different
combinations of mobile phase pH, organic modifier and station-
ary phase were tested in RPLC and HILIC. A dataset resulting from
the analysis of 45 compounds in 28 experimental conditions (24
in RPLC and 4 in HILIC) was obtained. Apparent retention fac-
tors were used to characterize each analyte with respect to each
setup. A first PCA model was built on the overall data table and
the first principal plane (PC1 × PC2) expressed about 90% of the
initial variance. Results are presented in Fig. 2. RPLC and HILIC con-
ditions were clearly separated on the score plot (Fig. 2A) based on
the investigated analytes. Four stationary phases, a C18 (Acquity
UPLC BEH C18), a polar-embedded C18 (Acquity UPLC BEH Shield
RP18), a phenyl (Acquity UPLC BEH Phenyl), and the new charge
surface hybrid (CSH) C18 (Acquity UPLC CSH C18) columns were
considered. Regarding the mobile phase, two  organic mixtures con-
taining MeOH and ACN at three different mobile phase pH values
(i.e. 3, 6, and 9) were investigated. Thus, 24 different combinations
were evaluated and the corresponding PCA score plot (PC1 × PC2)
obtained for the 45 drugs is reported in Fig. 2B. More than 94%
of explained variance of the data set was obtained. Based on this
model, it appears that selectivity was  strongly influenced by the
mobile phase organic modifiers and pH (see the two directions of
variation represented by dashed lines in Fig. 2B). Concerning the
stationary phase, although the chromatographic behaviour seems
to be similar at pH 6 and 9 with either MeOH or ACN, some signif-
icant differences were observed at pH 3. Indeed, at low pH values
in ACN or MeOH, the four stationary phases can be clustered into
two groups of selectivity: (i) polar-embedded C18 and CSH C18; (ii)
C18 and phenyl. This observation can be easily related to the nature
of the investigated compounds and the structure of the stationary
phases. Indeed, most of the compounds at pH 3 are ionized and
thus less retained in RPLC (75% of basic drugs). The C18 and phenyl
phases possess a purely hydrophobic retention mechanism, while
the CSH and polar-embedded C18 columns present a simultane-
ous hydrophobic and electrostatic retention mechanism. Therefore,
in the case of method development, one column from each group
should be selected to present sufficient difference in selectivity and
to limit the injection number.

In HILIC, two  different stationary phases, namely bare hybrid sil-
ica and silica derivatized with amide functional groups, were tested
in combination with two  mobile phase pH (i.e. 3 and 6) using ACN
as organic modifier. Due to the lower pH stability of the unbounded
hybrid silica stationary phase, higher pH values were not investi-
gated in HILIC. Furthermore, only ACN was evaluated as organic

modifier since MeOH decreases both ion exchange interaction as
well as hydrophilic interaction with the mobile phase due to its abil-
ity to form hydrogen bonding with the analytes and silanol groups,
leading to a lack of retention [25,26]. First, it is important to notice
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hat all the investigated compounds were sufficiently retained at
H 3 and pH 6 on both HILIC columns, confirming the previous
ndings of McCalley, that HILIC can be a valuable alternative to
PLC for the separation of ionisable compounds of diverse polarity
21,22]. Fig. 2A shows the PCA representation of the HILIC condi-
ions. Accordingly, the pH remains the most important parameter
or tuning selectivity in HILIC but, compared to RPLC, the nature of
he stationary phase is also of utmost importance. The interpreta-
ion of the results is however limited by the fact that only 4 different
xperimental conditions were investigated in HILIC, particularly
ecause of the restricted number of commercially available HILIC
olumns packed with sub-2 �m particles.

In conclusion, both HILIC and RPLC allow a sufficient retention
f our 45 model compounds, since most of them were positively
harged in acidic conditions. Second, the selectivity offered by HILIC
nd RPLC was very different for this set of analytes. This is illus-

rated in Fig. 2A, where the variability in selectivity is less important
hen mobile phase pH, organic modifier and stationary phase are
odified in RPLC than when changing from RPLC to HILIC. There-

ore, these two orthogonal chromatographic retention mechanisms
icals compounds. Acidic, neutral, basic and zwitterionic compounds are represented
spectively.

were evaluated for the analysis of a drug cocktail and the impu-
rity profiling example. To limit the number of injections, only a
reasonable number of RPLC and HILIC conditions were selected.

3.2. Analysis of a drug cocktail

One of the most important steps of drug discovery is the
in vitro drug metabolism study, to evaluate the metabolic prop-
erties of a new chemical entity (NCE) [27–29],  including metabolic
stability, inhibition/induction of isozymes and metabolite identi-
fication assays. Cytochrome P450 (CYP450s) isozymes have been
widely studied because of their involvement in the functionaliza-
tion reactions including oxidation, reduction and hydrolysis (phase
I metabolism). LC coupled with UV or MS  detection appears as the
gold standard technology for the analysis of samples resulting from
various in vitro drug metabolism assays.
Two pharmaceutical compounds (venlafaxine, VLX and
tramadol, TMD) and their desmethylated metabolites (O-
VLX, N-VLX, N,O-VLX, O-TMD, N-TMD, and N,N-TMD) were
selected because of their close characteristics [30,31]. Indeed,
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Fig. 2. Principal component analysis (PCA) score plot (PC1 × PC2) of 45 pharmaceu-
tical compounds analyzed in (A) RPLC and HILIC conditions and (B) RPLC mode only.
RPLC analyses were conducted with 2 different organic modifiers in the mobile phase
(MeOH and ACN represented by empty and filled symbols, respectively), on 4 differ-
ent stationary phases (2.1 mm × 50 mm,  1.7 �m): Acquity BEH C18 (BEH), Acquity
BEH Shield RP18 (BEHS), Acquity BEH Phenyl (BEHP) and Acquity CSH C18 (CSH),
and  3 mobile phase pH (3, 6, and 9 represented by squares, triangles and diamond-
shape, respectively). HILIC analyses were carried out with 2 different stationary
phases: Acquity BEH amide and Acquity BEH HILIC (2.1 mm × 100 mm,  1.7 �m)  and
2  pH (3 and 6). Conditions in RPLC: mobile phase consisting of ammonium formate
(10  mM,  pH 3), ammonium acetate (20 mM,  pH 6), or ammonium formate (10 mM,
pH  9), gradient profile: 5–95% organic modifier in 4 min, flow rate of 500 �l/min,
injected volume = 2 �l, T = 30 ◦C. Conditions in HILIC: mobile phase consisting of
a
e
i

t
m
m
a
(
a

Table 2
Tramadol (TMD), venlafaxine (VLX) and their metabolites properties.

Compounds name MS
m/z

MS/MS
m/z

pKa (amine) Log D (pH3) Log D (pH9)

VLX 278 58 9.26 −0.77 1.96
TMD 264 58 9.61 −0.78 1.73
O-VLX 264 58 9.24 −1.49 1.20
N-VLX 264 44 10.24 −0.7 1.23
O-TMD 250 58 9.61 −1.32 1.14
N-TMD 250 44 10.56 −1.42 0.21
N,O-VLX 250 44 10.38 −1.42 0.47
N,N-TMD 236 189 10.27 −1.36 0.57
mmonium formate (20 mM,  pH 3) or ammonium acetate (20 mM,  pH 6), gradi-
nt  profile: 95% ACN for 2 min  then 95–65% ACN in 4 min, flow rate of 500 �l/min,
njected volume = 2 �l, T = 30 ◦C.

hese two drugs are chemically similar and undergo a
etabolic pathway by CYP450. VLX (1[-2-(dimethylamino)-1-(4-

ethoxyphenyl)ethyl]cyclohexanol hydrochloride) is an effective

ntidepressant drug, while TMD  (2-[(dimethylamino)methyl]-1-
3-methoxyphenyl)]cyclohexanol hydrochloride) is a centrally
cting opioid analgesic used to treat moderate to severe pain. Due
pKa and log D values were calculated using Advanced Chemistry Development
(ACD/Labs) Software V11.021.

to these similarities, VLX and TMD  have demonstrated additive or
reverse therapeutic actions [30–32].  As reported elsewhere, false
positive results for TMD  were observed in case of patients being
treated with VLX [33] due to the similar MS  transition shared by
the metabolite O-desmethylvenlafaxine (O-VLX) and TMD. Table 2
shows the properties and MS  transitions of TMD, VLX and their
desmethylated metabolites. It can be seen that in MS  analysis,
various analytes cannot be distinguished (i.e. TMD, O-VLX, N-VLX
with m/z equal to 264 and, O-TMD, N-TMD, N,O-VLX with m/z
equal to 250). In MS/MS  analysis, the selectivity is enhanced but
still insufficient for TMD  and O-VLX (264 → 58) and also for N-TMD
and N,O-VLX (250 → 44). Because of the MS  limitations for this
application, it is thus mandatory to develop a LC method able to
separate these different constituents.

3.2.1. RPLC conditions
In a first instance, BEH and CSH columns of 50 mm length were

tested at pH 3 and 9 (Fig. 3). In acidic conditions (Fig. 3A and B), the
CSH offers the best performance in terms of selectivity and peak
width. The thinner peaks observed with the CSH material are in
agreement with our expectations since the latter possesses a pos-
itively charged weak basic moiety at the surface, thus limiting the
secondary ionic interactions between positively charged analytes
and negatively charged residual silanols. The selectivity was  very
close between both columns and elution order remained identical.
The separation between TMD  and N-TMD was the only improve-
ment observed with the CSH compared to BEH. In basic conditions
(Fig. 3C and D), the separation was  drastically enhanced regarding
peak shape and resolution. This is a well-known statement in RPLC
related to the ionization state of basic analytes which is empha-
sized by the use of ammonium salt that could mask residual silanols
and minimize electrostatic interactions between basic analytes and
deprotonated silanols, inducing better peak shapes [34,35].  How-
ever, such elevated pH conditions can only be applied with the last
generations of silica-based stationary phases. As the mobile phase
pH was  close to the analytes pKa, and because the nature of the sta-
tionary phase surface was  very different between the BEH and the
CSH, the selectivity was  significantly modified and the critical peak
pairs were different on the two stationary phases. Indeed, N,N-TMD
and O-VLX were baseline resolved on BEH while O-TMD, N,N-TMD
and, O-VLX and N-TMD were better resolved on CSH column. To
conclude, the RPLC separation of these substrates and metabolites
was improved at pH 9.

The resolution was  not sufficient in any of the chromatograms
presented in Fig. 3 and since the analysis time was  extremely short
(less than 2 min), the column length was extended to 100 mm  and
gradient conditions transferred using the basic rules of LC method

transfer [36,37]. Fig. 4A and B shows the separation obtained on the
100 mm BEH column and 100 mm CSH, respectively. As shown, the
analysis time remained very short (<4 min) but the separation was
enhanced (Fig. 3C and D). However, the separation of the critical
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Fig. 3. Influence of the stationary phase type and the mobile phase pH on the separa-
tion of tramadol (TMD), venlafaxine (VLX) and their metabolites in RPLC. Conditions:
mobile phase ammonium formate (10 mM,  pH 3) or ammonium formate (10 mM,
pH  9), gradient profile: 10–80% ACN in 2 min, flow rate of 400 �l/min, injected vol-
ume  = 2 �l, T = 45 ◦C, � = 220 nm.  A mixture of the 8 compounds at 10 �g/ml in water
was  injected. (A) Column Acquity BEH C18 (2.1 mm × 50 mm,  1.7 �m);  pH 3, (B) Col-
umn  Acquity CSH C18 (2.1 mm × 50 mm,  1.7 �m);  pH 3, (C) Column Acquity BEH C18
(2.1 mm × 50 mm,  1.7 �m);  pH 9, (D) Column Acquity CSH C18 (2.1 mm  × 50 mm,
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Fig. 4. Effect of the increase in column length for the separation of tramadol (TMD),
venlafaxine (VLX) and their metabolites in RPLC. Conditions: ammonium formate
(10  mM,  pH 9), gradient profile: 10–80% ACN in 4 min, flow rate of 400 �l/min,
injected volume = 2 �l, T = 45 ◦C, � = 220 nm.  A mixture of the 8 compounds at
10  �g/ml in water was  injected. (A) Column Acquity BEH C18 (2.1 mm × 100 mm,
1.7 �m),  (B) Column Acquity CSH C18 (2.1 mm × 100 mm,  1.7 �m), (C) Column

ics). Regarding the selection of pH, values of 3 and 6 were initially
.7  �m),  pH 9.

air remained difficult on the BEH column and the analytes were
ot baseline resolved with the CSH material. Since a complementar-

ty between the BEH and CSH column was previously observed (i.e.
ritical pairs were not the same with the two columns), the 50 mm
EH and the 50 mm CSH were coupled in series using the column
oupler prototype [23,24]. The resulting separation is presented
n Fig. 4C and the minimal resolution between O-VLX and N-TMD

as equal to 1.3, which is quite reasonable for an analysis time of

bout 3 min  and a backpressure of 830 bar. Last, independent of
he column order, BEH–CSH or CSH–BEH, the final chromatograms
ere identical although it has previously been reported that slight
Acquity BEH C18 (2.1 mm × 50 mm,  1.7 �m) directly coupled to column Acquity CSH
C18 (2.1 mm × 50 mm,  1.7 �m) using the column coupler prototype.

changes in selectivity can occur when changing the column order
in the gradient mode [38]. The data presented in Fig. 2 showed that
the nature of the stationary phase was not the main parameter for
tuning selectivity in the case of a mixture of 45 very diverse ana-
lytes. In the case of structurally related compounds presented in
Figs. 3 and 4, however, the chromatographic support was  shown to
play a key role for the fine tuning of critical peak pairs (Fig. 4C).

3.2.2. HILIC conditions
First it is important to mention that the sample solvent should

be adapted to the elution mode. Therefore pure acetonitrile was
employed for HILIC experiments, as discussed elsewhere [15].

In this case, two different stationary phases packed with sub-
2 �m particles, namely BEH HILIC and BEH amide were selected.
Since the generated backpressure in HILIC was  lower (in average
4 times lower than RPLC because of the weak viscosity of mobile
phase containing a proportion of acetonitrile > 70%), columns of
100 mm were chosen to compensate for the broader peaks gen-
erally observed in HILIC vs. RPLC (dominance of ion exchange
mechanism in HILIC, the latter possessing slow interaction kinet-
evaluated (to have basic analytes under a positively charged form).
Chromatograms obtained at pH 3 presented unacceptable peak
shape which should be related to the nature of the investigated
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Fig. 5. Influence of the stationary phase type and the mobile phase pH on the
separation of tramadol (TMD), venlafaxine (VLX) and their metabolites in HILIC.
Conditions: ammonium acetate (20 mM,  pH 4.5) or ammonium acetate (20 mM,
pH 6), gradient profile: 85–75% ACN in 4 min  on the Acquity BEH HILIC or 90–75%
ACN  in 4 min  on the Acquity BEH amide, flow rate of 400 �l/min, injected vol-
ume  = 2 �l, T = 45 ◦C, � = 220 nm.  A mixture of the 8 compounds at 10 �g/ml in ACN
was  injected. (A) Column Acquity BEH HILIC (2.1 mm × 100 mm,  1.7 �m);  pH 4.5, (B)
Column Acquity BEH HILIC (2.1 mm × 100 mm,  1.7 �m);  pH 6, (C) Column Acquity
B
(

a
q
t
a

EH  amide (2.1 mm × 100 mm,  1.7 �m); pH 4.5, (D) Column Acquity BEH amide
2.1  mm × 100 mm,  1.7 �m); pH 6.
nalytes. Thus, pH was set at 4.5 and 6 to assess its impact on the
uality of the HILIC separation. Corresponding chromatograms for
he four combinations of conditions (2 columns and 2 pH values)
re reported in Fig. 5. From these results, it is obvious that the HILIC
iomedical Analysis 63 (2012) 95– 105 101

BEH was not suitable, independent of the pH. Indeed, although
the retention and peak width were acceptable on this stationary
phase, the selectivity, particularly at pH 4.5, was very poor and all
the compounds eluted at about 80 and 82% ACN at pH 4.5 and 6,
respectively. On the other hand, the HILIC amide column displayed
a significantly enhanced selectivity. Again, the selectivity was quite
poor at pH 4.5 but satisfactory at pH 6. The difference in behaviour
between pH 4.5 and 6 could be explained by: (i) a change in the
compounds polarity between pH 4.5 and 6, modifying the reten-
tion governed by the hydrophilic interaction mechanism, (ii) an
increase in the amount of ammonium hydroxide to attain pH 6 vs.
pH 4.5, leading to an increased number of masked silanols, (iii) the
pKa of analytes and silanols as well as pH of mobile phase which
could be very different in highly organic conditions vs. pure water
thus altering the ionization state of the analytes and silanols.

Finally, the best separation was  achieved in HILIC mode using
the 100 mm BEH Amide stationary phase at pH 6. Compared to the
RPLC method, the resolution was  lower in HILIC (minimal resolu-
tion of 0.88 between O-VLX and O-TMD) but since the backpressure
was only equal to 238 bar and the analysis time only 2.4 min, the
possibility exists to further extend the column length of the BEH
Amide column to 200 mm to achieve a baseline resolution of these
compounds in HILIC within a reasonable timeframe. Second, it is
also worth mentioning that the average peak widths at half height
in RPLC and HILIC conditions were equal to 0.020 and 0.027 min;
respectively, confirming that the kinetic performance in HILIC at
pH 6 was  slightly reduced compared to RPLC at pH 9. Last, the
selectivity between the best RPLC (Fig. 4C) and HILIC (Fig. 5D)
method was  very different but interestingly, the elution order of
the peaks in HILIC was not the inverse of the elution order in
RPLC.

3.3. Analysis of an active pharmaceutical ingredient and related
substances

Based on the recommendations of numerous regulatory author-
ities such as ICH [39,40], there is a need to evaluate the
purity content and identify impurities of any active pharma-
ceutical ingredient (API), to avoid problems of biological safety
related to an individual impurity. In the pharmaceutical field, an
impurity is considered as any other organic material including
by-products, starting materials or intermediates and degradation
products.

HPLC has been widely employed in the field of impurity pro-
filing and is considered as a reference method. An antihistaminic
drug (API) that cannot be named due to confidentiality reasons was
selected and fourteen related substances including by-products,
starting materials or intermediates and degradation products were
simultaneously analyzed. The physico-chemical properties of all
the compounds contained within the mixture were very differ-
ent since the log D values at pH 3 varied between −5.5 to +4 and
between −4.9 and +6.7 at pH 9.

3.3.1. RPLC conditions
Similarly to the previous study on the drug cocktail, the same

methodology was employed to attain a suitable separation for this
complex mixture, in a limited number of experiments. Thus, the
50 mm BEH and CSH columns were initially selected and inves-
tigated at pH 3 and 9. The corresponding chromatograms are
presented in Fig. 6. The selectivity at pH 3 was very poor and
most of the compounds were eluted at around 40–50% ACN, except
impurity A (log D pH 3 of −5.5) and L (log D pH 3 of +4) which

were far more polar and apolar than the other ones, respectively.
Impurity A was not retained in these conditions while compound
L required 95% ACN to be eluted from the columns. The same
separation was conducted at pH 9 and in this case, the peaks were
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orrectly spread over the chromatogram with both the BEH and
SH stationary phases. This confirms that pH is certainly the most

mportant parameter for adjusting retention and selectivity. With
he BEH column (Fig. 6C), some peaks were not fully resolved (API
nd D; F and G) and resolution was close to zero between peaks
 and H and between E and K. Interestingly, the critical peak pairs
ere not similar on the CSH column, confirming the complemen-

arity of the two stationary phases for the separation of structurally
elated compounds. Indeed, on the CSH material, the peaks API, C
Acquity BEH C18 (2.1 mm × 50 mm,  1.7 �m) directly coupled to column Acquity CSH
C18 (2.1 mm × 50 mm,  1.7 �m) using the column coupler prototype.

and D were not fully resolved and there was also a critical separa-
tion for the peaks F, K, G and H. The resolution was close to zero for
impurities G and H and for C and D. It is finally important to notice
that the impurity K had a completely different retention on the two
investigated RPLC columns.

Because of the complexity of the separation and the limited
overall resolution, the column length was further extended to
improve peak capacity. Similarly to Fig. 4, the BEH 100 mm, CSH
100 mm and BEH 50 mm + CSH 50 mm configurations were tested
and corresponding chromatograms are reported in Fig. 7. In all
these conditions, the gradient time was adjusted to 8 min  instead
of 4 min, to maintain a similar selectivity. With the 100 mm BEH
column (Fig. 7A), the selectivity between peaks N and H and, E and
K remained null and the resolution between peaks F and G was still
too limited. For the 100 mm CSH column (Fig. 7B), a number of peak
pairs were insufficiently separated. This is for example the case for
peaks C, D and API and also for peaks G and H. Since the problematic

peak pairs were not identical on the two  columns, the BEH 50 mm
and CSH 50 mm  were coupled in series using the column coupler
prototype (Fig. 7C). As expected, the resolution improved for all
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mn  Acquity BEH HILIC (2.1 mm × 100 mm,  1.7 �m);  pH 6, (C) Column Acquity
EH amide (2.1 mm × 100 mm,  1.7 �m); pH 4.5, (D) Column Acquity BEH amide
2.1  mm × 100 mm,  1.7 �m); pH 6.

he peaks except API and D impurity, for which resolution was not
chieved. Indeed, on the CSH column, impurity D was eluted prior
o API while it was eluted after API with on the BEH column. Since
he retentions are, in a first approximation, additive when columns
re combined in series, the overall resolution was not satisfactory
41].
To further improve this separation and find analytical condi-
ions wherein API and impurity D could be separated, it would
e interesting to evaluate a higher number of pH, organic modi-
er and columns in an automated way. In addition, because of the
iomedical Analysis 63 (2012) 95– 105 103

complexity of the separation, UHPLC columns of 150–200 mm
should be selected, the mobile phase flow rate adjusted and the
gradient time extended to at least 30 min. Such experiments are
out of the scope of the present paper but will be investigated in
a forthcoming study, using automated method development soft-
ware.

3.3.2. HILIC conditions
Even though the compounds are spread over a wide polarity

range (log D values at pH 3 vary from −5.4 to +4), the HILIC mode
was evaluated as all the investigated impurities were ionisable and
could thus be sufficiently retained by an ion exchange mechanism.
Again, the results obtained with a mobile phase pH of 3 were unac-
ceptable. This condition was discarded and replaced by pH 4.5,
while pH 6 was  also tested. All the columns were 100 mm long
because of the low backpressure in HILIC mode. A first remark is that
impurity A, identified using MS  detection (lack of chromophoric
group), was  eluted late on the chromatogram because of its high
polarity (65% ACN were required). On the other hand, the peak cor-
responding to the very apolar impurity L eluted with 95% ACN in
RPLC, was slightly retained in HILIC and eluted during the isocratic
initial step at 95% ACN. The results obtained with the BEH HILIC
stationary phase are presented in Fig. 8A and B. At pH 4.5, all peaks
were sufficiently retained but peak shapes of F, G, H, E, M,  J were not
acceptable. In addition, the selectivity was poor for peaks M and J; F,
G, H, E and B, N, C. The peak shapes were significantly improved with
the BEH Amide stationary phase at pH 4.5 (Fig. 8C), but the selec-
tivity remained low and retention was  drastically reduced since
8 impurities were eluted during the initial isocratic step at 95%
ACN. This decrease of retention was attributed to the reduction
of ion exchange mechanism because of the lower silanol activity
(amide bonding). For this separation, pH 6 allowed a significant
improvement of the separation quality, both with the BEH HILIC
and BEH Amide column. The separation remained also critical for
the BEH Amide, particularly for impurities F, G, H, J and for C, D
and K. The separation with BEH HILIC (Fig. 8B) was  better, only
the triplet F, G, H and the compounds M and J were insufficiently
resolved.

In this example, there was  no interest in coupling the two
100 mm HILIC columns in series since the peaks F, G and H were
not resolved with both columns at pH 6. However, it could be inter-
esting to increase the column length of the BEH HILIC at pH 6, up to
200 or 300 mm,  to improve the separation shown in Fig. 8B, while
maintaining a reasonable analysis time.

4. Conclusion

The development of a new HPLC method in the pharmaceuti-
cal field is a long and tedious process. In the present contribution,
columns packed with sub-2 �m porous particles (UHPLC condi-
tions) were systematically employed to increase the throughput
during method development. However, it is possible to transfer the
UHPLC method developed in R&D laboratories to HPLC conditions,
when quality control laboratories do not have UHPLC systems at
their disposal.

In a first instance, various RPLC and HILIC conditions (i.e. sta-
tionary phase nature, organic modifier, pH) were tested using a
representative set of 45 pharmaceutical compounds covering a
wide range of physico-chemical properties (i.e. log P, log D and
pKa). PCA was  applied to highlight the complementarity and dif-
ferences between chromatographic systems. First, PCA showed

that a change of the chromatographic mode from any RPLC con-
ditions to any HILIC conditions would generate very different
chromatograms, an information of prime importance in method
development. As expected, pH is the most important parameter for
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uning selectivity, while organic modifier and stationary phase are
elevant but to a lesser extent. It would be interesting to include
ome unique stationary phases to this study such a fluorophenyl
nd Cyano to better underline differences between columns, but the
atter were not available in UHPLC dimensions at the time where
he study was conducted. In the specific case of UHPLC, methanol is
enerally avoided because of its high viscosity inducing important
ackpressure. In the present work, only pH and various hybrid sta-
ionary phases compatible with alkaline pH were evaluated with
CN for method development purposes.

Since HILIC provides very different selectivities compared
o RPLC, it is important to demonstrate that HILIC could be
mployed for most of the separations carried out in the phar-
aceutical field. For this purpose, two representative examples
ere selected: the separation of a drug cocktail containing vari-

us substrates and metabolites and the impurity profiling of an
nti-histaminic drug. All the analytes were sufficiently retained
n both modes, provided that the correct combination of pH
nd stationary phase was selected even if in the anti-histaminic
rug example the different analytes were not all resolved. In
ll cases, the elution order and selectivity were very different
ut it was always possible to find an “almost equivalent sep-
ration” in RPLC and HILIC. Finally, HILIC has the additional
dvantage to generate a very low backpressure, allowing the use
f longer columns and also to improve the MS  sensitivity signifi-
antly because of the better desolvation of highly organic mobile
hase [42,43].
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a  b  s  t  r  a  c  t

Water  contents  of superdisintegrant  pharmaceutical  excipients  were  determined  by  attenuated  total
reflectance  Fourier  transform  infrared  (ATR-FTIR)  spectroscopy  using  simple  linear  regression.  Water
contents  of  the  investigated  three  common  superdisintegrants  (crospovidone,  croscarmellose  sodium,
sodium  starch  glycolate)  varied  over  a wide  range  (0–24%,  w/w).  In  the  case  of  crospovidone  three  differ-
ent samples  from  two manufacturers  were  examined  in  order  to study  the  effects  of  different  grades  on
the calibration  curves.  Water  content  determinations  were  based  on strong  absorption  of  water  between
3700  and  2800  cm−1, other  spectral  changes  associated  with  the  different  compaction  of  samples  on  the
ATR  crystal  using  the  same  pressure  were  followed  by the  infrared  region  between  1510  and  1050  cm−1.
uperdisintegrants
article size
uality control

The calibration  curves  were  constructed  using  the  ratio  of  absorbance  intensities  in the  two  investigated
regions.  Using  appropriate  baseline  correction  the  linearity  of the  calibration  curves  was  maintained  over
the entire  investigated  water  content  regions  and  the  effect  of  particle  size  on the  calibration  was  not
significant  in  the  case  of  crospovidones  from  the  same  manufacturer.  The  described  method  enables  the
water  content  determination  of  powdered  hygroscopic  materials  containing  homogeneously  distributed

water.

. Introduction

Pharmaceutical superdisintegrants (crospovidone, croscarmel-
ose sodium, sodium starch glycolate) are polymeric excipients

ith special physico-chemical features (polar groups, cross-linked
orous structure, amorphous or partially amorphous state), which
re responsible for their strong interaction with water molecules
nd for the rapid moisture absorption from the air under inap-
ropriate storage conditions. Their major mechanism of action

s the combination of swelling and water wicking and parti-
le shape deformation as they come into contact with fluids
1]. Water content of hygroscopic pharmaceutical excipients can
argely affect the manufacturing processes and the performance
f the final product, too [2,3]. That is the reason why different
harmacopeias (European Pharmacopoeia 7.3 [4],  USP 34-NF 29
5]) specify their maximum acceptable water contents in the form
f loss on drying (5%, w/w, in the case of crospovidone and 10%,
/w, in the case of sodium starch glycolate and croscarmellose
odium).
For the determination of water content of different materials

everal methods such as loss on drying, Karl-Fischer titration, NMR

∗ Corresponding author. Tel.: +36 1 2170927; fax: +36 1 2170927.
E-mail address: zelrom@gytk.sote.hu (R. Zelkó).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.023
© 2012 Elsevier B.V. All rights reserved.

spectroscopy, near infrared spectroscopy, etc. are applied. These
methods greatly differ from each other in their accuracy, time-
demand and applicability [6].  The loss on drying method requires
relatively large amount of excipients and long measuring time. The
most widely used spectroscopic method for water content deter-
mination is near infrared (NIR) spectroscopy. It is a non-invasive
analytical tool which enables parallel measuring of different chemi-
cal and physical parameters. However the analytical signal strongly
depends on many attributes of the sample, for example on particle
size [7] that can be changed during water absorption in the case of
superdisintegrants.

The advantage of attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy is that it does not require
special sample preparation, and the water content of sensitive
samples is not altered in the course of the measurement, as it
could occur in the case of the commonly applied KBr-disc method
during mixing and grinding with the KBr crystals and the sub-
sequent disc forming. In this study we investigated the quantity
of the absorbed water of the three common superdisintegrants
based on their ATR-FTIR spectra and as reference method weight
measurement of samples was  used since water absorption and des-

orption could be quantitatively tracked by weight changes. From
crospovidone we obtained three samples from two  manufacturers
of different particle size distributions to study their effect on the
calibration.

dx.doi.org/10.1016/j.jpba.2012.01.023
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:zelrom@gytk.sote.hu
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. Materials and methods

.1. Materials

The selected powdered crospovidone (Polyplasdone XL, ISP;
olyplasdone XL-10, ISP; and Kollidon CL-SF, BASF), sodium starch
lycolate (Explotab, JRS Pharma), and croscarmellose sodium (Viva-
ol, JRS Pharma) superdisintegrants were gift samples from the
anufacturers. Crospovidone is the cross-linked homopolymer

f N-vinyl-2-pyrrolidone; sodium starch glycolate is the sodium
alt of a carboxymethyl ether of starch or of a cross-linked car-
oxymethyl ether of starch; croscarmellose sodium is the sodium
alt of a cross-linked, partly O-(carboxymethylated) cellulose. The
article sizes of Polyplasdone XL, Polyplasdone XL-10 and Kollidon
L-SF were 100–130 �m,  30–50 �m,  and 10–30 �m,  respectively
ased on the manufacturers’ data.

.2. Sample preparation

The superdisintegrants were stored at different humidity con-
itions for different periods of time in small plastic open containers
o absorb water. In the case of crospovidones dried samples (95 ◦C,
.5 h) were also prepared. The maximum water content of crospovi-
ones was attained with storage at 75% relative humidity (R.H.) for
8 h, and in the case of sodium starch glycolate and croscarmel-

ose sodium at 100% R.H. for 48 h. In the case of all five excipients
ine samples of different water contents were prepared for the cal-

brations, thus 45 samples were involved in the investigation. The
mount of absorbed or desorbed water was calculated based on
eight changes of the samples and measured with analytical bal-

nce (BP 110 S, Sartorius) with 0.1 mg  accuracy. The initial water
ontent of superdisintegrants was determined by loss on drying
ccording to the pharmacopeias.

.3. ATR-FTIR spectroscopic examinations

After the weighing, samples were immediately transferred from
he small plastic containers to closed glass vials to avoid changes
n water content and the spectral measurements were carried
ut. ATR-FTIR spectra were collected on Jasco FT/IR-4200 spec-
rophotometer between 4000 and 300 cm−1 with an ATR PRO470-H
ingle reflection accessory (Jasco) equipped with flat pressure
ip. The spectral measurements were performed at the maximum
700 kg/cm2 pressure on the diamond ATR crystal, in absorbance
ode. To obtain homogenous and reproducible sample layer over

he ATR crystal, we pressed each sample twice with the flat pres-
ure tip at the maximum pressure (i.e. after the first press with the
TR accessory some materials were put on the formed compact

ayer and after this a second press was carried out). 16 Scans at a
esolution of 4 cm−1 were co-added by the FT-IR software (Spec-
ra Manager-II, Jasco). From each sample eight parallel spectral

easurements were carried out.

.4. Data treatment

The eight parallel ATR-FTIR spectra of the samples were aver-
ged in the case of each sample with the data accumulation function
f the FT-IR software to obtain a common spectra representative for

 sample of given water content.
Along with the decrease of the water content of samples, the

aselines of their spectra increased, which distort the calculation
f the area under the curve values. Therefore, for each excipient,

he baselines of their spectra were corrected to be equal at 4000
nd 1900 cm−1 to the baseline of the sample of maximum water
ontent, thus receiving overlapping spectra in the non-absorbing
egions (between 4000 and 3700 cm−1 and 2700 and 1800 cm−1)
nd Biomedical Analysis 63 (2012) 106– 111 107

(Fig. 1). The absorption band intensities (areas of spectral bands) of
the averaged spectra were calculated between 3700 and 2800 cm−1

and 1510 and 1050 cm−1 after the baseline correction and their
ratios (denoted as A*/B*) were used for constructing the calibra-
tion lines. Water content of samples (g/100 g water-free excipient)
was  plotted against the A*/B* values since linear relationship was
expected between these values.

2.5. Confidence and prediction intervals

The 95% confidence and prediction intervals of the regression
lines were calculated using Eqs. (1) and (2) respectively.

Confidence interval :

[
yc ± t5%

n−2 · Se

√
1
n

+ (xc − x̄)2∑
(xi − x̄)2

]
(1)

Prediction interval :

[
yp ± t5%

n−2 · Se

√
1 + 1

n
+ (xp − x̄)2∑

(xi − x̄)2

]
(2)

where t5%
n−2 is the two  tail critical value of the t-distribution, n is

the degree of freedom, Se =
√∑

e2
i /n − 2,

∑
e2

i is the error sum
of squares, xc and xp are the values of xi for which the confidence
interval and the prediction interval calculations are made, and yc

and yp are calculated based on the regression equations at xc and
xp, respectively.

2.6. Limit of detection (LOD) and limit of quantitation (LOQ)

The LOD and LOQ values were calculated based on ′′Standard
Deviation of the Response and the Slope′′ entitled in an ICH guide-
line [13]. Standard deviations (SD) of the responses were estimated
based on the standard deviations of the measured data at zero ana-
lyte content and the slopes (S) were estimated from the calibration
lines. The measured spectral values of the water-free excipients
were used as blank samples. Since eight parallel measurements
were performed in the case of each sample and its average val-
ues were used for the calibrations the standard error of the means
(SEM) of the averaged blank data (SEM = SD/

√
n, n = 8) were

used to calculate the LOD and LOQ values (3.3·SEM·S and 10·SEM·S,
respectively) and standard deviations of the blank samples were
estimated from the values of the parallel measurements.

2.7. Theory of the ATR-FTIR spectroscopy

In the case of powdered materials the samples have to be com-
pressed on the ATR crystal of the ATR-accessory with high pressure
to obtain reproducible and good quality spectra. In contrary to the
transmission technique at the ATR-FTIR spectroscopy the incident
infrared (IR) beam is totally reflected at the ATR crystal/sample
interface, only an evanescent wave penetrates into the sample [8].
This evanescent wave interacts with the absorbing material result-
ing in the spectrum. The penetration depth of the evanescent wave
is only a few microns, therefore from this surface region quantita-
tive information could be obtained to the bulk if the molecules are
homogenously distributed inside the material.

There is linear relationship between the penetration depth (dp)
of the evanescent wave and the wavelength (�) of the IR beam
according to Eq. (3),  where n1 and n2 are the refractive indices of
the ATR crystal and the sample, respectively, and �i is the incident
angle of the IR beam (typically 45◦).
dp = �

2�n1

√
(sin�i)

2 −
(

n1
n2

)2
(3)
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Fig. 1. Spectra of liquid water and the three types of excipients of

The denominator of the equation can be combined into a coef-
cient k (function of n1, n2, and �i), that is constant if the refractive

ndex of the sample is not altered using the same ATR-accessory.
ue to the wavelength dependence of the penetration depth, the

pectral intensities will be relatively more intense in the low
avenumber region compared to the high wavenumber region.

ince the ratio of two absorbance intensities was used for cali-
ration, this ratio is not or less sensitive to the changes of the
arameters of the ATR accessory (n1, �i) and of the sample (n2).
long with the changes of the coefficient k, integral absorbances

n the two regions vary with the same extent, since dp = k−1�, thus
he calculated ratio remains unchanged. However it is important
o note that the refractive index of an absorbing material is not
onstant and varies rapidly around a strong absorption band [9].
t falls below the average value at the lower wavelength (higher

avenumber) side of an absorption band, and rises above to the
verage value at the higher wavelength (lower wavenumber) side,
he average being the value in the absence of any absorption. This
henomenon is called anomalous dispersion. Therefore the dp will
e lower at the higher wavenumber side around an absorption band
nd higher at the low wavenumber side and the shape and area of
bsorption bands will change [10]. These phenomena can be well
emonstrated by the comparison of the ATR spectrum of water with
heir transmission spectrum [11]. Despite the anomalous disper-
ion of refractive index, the uncorrected absorption intensities of
TR-FTIR spectra can be used in quantitative analysis. The reason
f it could be the counter-balanced effect of change of the pen-
tration depth due to anomalous dispersion; since dp is lower at
he higher wavenumber side of an absorption and it is higher on
he other side. Max  et al. [12] also showed that the intensity of
queous salt solutions follows the Beer–Lambert law in the case of
TR-FTIR spectroscopy. Disruption of the linearity of the calibra-

ion lines due to anomalous dispersion was not observed in our
xperiments.

. Results and discussion

.1. Spectra of the different samples
Liquid water has strong absorption around 1640 cm−1 due to
ts bending vibration and very strong absorption between 3700
nd 2800 cm−1 (called region A) due to its stretching vibrations,
mum and minimum water contents using maximal ATR pressure.

therefore the changes of water contents in materials can be easily
followed by the changes of the absorbance intensities in this region
(Fig. 1).

However in the case of amorphous or partially amorphous poly-
meric excipients the densities of the polymer chains on the ATR
crystal should be considered because these materials have excess
(free) volume between the polymer chains [14], therefore their
density extensively changes with the compression. Since water
molecules are inside the polymer domain, the polymer density
also determines the amount of water which could interact with
the evanescent wave. Along with the increase of water content of
the excipients, the densities of the polymer chains will increase
on the ATR crystal, due to the plasticizing effect of water. As a
result of it more intense spectra could be observed in the entire
infrared region with increasing water contents. Similar findings
were found by Elkhider et al. [15] investigating hydroxypropy-
lmethylcellulose tablets exposed to different relative humidity
values. The absorbed water reduces the glass transition temper-
ature, increases the free volume and consequently the molecular
mobility of amorphous materials [14,16]. The higher free volume
resulted in denser re-arrangement of the polymer chains in the
course of the ATR compression, and assuming similar penetration
depth, the evanescent wave will interact with more molecules.
The two effects—increasing water content and increasing poly-
mer density over the ATR crystal—changed together the absorbance
intensities in the region A. In order to study the density of the poly-
mer  chains on the ATR crystal, the 1510–1050 cm−1 region (region
B) was  selected, because in this region water has only week absorp-
tion due to combination bands [17], while the excipients and most
organic molecules have intense absorption in this region.

Fig. 2a and b compares the spectra of croscarmellose sodium
samples with different water contents at maximum pressure with
the spectra of samples at maximum water content and different
pressures. Similar nature of the spectra can be observed in region
B (1510–1050 cm−1), therefore it can be stated that the spectral
changes in region B are due to the different compaction of the
samples in both cases while water has relatively less effect on
the absorption intensities in this region. By the calculation of the

absorbance intensities in region A and B, and taking its ratio (A*/B*),
linear relationship could be obtained between these values and the
water content of the samples in the form of amount of water/100 g
water-free excipient. The reason is if the absorbance intensity
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ig. 2. Spectral region of croscarmellose sodium samples (a) of different water con
ressure on the ATR-accessory.

alues in region A (A*) are normalized against the absorbance
ntensity values in region B (B*), then A* could be responsible
olely to the water absorption of the samples and by taking B*
onstant (unit) the amount of water-free polymer that interact
ith the evanescent wave is also constant mathematically.

.2. Baseline shifts

Scattering of the infrared radiation on the excipient particles
uring the ATR-FTIR measurements should be considered in the
uantitative analysis. If the particle size is commensurable to the
avelength, the electromagnetic radiation scatters thus consider-

bly increasing the baseline. The latter can be seen in the case of
olyplasdone XL (crospovidone with highest particle size) samples
Fig. 3).

The increase of baselines with decreasing water content can
e observed in the case of each excipient, but its extent is differ-
nt depending on the type of the superdisintegrants. The baseline
hifts can be also explained with the plasticizing effect of water.

ith increasing water content the high pressure ATR-accessory is
ble to form a more homogeneous smooth surface on the ATR crys-
al, consequently the scattering of the infrared radiation will be
ecreased. With the appropriate baseline correction it is possible
o generate regression lines of the two Polyplasdone samples which
o not significantly differ from each other according to their 95%
onfidence intervals (Fig. 4), therefore a common calibration line
as constructed for Polyplasdones.

However in the case of Kollidon CL-SF the slope of the regression
ine was slightly greater. In order to clarify this tendency differ-

nt Kollidon grades should be also examined. Since there was  no
ignificant difference between the regression lines of the two Poly-
lasdones, it can be supposed that the water content determination
ith ATR-FTIR measurement is not sensitive to the change of the

ig. 3. Baseline shift of spectra of Polyplasdone XL as a function of the water content
n  the 4000–1700 cm−1 region.
 at the maximum pressure, (b) of maximum water content obtained by increasing

particle size if appropriate baseline correction is used. In the case
of Vivasol samples the baseline correction does not improved the
regression line, maybe due to its irregular rod-like particle shape
and special scattering property; therefore the uncorrected raw
spectral data were used for the calculations (Fig. 5).

3.3. Quantitative results

Water content of superdisintegrants is an important parameter
from the point of manufacturing. In the two  pharmacopeias loss
on drying test is specified instead of water content determination.
However, in the course of drying, in the lack of volatile components
and thermal decomposition mostly water leaves, therefore water
content determination can be an alternative to the loss on drying
method. Table 1 summarizes the pharmacopeial requirements of
the loss on drying method and the quantitative parameters of the
suggested ATR-FTIR method. In the case of crospovidone excipi-
ent the drying time is not determined in the pharmacopeias only
the drying to constant weight is required, therefore 2 h were cho-
sen as drying time. According to the spectra of dried crospovidone
(Fig. 1) this period was enough for complete drying. Crospovi-
done being a tertiary amide has no absorption in the region of
3700–3050 cm−1 and the absence of water band of the dry spec-
trum in this region indicated that the drying was successful and
also indicated that in the course of the ATR-FTIR measurement the
hygroscopic material were unable to absorb significant amount of
water.

Since the infrared wave interacts with a very small volume of
samples on the ATR crystal the local inhomogeneities in water dis-
tribution could cause the relatively large standard deviation of the
measured A*/B* values as it was  observed during our measure-
ments. To avoid the relatively large standard deviation (SD) of the
measured values, each measurement was repeated eight times and
their mean was used to generate one data value. The given LOD and
LOQ values are valid assuming eight parallel measurements are per-
formed. The increase of the number of parallel measurements will
decrease the LOD and LOQ values of the method.

Each superdisintegrant met  the pharmacopeial requirements.
From the precision interval it can be seen that if the water con-
tent of the excipients is not around the limit of the acceptable
value, the ATR-FTIR method is able to prove the compliance with
requirements. However, the precision of water content determina-
tions is lower than in the case of loss on drying and Karl-Fischer
titration methods but this is derived partly from the methodol-

ogy and not from the reproducibility of the A*/B* values. Several
simplifications are necessary during quantitative evaluation of ATR
spectra. Application of different correction methods (considering
the anomalous dispersion of the refractive index, the baseline shift,
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Fig. 4. The two end sections of the regression lines of the two Polyplasdone grades with 95% confidence intervals (dotted lines).

Table  1
Summary of the pharmacopeial requirements and the quantitative parameters of the described method.

Kollidon CL-SF Polyplasdone XL Polyplasdone XL-10 Explotab Vivasol

Loss on drying methoda 105 ◦C/2 h 105 ◦C/2 h 105 ◦C/2 h 130 ◦C/1.5 h 105 ◦C/6 h
Max.  acc. waterb 5 5 5 10 10
Max.  inv. waterc 22 22 23 19 24
Water by dryingd 3.68 (0.02) 3.50 (0.01) 3.02 (0.11) 7.56 (0.09) 5.92 (0.05)
Water  by ATRe 4.11 3.54 2.95 7.65 6.39
PI  at the max. acc. waterf ±1.3 ±0.7 ±0.7 ±0.5 ±1.4
PI  at zero waterg ±1.3 ±0.8 ±0.8 ±0.6 ±1.5
PI  at inv. max. waterh ±1.5 ±0.8 ±0.8 ±0.6 ±1.6
LODi 0.3 0.2 0.2 0.3 0.6
LOQj 0.9 0.7 0.7 0.8 1.8

a Drying temperature and time applied for the determination of the initial water content.
b Maximum acceptable water content of excipients by pharmacopeias based on loss on drying method (% w/w).
c Maximum investigated water content of excipients (% w/w).
d Initial water content of excipients with standard deviation (n = 3) determined by the pharmacopeia loss on drying test (% w/w).
e Calculated initial water content of excipients based on the calibration lines (% w/w).
f 95% prediction interval of the calculated water content values in the case new measured samples near the maximum acceptable water contents (% w/w).
g 95% prediction interval of the calculated water content values in the case new measured samples near zero water contents (% w/w).

easu

a
r
t
a

F
s

h 95% prediction interval of the calculated water content values in the case new m
i Limit of detection performing eight parallel measurements (% w/w).
j Limit of quantitation performing eight parallel measurements (% w/w).

nd the absorption of water in region B) could result in more accu-

ate water content determination. It has to be also mentioned
hat the absorbance bands of hydrophilic groups of polymers are
ffected by hydrogen-bonds during water absorption and their

ig. 5. Equations and correlation coefficients of regression lines of examined excipients u
izes.
red samples near the maximum investigated water contents (% w/w).

wavenumber position and intensity alter as it can be observed on

the spectra of crospovidone between 1510 and 1050 cm−1 (Fig. 1).
In addition, superdisintegrants of high water contents lose mois-
ture very rapidly; therefore controlled humidity environment or

sing a common calibration line to the two Polyplasdone grades of different particle
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pecial ATR sample holder developed for hygroscopic materials [18]
ould be advantageous for more accurate ATR-FTIR measurements.

. Conclusion

A fast screening method was developed for the water content
etermination of polymer superdisintegrants containing homoge-
eously distributed water. The two main advantages of the method
re that it could be used for thermosensitive materials and also
or materials that cannot be dissolved in the medium of the Karl-
ischer titration.

ATR-FTIR method enabled water content determination over the
ntire investigated range of the water content by using appropriate
pectral regions after baseline correction. Further development of
he method could offer an alternative solution for the existing time-
nd reagent demanding techniques.

Since the method was independent of the chemical nature of
he investigated materials it could assume that it works in the case
f other powdered polymer excipients, too.
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a  b  s  t  r  a  c  t

An  unknown  impurity  was  detected  in deferasirox  drug  substance  by  a newly  developed  high  per-
formance  liquid  chromatography  (HPLC)  method.  The  unknown  impurity  was  identified  by liquid
chromatography–tandem  mass  spectrometry  using  electrospray  ionization  source  and  Q-trap  mass
analyzer  (LC–ESI–QT/MS/MS).  Based  on  LC–MS/MS  data  and  knowledge  of  the  synthetic  scheme  of
deferasirox,  this  impurity  was  proposed  as  the  regio-isomer  of  deferasirox.  Structural  confirmation  of
eywords:
eferasirox

mpurity
C–MS/MS
MR

this  impurity  was  unambiguously  carried  out  by  synthesis  followed  by  characterization  using nuclear
magnetic  resonance  (NMR),  infrared  spectroscopy  (IR), mass  spectrometry,  elemental  analysis  (EA)  and
the  impurity  was  confirmed  as  2-[3,5-bis(2-hydroxy-phenyl)-[1,2,4]-triazol-1-yl]-benzoic  acid  (Imp-1).
The newly  developed  method  was  validated  according  to  ICH  guidelines.  The  resolution  between  Imp-1
and  deferasirox  was  found  to  be  more  than  6.0  and  the  detection  limit  of  impurities  was  in  the  range  of

 high  
alidation 0.0005–0.01%,  indicating

. Introduction

Deferasirox (Fig. 1) is an orally active iron chelator that is used
n the management of chronic iron overload due to blood trans-
usion. Deferasirox is a tridentate ligand that binds iron with high
ffinity in a 2:1 ratio from the soluble iron pool in the plasma. It
s indicated for the treatment of transfusional iron overload due to
lood transfusions such as �-thalassemia or sickle cell disease and
ther chronic anemias (transfusional hemosiderosis). Deferasirox
as been developed to reduce iron-related morbidity and mortal-

ty. Deferasirox is the first oral medication approved in USA for this
urpose [1–4].

Several methods have been reported in literature for
eferasirox. Long term efficacy and safety of deferasirox has been
eported [5].  A LC–MS method for the analysis of deferasirox in
iological samples [6],  pharmacokinetics, distribution, metabolism
nd excretion of deferasirox and its iron complex in rats have
lso been reported [7,8]. A stability indicating LC method for

eferasirox in bulk drugs and pharmaceutical dosage forms, LC
etermination of deferasirox in pharmaceutical formulations and
reparation of highly pure deferasirox have been reported recently

∗ Corresponding author. Tel.: +91 120 4362210; fax: +91 120 2580033.
E-mail address: saji thomas@jubl.com (S. Thomas).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.024
selectivity  and  sensitivity  of  the  newly  developed  method.
© 2012 Elsevier B.V. All rights reserved.

[9–11]. Deferasirox is not listed in any pharmacopoeias such as
USP, EP and BP, etc.; and no reports available on the impurity
profile study of deferasirox using LC–MS/MS techniques.

During HPLC analysis of deferasirox samples by the reported
method [9] it was found that one unknown impurity was  co-eluting
with the main peak. Therefore it was  felt necessary to develop a new
method to resolve this impurity from the main peak. Upon analy-
sis of deferasirox samples by the newly developed method, two
impurities were detected in several batches. One of the impurities
was  found to be known [11], the unknown impurity which was
co-eluting with the main peak in the previously reported method
was  found to be well resolved from deferasirox peak and was in the
range of 0.1–0.15%. ICH guidelines indicate that unknown impuri-
ties at or above 0.05% in the drug substance require identification
[12] depending on the maximum daily dosage. Characterization
of unknown impurity is also essential to ascertain that an impu-
rity does not have genotoxic concern, hence characterization of
unknown impurities is critical to establish the quality, safety and
efficacy of drug substances. As a common practice, efforts should
be made to identify and characterise all unknown impurities in the
drug substance due to the ever increasing demand from regulatory

agencies to manufacture high purity drug substances. Impurity pro-
filing of drugs is one of the most important issues in the modern
pharmaceutical analysis [13–19] for developing process technology
to manufacture high purity drug substance. Objective of the current

dx.doi.org/10.1016/j.jpba.2012.01.024
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:saji_thomas@jubl.com
dx.doi.org/10.1016/j.jpba.2012.01.024
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Fig. 1. Chemical structures of deferasirox and impurit

tudy was to characterise the unknown impurity detected consis-
ently in several batches of deferasirox. Structure of impurity was
roposed based on LC–MS/MS data and evaluating the synthetic
cheme of deferasirox. The proposed structure was  further unam-
iguously confirmed by synthesis followed by characterization
sing NMR, IR and elemental analysis. A plausible mechanism for
he formation and control of new impurity in deferasirox has also
een proposed. Newly developed method was validated according
o ICH guidelines [20].

. Experimental

.1. Materials and reagents

Sample of deferasirox API (batch no. DFX/RD-crude), Imp-
 (salicylamide), Imp-B (salicylic acid), Imp-C (2-hydroxy-N-

(2-hydroxyphenyl)carbonyl]benzamide), Imp-D(2-(2-
ydroxyphenyl)-4H-1,3-benzoxazin-4-one) and Imp-E
4-[3,5-bis(2-hydroxyphenyl)-1-H-1,2,4-triazol-1-yl]methyl ben-
oate) (Fig. 1) were obtained from Jubilant Life Sciences Limited
Mysore, India). Deionised water was prepared using a Milli-Q plus
ater purification system from Millipore (Bedford, MA, USA). HPLC

rade methanol and acetonitrile were purchased from Merck India
imited (Maharashtra, India). Dimethyl sulfoxide-d6 (for NMR)
as purchased from Sigma–Aldrich Corporation (St. Louis, MO,
SA). Analytical reagent grade trifluoroacetic acid and formic acid
ere purchased from Qualigens India Limited (Mumbai, India).

otassium bromide FT-IR grade was purchased from Merck KGaA
Hesse, Germany). Laboratory reagent grade 2-hydrazinobenzoic
cid, 4-hydrazinobenzoic acid, pyridine, triethylamine, ethanol,
thyl acetate, n-hexane, thionyl chloride, o-xylene, potassium
ihydrogen phosphate and sodium sulfate were purchased from
pectrochem (Mumbai, India).
.2. High performance liquid chromatography

Samples were analysed on a Waters alliance 2690 separation
odule equipped with 2487 UV detector (Waters corporation, MA,
p-E

mbering has been assigned for NMR  characterization.

USA) using an Inertsil ODS-3V column (GL Sciences Inc., Tokyo,
Japan), (250 mm × 4.6 mm,  5 �m).  Mobile phase A consisted of
water–trifluoroacetic acid (100:0.05, v/v) and mobile phase B con-
sisted of acetonitrile–methanol–trifluoroacetic acid (50:50:0.05,
v/v/v) in gradient mode (TminA:B) T050:50, T2020:80, T3520:80,
T4050:50, T4550:50 with a flow rate of 1.0 mL/min, detector wave-
length at 245 nm and the column temperature maintained at 25 ◦C
throughout the analysis. Injection volume was 10 �L for a sample
concentration of 400 �g/mL prepared in mobile phase-B.

2.3. Liquid chromatography–tandem mass spectrometry
(LC–MS/MS)

The MS  and MS/MS  studies were performed on 3200 Q-trap
mass spectrometer (AB Sciex, CA, USA) using electrospray ioniza-
tion source (−ive mode). The instrument was operated in enhanced
product ion mode with the following settings: collision energy of
−40 V, collision energy spread −10 V declustering potential −10 V
and the capillary ion spray voltage was  −4500 V. Nitrogen was  used
as curtain gas and CAD gas at a pressure of 15 psi. Zero air at a
pressure of 45 psi was  used as nebuliser gas and heater gas.

The HPLC consisted of LC-20AD binary gradient pump, SPD-
10AVP UV detector, SIL-10HTC auto sampler and a column
oven CTO-10ASVP (Shimadzu Corporation, Kyoto, Japan). A Sym-
metry shield RP18 column (Waters Corporation, MA,  USA,
250 mm × 4.6 mm,  5 �m)  was used for chromatographic separa-
tion. Mobile phase A consisted of 0.1% (v/v)formic acid and mobile
phase B consisted of 0.1% formic acid in acetonitrile–methanol
mixture (50:50:0.1, v/v/v) in gradient mode (Tmin A:B) T050:50,
T2020:80, T3520:80, T4050:50, T4550:50 and a flow rate of
1.0 mL/min was used. Injection volume was 10 �L for a sample con-
centration of 400 �g/mL prepared in mobile phase-B. The column
was  maintained at 25 ◦C throughout the analysis.
2.4. NMR spectroscopy

1H and 13C NMR  spectra were recorded at 399.957 MHz
and 100.432 MHz  respectively, using a Bruker AVANCE 400 MHz
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pectrometer (Bruker, Fallanden, Switzerland) equipped with a
 mm BBO probe and a z-gradient shim system. The 1H NMR spectra
ere recorded with 1 s pulse repetition time using 30◦ flip angle,
hilst 13C NMR  spectra were recorded with power gated decou-
ling using 30◦ flip angle with repetition time of 2 s. Samples were
issolved in dimethyl sulfoxide-d6. The 1H and 13C chemical shift
alues were reported on the ı scale in ppm relative to DMSO-d6
2.50 ppm for 1H NMR  and 39.5 ppm for 13C NMR). All spectra were
ecorded with sample spinning.

.5. FT-IR spectroscopy

The IR spectrum was recorded in the solid state as KBr powder
ispersion using Nicolet FT-IR model AVTAR 370 (Thermo Elec-
ron Scientific Instruments, Madison, WI,  USA) with a DTGBS KBr
etector. Data were collected between 400 and 4000 cm−1, with

 resolution of 4.0 cm−1. A total of 16 scans were obtained and
rocessed using the OMNIC software version 6.0.

.6. Elemental analysis

Elemental analysis (C, H, N) was carried out using an elemental
nalyzer model Vario EL III with TCD detector (Elementar Analy-
ensysteme GmbH, Hanau, Germany). Samples were weighed in a
in boat, to which tungsten oxide was added and neatly packed.
he sample in tin boat was loaded in an auto sampler tray and was
ropped into the combustion tube automatically at a temperature
f 1200 ◦C. Complete combustion of sample was ensured with a
pecial oxygen jet injection.

.7. Preparation of solutions for method validation

A test preparation of 400 �g/mL of deferasirox sample was
repared by dissolving appropriate amount in methanol. A stock
olution of impurities were prepared by dissolving 10 mg  each
f Imp-A, Imp-B, Imp-C, Imp-D, Imp-E and Imp-1 in 100 mL  of
ethanol. From this stock solution a solution containing 0.6 �g/mL

ach of Imp-A, Imp-B, Imp-C, Imp-D, Imp-E, Imp-1 and 400 �g/mL
f deferasirox was prepared in mobile phase-B.

. Results and discussion

.1. Method development

Initially deferasirox samples were analysed by reported method
9].  A critical evaluation of chromatographic data revealed that one
f the impurities was co-eluting with the main peak (Fig. 2a and b).
eak broadening was also a major concern about the specificity and
fficiency of the reported method. Therefore it was felt necessary
o develop a new HPLC method with higher selectivity in order to
esolve all the impurities from the main peak. Several trials using
otassium dihydrogen phosphate and acetonitrile combination on
n Inertsil ODS-3V (250 mm × 4.6 mm,  5 �m)  were not given satis-
actory improvements in resolution of impurities. Several method
evelopment experiments were performed to optimise gradient
rofile, chromatographic conditions before finalizing the condi-
ions as described under Section 2.2. In the new method, resolution
etween deferasirox and Imp-1 was found to be more than 6.0

ndicating high selectivity of the newly developed method (Fig. 2c).

.2. Detection of impurities by HPLC
Deferasirox drug substance sample was analysed using the
ewly developed HPLC method as described in Section 2.2.  The
nalysis revealed the presence of two impurities at retention time
7.91 min  (RRT 0.88) and 24.87 min  (RRT 1.23) (Fig. 2c). All known
 Biomedical Analysis 63 (2012) 112– 119

impurities were spiked with deferasirox sample and relative reten-
tion times (RRTs) were compared. Based on elution order, known
impurities in the spiked preparation were marked as Imp-A (RT
5.01 min; RRT 0.24), Imp-B (RT 8.45 min; RRT 0.41), Imp-C (RT
10.57 min; RRT 0.51), Imp-D (RT 16.17 min; RRT 0.78) and Imp-E
(RT 25.68 min; RRT 1.23). Impurity at retention time 17.91 min  (RRT
0.88) was found to be unknown and marked as Imp-1 (Fig. 2d).

3.3. Identification and characterization of Imp-1 by LC–MS/MS

A LC–MS method, as described in Section 2.3 was used to identify
the unknown impurity. Mass spectral data of deferasirox showed
deprotonated molecular ion peak m/z 372 (Fig. 3a). The mass spec-
tral data obtained for Imp-1 did not match with any of the known
impurities; therefore, a comprehensive investigation was carried
out for identification and characterization of Imp-1. Prior to charac-
terization work on Imp-1, it is logical to understand the LC–MS/MS
data for deferasirox, the parent drug molecule. The MS2 spectra
obtained for deferasirox showed prominent product ion peaks at
m/z 328 and m/z 252 (Fig. 3b). Formation of these product ions can
be attributed to the neutral loss of CO2 (44 Da) and the subsequent
cleavage of aromatic ring resulting in the loss of benzyne (76 Da) as
depicted in Fig. 4a. The proposed mass fragmentation pattern was
further supported by previously reported values [8].

The mass spectrum of Imp-1 showed a deprotonated molecular
ion at m/z 372 (Fig. 3c) equal to that of molecular ion of deferasirox.
The MS2 spectra obtained for Imp-1 also showed prominent prod-
uct ion peaks at m/z 328 and m/z 252 (Fig. 3d). The fragment at
m/z 328 presumed to be identical with the product ion peak of
deferasirox showing a difference of 44 amu  from the mass of par-
ent ion peak [M–H]− and can be attributed to the neutral loss of
CO2 (44 Da). Formation of other product ions can be rationalised
considering the plausible fragmentation pathway for Imp-1. Loss
of similar moieties, both from deferasirox and Imp-1 indicated
that Imp-1 could be regio-isomer of deferasirox (Fig. 4a and b).
The knowledge of the route of synthesis of deferasirox led to
proposing the molecular structure of the unknown impurity based
on LC–MS/MS data. During the synthesis of deferasirox, salicylic
acid and salicylamide were treated in presence of thionyl chlo-
ride to get DFX-I intermediate, which on further reaction with
4-hydrazinobenzoic acid, using ethanol as a solvent leads to the
formation of deferasirox. The presence of 2-hydrazinobenzoic acid
(positional isomeric impurity) in 4-hydrazinobenzoic acid was  sus-
pected to contribute the formation of Imp-1. The synthetic scheme
for the plausible formation of Imp-1 is depicted in Fig. 5. Based on
LC–MS/MS data and synthetic chemistry knowledge, the structure
of Imp-1 was  proposed as 2-[3,5-bis(2-hydroxy-phenyl)-[1,2,4]-
triazol-1-yl]-benzoic acid. Imp-1 was  independently synthesised
[21] and used for further structural confirmation by NMR, FT-IR
and EA techniques.

3.4. Synthesis of Imp-1

Salicylic acid was treated with thionyl chloride to get salicy-
loyl chloride followed by condensation with salicylamide resulted
in formation of 2-(2-hydroxyphenyl)benzo[e] [1,3] oxazin-4-one
(DFX-I). DFX-I was further treated with 2-hydrazinobenzoic acid
under reflux using ethanol as solvent. The mixture was cooled,
poured into water and extracted with ethyl acetate. Ethyl acetate
layer was concentrated under vacuum and the residue was
crystallised from ethyl acetate and n-hexane mixture to get 2-[3,5-
bis(2-hydroxyphenyl)-[1,2,4]triazol-1-yl]benzoic acid. HPLC purity

of Imp-1 was found to be 97.6%. The synthesised Imp-1 was
co-spiked with deferasirox sample, retention time of Imp-1 in
deferasirox sample and co-spiked sample was  found to be exactly
same. The MS  and MS2 spectra obtained for synthesised Imp-1
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ig. 2. (a) Chromatogram of deferasirox sample in previously reported method, (b) 

n  previously reported method, (c) chromatogram of deferasirox sample showing re
piked  with impurities in new method.

sing direct infusion mode was also found to be exactly same as
hat of on-line LC–MS/MS analysis.

.5. Structural confirmation by NMR, FT-IR and CHN analysis
The NMR  spectral data of deferasirox and Imp-1 were com-
ared (Table 1). The 1H NMR  spectrum of deferasirox and Imp-1
howed three singlets at ı 10.05, 10.95, 13.20 and 10.25, 10.92,
ded chromatogram of deferasirox sample showing co-elution of unknown impurity
ion of unknown impurity in new method, (d) chromatogram of deferasirox sample

13.25 ppm assigned to exchangeable hydroxyl and carboxylic pro-
tons respectively. It is apparent from the comparison of the NMR
spectral data of deferasirox and Imp-1 that both have almost simi-
lar chemical shifts for more than half a molecule except the phenyl

ring containing carboxylic acid functional group. The symmetri-
cal para disubstituted pattern of deferasirox (positions 8/10 and
7/11; ı 7.99 and ı 7.55 respectively) was lacking in Imp-1, where
the four protons (positions 8, 9, 10, 11) having different chemical
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Fig. 3. (a) Mass spectrum of deferasirox (b) MS/MS spectrum of deferasirox (c) mass spectrum of Imp-1 (d) MS/MS  spectrum of Imp-1.

Table 1
Comparative NMR  assignments for deferasirox and Imp-1.

Position Deferasirox Imp-1

1H 13C DEPT 1H 13C DEPT

1 – – – – – –
2  – – – – – –
3 –  160.3 Cq – 159.6 Cq
4  – – – – – –
5  – 152.5 Cq – 153.3 Cq
6  – 141.7 Cq – 135.0 Cq
7  7.55/m 123.8 CH – 136.9 Cq
8  7.99/m 130.8 CH 7.98/dd (8.0, 1.6 Hz) 130.5 CH
9  – 131.0 Cq 7.27/m 127.0 CH

10  7.99/m 130.8 CH 7.70/m 131.5 CH
11  7.55/m 123.8 CH 7.62/m 128.8 CH
12  – 114.1 Cq – 113.9 Cq
13  10.95/br s (OH) 156.8 Cq 10.92/br s (OH) 156.7 Cq
14  6.99/m 117.5 CH 6.83/d (8.0 Hz) 117.4 CH
15  7.38/m 131.9 CH 7.28/m 132.6 CH
16  6.99/m 120.1 CH 6.99/m 120.0 CH
17  8.04/dd (8.0, 1.6 Hz) 127.2 CH 7.86/dd (8.0, 1.6 Hz) 127.0 CH
18  – 114.8 Cq – 114.3 Cq
19  10.05/br s (OH) 155.6 Cq 10.25/br s (OH) 156.1 Cq
20 6.86/d (8.0 Hz) 116.6 CH 6.81/d (8.0 Hz) 116.7 CH
21  7.38/m 133.0 CH 7.28/m 133.1 CH
22  6.99/m 119.9 CH 6.99/m 119.4 CH
23 7.55/m 131.5 CH 7.62/m 131.7 CH
24  13.20/br s (COOH) 166.9 Cq 13.25/br s (COOH) 166.3 Cq

s; Singlet, d; doublet, m;  multiplet, br s; broad singlet, Cq; quaternary carbon, coupling constant are given in bracket. For numbering of deferasirox and Imp-1 refer Fig. 1.
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stress conditions employed for degradation study included acid
hydrolysis (1.0 N and 5.0 N HCl), base hydrolysis (1.0 N and 5.0 N
ation pathway for Imp-1.

hifts appeared as a characteristic ortho disubstituted benzenoid
attern. 13C and DEPT spectral data also supported these observa-
ions. The upfield chemical shift at meta position to the carboxylic
cid (9; ı 7.27 and ı 127.0 in the 1H and 13C spectrum respectively)
f Imp-1 favours the regioisomeric nature of Imp-1. The character-
stic carboxylic carbon at ı 166.9 ppm in deferasirox and at 166.3 in
mp-1 confirmed the presence of C O group in both structures. The
roposed NMR  assignments were further supported by previously
eported values [8].

FT-IR spectrum of deferasirox displayed characteristic absorp-
ions at 3435 cm−1 (OH, stretching), 1687 cm−1 (acid, conjugated

 O stretching), 1587 cm−1 (aromatic, C C stretching). The
R spectrum of Imp-1 displayed characteristic absorptions at
440 cm−1, (OH, stretching), 1690 cm−1 (acid, conjugated C O
tretching), 1605 cm−1, 1589 cm−1 (aromatic, C C stretching). 1H
MR, 13C NMR  and FT-IR spectral data confirms the proposed struc-
ure for Imp-1. CHN data obtained for Imp-1 showed carbon 67.46%,
itrogen 11.18% and hydrogen 4.03% against theoretical values of
Fig. 5. Synthetic scheme of deferasirox and plausible pathway for the formation of
Imp-1.

carbon 67.56%, nitrogen 11.25% and hydrogen 4.05%. CHN data con-
firms the proposed structure based on LC–MS/MS data.

4. Method validation

The newly developed method was  validated for precision,
linearity, accuracy, sensitivity, robustness and system suitability
according to ICH guidelines [20]. Validation study was carried out
for the analysis of Imp-A, Imp-B, Imp-C, Imp-D, Imp-E and Imp-
1. The system suitability and selectivity were checked by injecting
400 �g/mL of deferasirox solution containing 0.15% of all impuri-
ties and diluted standard solution of 0.4 �g/mL of deferasirox and
monitored throughout the validation, method validation results are
showed in Table 2.

4.1. Specificity

Specificity is the ability of the method to unequivocally assess
the analyte response in the presence of its potential impurities.
Specificity was  established by injecting deferasirox co-spiked with
potential impurities. Forced degradation studies were also per-
formed on deferasirox to provide an indication of the stability
indicating property and specificity of the proposed method. The
NaOH) and oxidation (1.0% and 10% H2O2). Solid state stability of
the drug substance was carried out by (a) thermal degradation at
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Table  2
Method validation summary report.

Parameter Imp-A Imp-B Imp-C Imp-D Imp-1 Deferasirox Imp-E

System suitability
RT (min) 5.001 8.452 10.569 16.173 18.369 20.782 25.618
RRT 0.24 0.41 0.51 0.78 0.88 1.00 1.23
Rs – 13.06 10.96 28.77 7.56 9.06 15.36
N  9766 12,566 136,790 63,174 71,514 86,289 107,852
T  1.01 1.09 1.02 0.90 0.96 1.05 1.01

Linearity
r 0.9996 0.9997 0.9997 0.9995 0.9997 0.9996 0.9996
Slope 95,181 105,427 8434 63,913 149,584 161,150 177,265
Intercept −131  342 71 −360 −515 −702 −773

Detection limit (%w/w) 0.0009 0.0005 0.01 0.002 0.0007 0.0005 0.0005
Quantitation limit (%w/w) 0.002 0.002 0.03 0.007 0.003 0.002 0.002
Precision %RSD (n = 6) 4.99 6.64 4.49 4.61 6.26 6.10 5.10
Repeatability (intra day) %RSD (n = 6) 1.28 1.36 1.42 1.01 1.10 1.21 1.11
Intermediate precision (inter day) %RSD (n = 12) 1.31 0.82 2.21 2.03 1.41 1.31 0.27
Accuracy at QL level (n = 3)

Amount added (�g/mL) 0.0080 0.0080 0.1200 0.0280 0.0120 0.0088 0.0088
Amount recovered (�g/mL) 0.0079 0.0076 0.1206 0.0285 0.0124 0.0088 0.0088
%  Recovery 98.75 95.00 100.50 101.79 103.33 100.00 100.00

Accuracy at 100% level (n = 3)
Amount added (�g/mL) 0.6000 0.6000 0.6000 0.6000 0.6000 0.6000 0.6000
Amount recovered (�g/mL) 0.6216 0.6040 0.5960 0.5996 0.6088 0.6060 0.6076
%  Recovery 103.60 100.67 99.33 99.93 101.13 101.00 101.27

Accuracy at 150% level (n = 3)
Amount added (�g/mL) 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000
Amount recovered (�g/mL) 0.8924 0.9076 0.9460 0.8992 0.9036 0.8948 0.9016
%  Recovery 99.16 100.84 105.11 99.91 100.40 99.42 100.18

Accuracy at 200% level (n = 3)
Amount added (�g/mL) 1.2000 1.2000 1.2000 1.2000 1.2000 1.2000 1.2000
Amount recovered (�g/mL) 1.1900 1.2100 1.2612 1.1988 1.2044 1.2008 1.2020
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%  Recovery 99.17 100.83 

: Number of determinations, RT: retention time, RRT: relative retention time, Rs: US

05◦ C for 48 h; (b) photolytic degradation was performed by keep-
ng 500 mg  of each solid sample in two separate loss on drying
ottles (dark control and photolytic exposure) in photo stability
hamber model TP 0000090G (Thermo Lab equipments Pvt. Ltd.,
umbai, India). Samples were exposed to get a minimum exposure

f 1.2 million lx h for light and 200 W h/m2 for ultraviolet region
s per ICH guidelines [22]. Samples were withdrawn at appropri-
te times and subjected to HPLC analysis using 400 �g/mL sample
oncentration. Peak purity of stressed samples of deferasirox was
hecked using a 2996 photo diode array detector (Waters Corpo-
ation, MA,  USA). From the degradation studies and peak purity
est results derived from PDA detector it was confirmed that the
pectral purity of deferasirox was homogenous thus confirmed the
tability indicating power of the newly developed method.

.2. Precision

The precision of the related substances method was checked
y injecting six individual preparations of 400 �g/mL deferasirox
piked with 0.15% Imp-A, Imp-B, Imp-C, Imp-D, Imp-E and Imp-
. Percentage relative standard deviation for area of each impurity
as calculated. Precision study was also determined by performing

he same procedures on a different day (inter-day precision). The
ntermediate precision (ruggedness) of the method was also eval-
ated by a different analyst on different column (from the same
anufacturer) and different instrument in the same laboratory.

RSD of area for each impurity were within 5.0 confirming the good
recision of the developed analytical method.

.3. Sensitivity
Sensitivity was determined by establishing the detection limit
DL) and quantitation limit (QL) for all impurities estimated at a
ignal-to-noise ratio of 3:1 and 10:1 respectively, by injecting a
105.10 99.90 100.37 100.07 100.17

ution, N: number of theoretical plates, T: USP tailing factor, r: correlation coefficient.

series of dilute solutions with known concentrations. The preci-
sion study was  also carried out at QL level by injecting six individual
preparations of all impurities. Percentage RSD for the areas of each
impurity was calculated. The DL of Imp-A, Imp-B, Imp-C, Imp-D,
Imp-1 and Imp-E was  0.0009%, 0.0005%, 0.01%, 0.002%, 0.0007%
and 0.0005% (of analyte concentration, i.e. 400 �g/mL) respectively
for 20 �L injection volume. Quantitation limit was  0.002%, 0.002%,
0.03%, 0.007%, 0.003% and 0.002% for Imp-A, Imp-B, Imp-C, Imp-D,
Imp-1 and Imp-E respectively.

4.4. Linearity and range

A linearity test solution for related substance method was pre-
pared by diluting the impurity stock solution to the required
concentrations. The solutions were prepared at seven concentra-
tion levels. From QL to 200% of the permitted maximum level to the
impurities and was subjected to linear regression analysis with the
least squares method. Calibration equation obtained from regres-
sion analysis was used to calculate the corresponding predicted
responses. Linear calibration plot for the related substance method
was  obtained over the calibration range tested, i.e. QL  to 0.225% for
each impurity. The correlation coefficients obtained were greater
than 0.999 for all six impurities. The result showed an excellent
linear response for all the impurities and the diluted standard.

4.5. Accuracy

The accuracy of the method was  evaluated in triplicate at three
concentration levels, i.e. QL, 0.6 �g/mL, 0.9 �g/mL and 1.2 �g/mL
of the analyte concentration (400 �g/mL). The percentage recov-

ery of impurities was  found in the range of 95.0–105.1% (Table 2)
indicating the high accuracy of the newly developed method. Chro-
matogram of deferasirox spiked with impurities is showed in
Fig. 2d.
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.6. Robustness

To determine the robustness of the method, experimental con-
itions were deliberately altered. Close observation of analysis
esults of deliberately changed chromatographic conditions viz.;
ow rate (1.0 ± 0.1 mL/min), mobile phase composition (mobile
hase B; ±5% methanol) and column temperature (25 ± 2 ◦C)
evealed that resolution between deferasirox and Imp-1 was
reater than 6.0 and there was no significant change in relative
etention time for impurities in spiked sample illustrating the
obustness of the method.

.7. Solution stability

The solution stability of deferasirox sample and its related impu-
ities was carried out by leaving both spiked and unspiked sample
olutions in tightly capped HPLC vials at 25 ◦C for 25 h in an auto
ampler. Content of each impurity was determined against freshly
repared standard solution. Significant changes were not observed

n the content of any impurities during solution stability and mobile
hase stability experiments when performed using the related sub-
tance method. The solution stability and mobile phase stability
xperiment data confirms that the sample solutions and mobile
hase used during related substance determination were stable for
t least 24 h and 72 h respectively.

. Conclusion

In this study, a new impurity in deferasirox was detected using a
ewly developed HPLC method. A plausible structure was proposed
ased on LC–MS/MS data and knowledge of synthetic scheme of
eferasirox. Proposed structure was further confirmed by indepen-
ent synthesis followed by structural elucidation using NMR, FT-IR
nd EA techniques. Based on the spectroscopic, spectrometric and
lemental analysis data, the molecular formula of unknown impu-
ity was deduced as C21H15N3O4 and the corresponding structure
as characterised as 2-[3,5-bis(2-hydroxy-phenyl)-[1,2,4]-triazol-

-yl]-benzoic acid. The newly developed method has been
alidated as per ICH guidelines. The method was found to be spe-
ific, precise, stability indicating, accurate and can be used for
outine and stability studies. Formation of newly characterised
mpurity can be eliminated in the drug substance by appropriately
ontrolling the level of 2-hydrazino-benzoic acid in 4-hydrazino-
enzoic acid.
cknowledgements

The authors are thankful to the management of Jubilant Life Sci-
nces Limited for providing necessary facilities. Authors would like

[

[

 Biomedical Analysis 63 (2012) 112– 119 119

to thank Dr. Anil Holkar, Dr. Chetan Patel, Mr.  Saroj Kumar Paul,
Mr.  Anil Kumar and Mr.  Sanjeev Shandilya for their co-operation in
carrying out this work.

References

[1] J.E.F. Reynolds (Ed.), Martindale – The complete drug reference, thirty sixth ed.,
Royal Pharmaceutical Society of Great Britain, 2009, pp. 471–477.

[2]  M. Valenvic, xPharm: The comprehensive pharmacology reference, 2008, 1–4.
[3]  R.C. Hider, Charge states of deferasirox–ferric iron complexes, Am.  J. Kidney

Dis. 55 (2010) 614–615.
[4] H. Nick, Deferasirox preclinical overview, Semin. Hematol. 44 (2007) 12–15.
[5] M.D. Cappellini, Long-term efficacy and safety of deferasirox, Blood Rev. 22

(2008) 35–41.
[6] E. Chauzit, S. Bouchet, F.X. Mahon, N. Moore, K. Titier, M.  Molimard, A method

to measure deferasirox in plasma using HPLC coupled with MS/MS detection
and  its potential application, Ther. Drug Monit. 32 (2010) 476–481.

[7] A. Skerjane, J. Wang, K. Maren, L. Rojkajer, Investigation of the pharmacoki-
netic interactions of deferasirox, once daily oral iron chelator, wih  midazolam,
rifampin and repaglinide in healthy volunteers, J. Clin. Pharmacol. 50 (2010)
205–213.

[8] G.J.M. Bruin, T. Faller, H. Wiegand, A. Schweitzer, H.N.J. Schneider, K.O.
Boernsen, F. Waldmeier, Pharmacokinetics, distribution, metabolism, and
excretion of deferasirox and its iron complex in rat, Drug Metab. Dispos. 36
(2008) 2523–2538.

[9] R.K. Raja, K.V. Surendranath, P. Radhakrishnan, J. Satish, P.V.V. Satyanarayana, A
stability indicating LC method for deferasirox in bulk drugs and pharmaceutical
dosage forms, Chromatographia 72 (2010) 441–446.

10] V.K. Chakravarthy, D.G. Sankar, LC determination of deferasirox in pharmaceu-
tical formulation, J. Global Treat. Pharm. Sci. 1 (2010) 42–52.

11] S.N. Reddy, E. Sajja, V. Reddy, S. Govindan, MSN  Laboratories Limited, process
for  the preparation of 4-[3,5-bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)-
benzoic acid and its amine salts, World intellectual property organization, WO
2011/021218 A2, 2011.

12] ICH Guidelines, Q3A (R2), Impurities in new drug substances, October 25, 2006.
13] E.M. Sheldon, J.B. Downar, Development and validation of a single robust HPLC

method for the characterization of a pharmaceutical starting material and
impurities from three suppliers using three separate synthetic routes, J. Pharm.
Biomed. Anal. 23 (2000) 561–572.

14] E.M. Sheldon, Development of a LC–MS complete heart-cut approach for the
characterization of a pharmaceutical compounds using standard instrumenta-
tion, J. Pharm. Biomed. Anal. 31 (2003) 1153–1166.

15] D. Bartos, S. Gorog, Recent advances in the impurity profiling of drugs, Curr.
Pharm. Anal. 4 (2008) 215–230.

16] R.N. Rao, V. Nagaraju, An overview of the recent trends in development of HPLC
methods for the determination of impurities in drugs, J. Pharm. Biomed. Anal.
33  (2003) 335–377.

17] S. Gorog (Ed.), Determination of Impurities in Drugs, Elsevier Sciences, Amster-
dam, 1999.

18] S. Ahuja, Impurities Evaluation in Pharmaceuticals, Marcel Dekker, New York,
1998.

19] S. Husain, R.N. Rao, Monitoring of process impurities in drugs, in: Z. Dev1, I.
Miksik, F. Taglirao, E. Tesarova (Eds.), Advanced Chromatographic and Elec-
tromigration Methods in Biosciences, Elsevier Sciences, Amsterdam, 1998, pp.
834–888.

20] International Conference on Harmonization (ICH) Guidelines Q2 (R1), valida-
tion of analytical procedures: test and methodology, November, 2005.
21] R. Lattmann, P. Acklin, A.G. Novartis, Substituted 3,5-diphenyl-1,2,4-triazoles
and their use as pharmaceutical metal chelators, World intellectual property
organization, WO 97/49395, 1997.

22] International Conference on Harmonization (ICH) Guidelines, Q1B, photo sta-
bility  testing of new drug substances and products.



I
c
t

J
a

b

c

a

A
R
R
A
A

K
H
S
F
F

1

t
t
[
t
m
t
p
S
b
c
a

a
h

o
T

0
d

Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 120– 127

Contents lists available at SciVerse ScienceDirect

Journal  of  Pharmaceutical  and  Biomedical  Analysis

j ourna l ho me  p a ge: www.elsev ier .com/ locate / jpba

dentification  of  phenolic  compounds  from  Scutellaria  lateriflora  by  liquid
hromatography  with  ultraviolet  photodiode  array  and  electrospray  ionization
andem  mass  spectrometry

ing  Lia,  Yan-Hong  Wangb,  Troy  J.  Smillieb,  Ikhlas  A.  Khana,b,c,∗

Department of Pharmacognosy, School of Pharmacy, The University of Mississippi, University, MS 38677, USA
National Center for Natural Products Research, School of Pharmacy, The University of Mississippi, University, MS 38677, USA
Department of Pharmacognosy, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 7 November 2011
eceived in revised form 17 January 2012
ccepted 21 January 2012
vailable online 30 January 2012

eywords:

a  b  s  t  r  a  c  t

Scutellaria  lateriflora  has  been  used  more  than  200  years  as  a mild  relaxant  and  as  a therapy  for  anxiety,
nervous  tension,  and  convulsions.  Currently,  it is one  of  the most  popular  botanicals  with  many  products
on  the  USA  market.  Flavonoids  with  anxiolytic  property  have  been  reported  from  the  aerial  parts  of
this plant.  From  the HPLC  chromatogram  of the  methanolic  extract  of  this  plant,  it can  be  concluded
that  some  flavonoids  have  not  been  identified  yet.  In  the  present  study  a simple  high-performance  liquid
chromatography  with  UV  and  electrospray  ionization  mass  spectrometric  detection  (HPLC-DAD/ESI-MSn)

n

PLC-ESI/MSn

cutelllaria lateriflora
lavonoids
ragmentation pathways

method  has  been  developed  for  the  identification  of  major  phenolic  compounds  from  it.  The  ESI-MS
fragmentation  pathways  of four  types  of  flavonoid  references  have  been  interpreted  which  provide  very
useful  guidance  for the  characterization  of  different  types  of  flavonoids  from  this  plant.  Further  analysis
of  the  methanolic  extract  of  S.  latellaria  based  on  the  combination  of  their  fragmentation  patterns  with
the  UV  spectra  led to  characterize  thirteen  flavonoids  and  one  stilbene  derivative,  seven  of which  are
described  for  the  first time  from  this  species.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Scutelllaria lateriflora L., a native North America plant belonging
o Labiatae (Lamiaceae) family, was utilized for its reputed tonic,
ranquilizing, and antispasmodic remedies for more than 200 years
1]. To date, it is regulated as a dietary supplement in America and
here are many products claiming to contain S. lateriflora on the

arket. Results from in vivo animal behavior trials suggested that
he aqueous extract of plant material of S. lateriflora has anxiolytic
roperty and the flavonoids may  be responsible for this activity [2].
ignificant anxiolytic effects have been demonstrated in a double
lind, placebo-controlled study of healthy volunteers, results indi-
ated that commercial S. lateriflora products have clinical benefits
s a relaxing nervine [3].
The flavonoids far outnumber other components found in the
erial parts of S. lateriflora.  Eleven flavonoids and five diterpenoids
ave been reported from this plant [4,6,7].  Recently, six more

∗ Corresponding author at: National Center for Natural Products Research, School
f  Pharmacy, The University of Mississippi, University, MS  38677, USA.
el.:  +1 6629157821; fax: +1 6629157989.

E-mail address: ikhan@olemiss.edu (I.A. Khan).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.027
flavonoids, three minor coumarins, and four triterpenes were
isolated and identified by authors [5].  In addition to significant
antioxidant activity observed, the extract of this species as well
as its characteristic flavonoids, including baicalein, baicalin, wogo-
nin, chrysin, etc. significantly stimulated the PPAR�/� activities in
a dose-dependent manner (Data not shown here). The results of
our study provide useful information on potential new applica-
tion of S. lateriflora for the treatment of diabetic-related diseases
and the flavonoids may  be contributed to these activities. From the
HPLC chromatogram of this plant, it can be concluded that some
flavonoids have not been identified yet. Therefore, detailed iden-
tification of the indigenous flavonoid components is necessary for
better understanding of its potential uses as a source of natural
antioxidants and PPARs agonists. Meanwhile, it will be very help-
ful for the authentication of S. lateriflora as well as its products.
HPLC methods have been described to quantitative determination
of its several major flavonoids recently [8,9]. However, no efforts
have been attributed to systematically identify flavonoids in it.

In this context, the paper aims to characterize the major flavo-

noids present in the methanolic extract of the aerial parts of S. later-
iflora by liquid chromatography with photodiode array and tandem
mass spectrometric detection (LC-DAD/ESI-MSn). In present study,
thirteen flavonoids and one stilbene derivative were identified

dx.doi.org/10.1016/j.jpba.2012.01.027
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ikhan@olemiss.edu
dx.doi.org/10.1016/j.jpba.2012.01.027
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Fig. 1. Chemical structures of tw

n S. lateriflora,  seven of which, including 5-(ˇ-d-glucosyloxy)-3-
ydroxy-trans-stilbene-2-carboxylic acid, norwogonin-7-O-glu-
uronide, galangin-7-O-glucuronide, 5,6,7-trihydroxy-flavanone-
-O-glucuronide, wogonin-7-O-glucuronide, dihydrooroxylin A-
-O-glucuronide, and 5,7-dihydroxy-6,8-dimethoxy flavone-7-O-
lucuronide, are described for the first time in this species.

. Experimental

.1. Solvents and chemicals

Acetonitrile, water and acetic acid, were HPLC grade and pur-
hased from Fisher Scientific (Fair Lawn, JN, USA) and Sigma (St.
ouis, MO,  USA).

Twelve reference flavonoids used in this study (see Fig. 1),
amely baicalein, baicalin, chrysin, oroxylin A, wogonin,
ankwanin, quercetin, rutin, naringenin, hesperetin, hesperidin,
nd daidzein, were isolated from Scutellaria species by authors.
heir structures were elucidated based on the 1D and 2D NMR
pectra, HRMS data as well as comparison with reported data.
he purity of these standards was above 95% confirmed by
hromatographic methods (TLC and HPLC).

Reference flavonoid solutions were prepared at a concentra-
ion of 1 mg/mL  in methanol. Working solutions were obtained by
wenty folds dilutions of concentrations from 1 mg/mL to 50 �g/mL.
ll these solutions were stored in refrigerator.

.2. Sample preparation

The aerial parts of S. lateriflora investigated were purchased
rom Starwest botanicals (http://www.starwest-botanicals.com)
nd authenticated by Dr. Vaishali Joshi at the National Center for
atural Products Research, University of Mississippi, where a reten-

ion sample (no. 2120) has been deposited.
The dried powder of the aerial parts (1.0520 g) of S. lateriflora

as extracted with 20 mL  MeOH under ultrasonication for 30 min
ollowed by centrifugation for 5 min  at 1550 rpm. The supernatant

as transferred to 100 mL  flask. This process was repeated twice

nd respective supernatants were combined and evaporated to dry-
ess. The residue was dissolved in 2 mL  of HPLC grade methanol
nd transferred to 5 mL  volumetric flask. The flask was  rinsed with
ference flavonoids investigated.

about 1.5 mL  methanol twice and the final volume was  adjusted to
5 mL  with methanol.

Prior to injection, this solution was  mixed thoroughly and 2 mL
of it was filtered through 0.45 �m membrane. The first 0.5 mL was
discarded and the remaining volume was  collected into LC vial for
analysis.

2.3. HPLC conditions

The HPLC system employed in the LCQ ion trap instrument con-
sists of a model TSP P4000 quaternary pump coupled with a mode
TSP AS3000 autosampler and a model TSP UV6000 diode-array
detector. The chromatographic analysis was conducted at 25 ◦C
and the chromatographic separations were carried out on a Luna
C18 column (5 �m,  250 mm × 4.6 mm i.d., Phenomenex) equipped
with a 2 cm LC-18 guard column (Phenomenex Inc.). The mobile
phase consisted of acetonitrile (A) and water (B), all containing 0.2%
acetic acid, which were applied in the following gradient: 0–5 min,
15–20% A; 5–30 min, 20–25% A; 30–60 min, 25–55% A; 60–65 min,
55% A; 65–70 min, 55–100% A, then hold 5 min. Each run was  fol-
lowed by a 5 minutes washing procedure with 100% acetontrile.
The flow rate was  adjusted to 1 mL/min, and the injection volume
was  10 �L. Re-equilibration was  done with 15% A for 12 min. Total
run time was  75 min.

2.4. Mass spectrometric conditions

Mass spectrometry experiment was performed on a LCQ ion trap
instrument (Finnigan MAT. Thermo Scientific, Waltham, MA,  USA)
with an electrospray source. Ultrahigh pure helium (He) was used
as the collision gas and high purity nitrogen (N2) as the nebuliz-
ing gas. The optimized MS  conditions were as follows: electrospray
voltage of the ion source at 3.5 kV with the shealth gas at 45 arbi-
trary units (AU), capillary voltage at 28 V, auxiliary gas at 15 AU,
capillary temperature at 300 ◦C, and tube lens offset voltage at
−10 V. For full scan MS  analysis, negative ions spectra of the column

elute were recorded in the range of m/z 100–1000. The collision
energy for collision induced dissociation (CID) was between 30%
and 45%, and the isolation width of precursor ions was 1.0 U. The
data were analyzed using the XCalibur software.

http://www.starwest-botanicals.com/
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Fig. 2. ESI-MS3 spectra of three methoxylated flavo

. Results and discussion

In this paper, mass fragmentation behaviors of twelve reference
avonoids present in Scutellaria species were examined in the nega-
ive ion mode, and fragmentation patterns for each compound were
iscussed. Thereafter the phenolic compounds from the methanolic
xtract of S. lateriflora were characterized. For the identification of
he different compounds from the extract, sample was injected in
ull scan mode in order to choose the compounds of interest. Then,
he MS–MS  scan mode was selected based on the predominant ions
btained in the mass spectrum in full scan mode. The structure of
ach compound was identified by the elucidation of its fragmen-
ation pathways as well as by the comparison of its fragmentation
nformation with that of reference compounds or reported data.

For the convenience of discussion the CID-MS–MS spectra, the
ragments recorded for the two bonds cleavages of C ring have
een annotated according to the nomenclature proposed by Ma
t al. [10]. Scheme 1 shows the various retrocyclization fragments
bserved in this study. The i,jA− and i,jB− represent product ions
ontaining intact A and B rings, the superscript i and j indicate the
-ring bonds that have been broken.

.1. Fragmentation pathways of twelve reference flavonoids
In the present study, the ESI-MSn fragmentation behaviors as
ell as their corresponding UV characteristics of twelve reference
avonoids, shown in Fig. 1 which included flavones (baicalein,
m/z

mers: (a) wogonin; (b) oroxylin A; (c) gankwanin.

baicalin, chrysin, wogonin, oroxylin A, gankwanin), flavonols
(quercetin and rutin), flavanones (hesperetin, hesperidin and narin-
genin), and isoflavone (daidzein), have been investigated in detail
and summarized in Table 1. Negative ion mode was chosen for
ESI-MSn analysis because background noise and interfering peaks
derived from mobile phase in negative mode were found to be much
less than that in the positive one. The diagnostic fragment ions
resulted from the cleavage of two bonds at positions 1/3, 0/2 and 0/4
of the C-ring are very helpful for the structural determination of the
A- and B-ring substitution patterns. Furthermore, the neutral loss
of glucuronic acid (176 Da) or glucose reside (162 Da) can be easily
observed since the O-glucosylic bond was easily cleaved to gener-
ate its aglycone. It is very useful for the identification of different
O-glycoside. In addition, losses of H2O and •CH3, etc. are valuable in
the determination of the presence of some functional groups. For
example, in the ESI-MS2 experiment of baicalein, the product ion
at m/z 251 as base peak was  observed, which was resulted from the
loss of H2O from [M−H]− at m/z  269. Same product ion could not
be observed for chrysin in this study as well as for luteolin reported
[11] in which two  hydroxyl groups are located on C-5 and C-7 posi-
tion, respectively. Therefore, the ion involved in the loss of H2O can
be observed only when the flavone has vicinal hydroxyl groups. It is
worth noticing that the fragmentation pathways of different types

of flavonoids with the same MW are similar, such as isoflavonoid
daidzein and flavone chrysin, and same type of flavonoids including
wogonin, oroxylin A, and genkwanin. However, the ratio of relative
abundance of their product ions for each compound is different.
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Scheme 1. Nomenclature adopted for the different retrocyclization cleavage fragments of deprotonated flavones, flavonols and flavanones observed in this study.
Adapted from Ma.

Table 1
LC–UV/MSn characteristics of twelve reference flavonoids.

Compound UV �max (nm) [M−H]− m/z  MSn ions m/z (relative abundance)

Baicalein 216, 274, 322 269 MS full scan: 269 (100); MS2 [269]: 251 (100), 241 (30), 223 (32), 197 (20), 169 (7); MS3 [251]: 223
(100), 213 (7)

Baicalin 216, 275, 316 445 MS full scan: 891 (100), 445 (83), 269 (62); MS2 [445]: 269 (100), 175 (16)
Wogonin 216, 274 283 MS full scan: 283 (100); MS2 [283]: 268; MS3 [268]: 240 (56), 239 (100), 224 (14), 223 (34), 212

(22), 211 (34), 163 (44); MS4 [239]: 211 (100)
Oroxylin A 215, 271, 317 283 MS full scan: 283 (100); MS2 [283]: 268; MS3 [268]: 240 (36), 239 (100), 224 (12), 223 (20), 212

(38), 211 (25), 163 (7); MS4 [239]: 211 (100)
Gankwanin 215, 266, 336 283 MS full scan: 283 (100); MS2 [283]: 268; MS3 [268]: 240 (9), 239 (3)
Hesperetin 286 301 MS full scan: 301 (100); MS2 [301]: 286 (100), 283 (48), 257 (59), 242 (99), 233 (4), 215 (9), 199

(12),  125 (9); MS3 [286]: 258 (97), 242 (100), 201 (36), 174 (22), 164 (16)
Hesperidin 283 609 MS full scan: 609 (100); MS2 [609]: 301 (100)
Quercetin 205, 255, 370 301 MS full scan: 301 (31); 603 (100), 905 (31); MS2 [301]: 273 (13), 257 (11), 193 (5), 179 (100), 151

(45); MS3 [273]:245 (17), 229 (100), 163 (16); MS3 [257]:239 (79), 229 (100), 211 (67); MS3 [179]:
169  (30), 151 (100)

Rutin 206, 255, 355 609 MS full scan: 609 (100); 1219 (69); MS2 [609]: 301 (100), 300 (91), 271 (13); MS3 [301]: 273 (15),
271  (97), 257 (12), 255 (57), 179 (100)

Narigenin 216, 287 271 MS full scan: 271 (100); MS2 [271]: 177 (17), 151 (100); MS3 [177]: 133 (12), 109 (100); MS3

100);
: 253 

: 253 

B
i
n
g
t
r
w
f

T
E

[151]: 107 (
Chrysin 212, 267, 311 (sh) 253 MS full scan
Daidzein 247, 302 (sh) 253 MS full scan

ased on the differences in the relative abundances of some specific
ons these isomeric flavonoids mentioned above can be discrimi-
ated. For instance, wogonin (8-OCH3), oroxylin A (6-OCH3), and
enkwanin (7-OCH3) are three methoxylated flavone isomers with

•−
he same MW of 284. They exhibited a significant [M−H−CH3]
adical anion at m/z 268 as base peak and no other fragmentation
as observed in their MS2 spectra. The loss of a CH3 radical (15 Da)

rom the [M−H]− ion explained the presence of a methoxy group.

able 2
SI-MSn product ions of three methoxylated flavonoids.

Scan mode Product ion(s) Wo

MS  full scan [M−H]−

MS2 [283]
[M−H−CH3]•−

[M−H−CH3−CO]•− 2
[M−H−CH3−COH]•− 23

MS3 [268]

[M−H−CH3−CO2]•− 2
[M−H−CH3−CO2H]•− 2
[M−H−CH3−2CO]•− 2
0,2A− 1
(100); MS2 [253]: 225 (2), 209 (20), 181 (2), 151 (4)
(100); 507 (54); MS2 [253]: 225 (16), 209 (7);

The MS3 product ion spectra of these three compounds, obtained
under the same conditions, are shown in Fig. 2. In MS3 experiment
of the [M−H−CH3]•− ion of genkwanin, no any other fragmenta-
tion, except for low signal intensity ions at m/z  240 (9, CO) and 239

•
(3, COH ), were observed. This suggested that this radical anion
is probably rearranged to a stable 7-keto-diconjugated-3,4-enol
derivative avoiding any further fragmentation for this 7-methoxy-
4′-hydroxyflavone aglycone [11]. Six ions were observed in MS3

gonin Oroxylin A Gankwanin

283 283 283
268 268 268

40 (56) 240 (36) 240 (9)
9 (100) 239 (100) 239 (3)

24 (14) 224 (12)
23 (34) 223 (20)
12 (22) 212 (38)
63 (44) 163 (7)
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pectra for both wogonin and oroxylin A. Although the fragments of
ogonin were almost identical to those of oroxylin A in MS3 exper-

ment, interesting differences between these two isomers could be
bserved from MS3 spectra and are listed in Table 2. The relative
bundance of ion 0,2A− at m/z  163 is higher than that of the ion at
/z 212 for wogonin. On the contrary, the relative abundance of

on 0,2A− at m/z 163 is lower than that of the ion at m/z  212 for
roxylin A. Based on the different fragmentation behaviors of their
S3 spectra these three isomers can be differentiated.

.2. Characterization of phenolic compounds from S. lateriflora
sing HPLC-DAD/ESI-MSn

The LC–MS chromatogram (TIC) of the methanolic extract of S.
ateriflora in negative ion mode is shown in Fig. 3. Fourteen phenolic
ompounds were identified by the elucidation of their fragmen-
ation pathways and by comparison of their MS  fragmentation
atterns as well as UV spectra (see Fig. 4 and Table 3) with standard
avonoids or reported data.

Compound 1 exhibited a UV spectrum with characteristic bands
t 251 nm and 301 nm,  which are not consistent with the typi-
al UV spectral pattern of flavonoids, suggesting a nonflavonoid
ype of compound. The characteristics of the UV spectrum of this
ompound are identical with those of trans-stilbene [12,13].  The
SI-MS in full scan mode gave an ion [M−H]− at m/z 417 and an
on [M−H−162]− at m/z 255 produced by the loss of a glucose
esidue. In the MS2 experiment, the ion at m/z  237 represented
he base peak resulted from the loss of H2O of [M−H−162]−,
uggesting vicinal hydroxyl groups or a hydroxyl and one free
arboxylic group present in the molecule. The ion at m/z 211
as attributed to the neutral loss of CO2, supporting the pres-

nce of carbonyl group. The proposed fragmentation pathway of
 was shown in Scheme 2. Based on these results compound
 was tentatively identified as 5-(ˇ-d-glucosyloxy)-3-hydroxy-
rans-stilbene-2-carboxylic acid, which has been isolated from S.
candens [14].

Compound 2, 3 and 5 are isomers with the same ion [M−H]−

t m/z  445 in full scan mode. The product ion [M−H−176]− at
/z 269 corresponded to neutral loss of a glucuronic acid reside
rom [M−H]− ion in MS2 experiment for these three isomers. In
he MS2 experiment of compounds 2 and 3, ion at m/z  269 of
oth compounds produced the identically diagnostic neutral losses
f H2O (18 Da), CO (28 Da), and the losses of both H2O and CO

Fig. 3. LC-negative ion ESI-MS total io
Scheme 2. Proposed fragmentation pathways of compound 1 agylcone.

(46 Da), resulting in the ion at m/z 251, 241 and 223, respectively,
whose fragmentation mechanism was consistent with the stan-
dard baicalein. Since the tR value as well as the UV spectrum of
compound 3 were identical to those of reference baicalin, it was
identified as baicalin. Compound 2 exhibited the same UV behavior
as norwogonin 7-O-glucuronide [15], indicating 2 is norwogonin-7-
O-glucuronide. In the MS2 experiment of compound 5, no product
ion attributed to the neutral loss of H2O from its precursor ion at
m/z 269, indicating absence of vicinal hydroxyl groups in A ring,
whereas product ions at m/z 241 and 225 corresponding to neutral
losses of CO and CO2, respectively, suggested that 5 is galangin-7-
O-glucuronide. This compound was confirmed by the comparison
of its MS2 fragmentation behaviors as well as UV spectrum to those
of reported data [16].

The peak 4 showed [M−H]− ion at m/z 447 and aglycone signal
[M−H−176]− at m/z 271 in full scan mode, which are indicative
of the presence of a glucuronic acid residue. Further MS2 spectra
of m/z 271 yielded the ions at m/z 253, 243, 227, and 167. The
ion at m/z 253 resulted from the loss of H2O, revealing the pres-
ence of two OH groups in ortho position. The ions at m/z  243 and
227 resulted from the neutral losses of CO and CO2 from the cor-
responding [M−H−176]− ion. The ion at m/z  167 was  attributed

to the 1,3A and suggested the occurrence of three OH  groups in A
ring. The molecular mass of this compound was  2 Da greater than
that of baicalin. In addition, band I associated with the absorp-
tion ascribed to the B-ring cinnamoy system, was weak in its UV

n current (TIC) chromatogram.
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Fig. 4. Chemical structures of thirteen flavonoids and

pectrum, while band II associated with absorption involving the
-ring benzoy system showed bathochromic shift with respect to

he value of baicalin, indicating a flavanone-type compound. Based
n the evidence that all 7-O-glucuronides showed essentially iden-
ical UV spectra with their corresponding aglycones [17], 7-OH
lycosylation was proposed for 4. Comparing the UV spectrum of

 with reported data [17], this compound was characterized as
,6,7-trihydroxy-flavanone-7-O-glucuronide.

Peaks 7 and 8 are isomers with the molecular weight of 460 Da.
hey showed the same product ion [M−H−176]− at m/z 283,
hich indicated the loss of a glucuronic acid moiety as discussed
bove. For the aglycone part of these two compounds, a significant
M−H−CH3]•− radical anion at m/z  268 presented as base and sole
eak in their MS2 spectra and suggested the presence of a methoxy
roup for both compounds. To further investigate the structures of
tilbene derivative identified from American skullcap.

these two isomers, tandem mass experiments were employed on
the two  [M−H−176−15]•− ions at m/z 269. Although the products
ions of m/z 269 for these two  compounds were identical, the relative
intensities of ion at m/z 212 and m/z 163 were different. Compari-
son with the results obtained for reference wogonin and oroxylin A
suggested that peaks 7 and 8 are oroxylin A-7-O-glucuronide and
wogonin-7-O-glucuronide, respectively.

Compounds 6 and 10 both gave an [M−H]− ion at m/z 461 and
their agylcone ion [M−H−176]− at m/z 285 corresponding to pres-
ence of a glucuronic acid moiety. The UV spectra of these two
compounds only exhibited band II, indicating a flavanone skele-

ton. The MS2 spectra of the ion at m/z 285 yielded an ion at m/z
270, which resulted from the loss of a CH3 radical (15 Da) from
the ion [M−H−176]− at m/z 285. In addition, the ion 1,3A− at m/z
166, which are the characteristic of flavanone, suggested that these
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Table  3
LC–UV/MSn Identification of phenolic compounds in S. lateriflora.

Peak no. tR (min) UV �max (nm) [M−H]− m/z ESI-MS (MSn) m/z (relative abundance) Identification

1 24.50 251, 301 417 ESI-MS: 417, 255; MS2 [417]: 255 (7), 237 (100),
211 (18)

5-(ˇ-d-Glucosyloxy)-3-hydroxy-trans-
stilbene-2-carboxylic
acidb

2 27.72 275, 350 (sh) 445 ESI-MS: 445, 269; MS2 [445]: 269 (100), 251 (83),
241 (15), 223 (30), 197 (18), 171 (9), 151 (5), 137
(5)

Norwogonin-7-O-glucuronideb

3 28.44 268, 315 445 ESI-MS: 445, 269; MS2 [445]: 269 (100), 251 (72),
241 (37), 223 (37), 197 (22), 171 (9), 145 (5)

Baicalina

4 30.36 242, 282, 348 (sh) 447 ESI-MS: 447, 271; MS2 [447]: 271 (100); MS3

[271]: 253 (49), 243 (100), 227 (24), 199 (13), 167
(8)

5,6,7-Trihydroxy flavanone-7-O-glucuronideb

(dihydrobaicalin)

5  36.22 232, 282 445 ESI-MS: 445, 269; MS2 [445]: 269 (76), 241 (65),
225 (100), 197 (45), 183 (7), 181 (9), 171 (8)

Galangin-7-O-glucuronideb

6 36.62 237, 282 461 ESI-MS: 461, 285; MS2 [461]: 285 (100), 270 (22);
MS3 [285]: 270 (31), 269 (100), 243 (6), 166 (11)

Dihydrooroxylin A-7-O-glucuronideb

7 37.59 268, 308 459 ESI-MS: 459, 283; MS2 [459]: 283 (100), 268 (51),
175 (5), 113 (11) MS3 [283]: 268 (100), 239 (8)

Oroxylin A-7-O-glucuronideb

8 39.67 236, 268 459 ESI-MS: 459, 283; MS2 [459]: 283 (100), 268 (70),
175 (4); MS3 [283]: 268 (100), 137 (4)

wogonin-7-O-glucouronideb

9 39.80 237, 280, 329 489 ESI-MS: 489, 313; MS2 [489]: 313 (100), 298 (83),
283 (26); MS3 [313]: 298 (100), 283 (3), 269 (5),
254 (5), 214 (3), 193 (3), 167 (3)

5,7-Dihydroxy-6,8-dimethoxy
flavone-7-O-glucuronideb

10 40.34 239, 291 461 ESI-MS: 461, 285; MS2 [461]: 285 (100), 270 (32);
MS3 [285]: 270 (100), 243 (6), 223 (5), 166 (8)

Dihydrowogonin-7-O-glucuronideb

11 47.50 270, 320 269 ESI-MS: 269, 251; MS2 [269]: 251 (100), 241 (33),
223 (30), 197 (18), 169 (7)

Baicaleina

12 56.22 280 283 ESI-MS: 283.18, 268.36; MS2 [283]: 268 (100); MS3

[268]: 240 (53), 239 (100), 224 (14), 223 (36), 212
(20), 211 (34), 163 (44)

Wogonina

13 58.06 272, 316 283 ESI-MS: 283.18, 268.36; MS2 [283]: 268 (100); MS3

[268]: 240 (32), 239 (100), 224 (14), 223 (20), 212
(39), 211 (27), 163 (8)

Oroxylin Aa

14 56.62 271, 320 (sh) 253 ESI-MS: 253, 209; MS2 [253]: 225 (4), 209 (26), 181
(2), 151 (6)
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a Identified by comparing the retention time, UV spectra and MSn data with refer
b Identified by UV and MSn data in comparison with literature data.

wo compounds are either dihydrowogonin or dihydrooroxylin A.
ompound 6 was identified as dihydrooroxylin A-7-O-glucuronide
ince its UV spectrum was consistent with the literature [18], and
as characterized 10 as dihydrowogonin-7-O-glucuronide.

Compounds 9 exhibited an [M−H]− ion at m/z 489. CID of this
ompound produced ion [M−H−176]− at m/z  313 related to the
eutral loss of a glucuronic acid residue. Fragments of m/z 298
nd 283, due to the sequential losses of CH3 radicals, indicated
he presence of two methoxy groups. In the MS3 experiment of
/z 313, the product ion at m/z  298 was base peak. The prod-
ct ion at m/z  269 was produced by the loss of COH•, and ion
t m/z  254 was produced by loss of CO2 from m/z 298. The ion
,2A− at m/z  193 along with above mentioned two ions at m/z
69 and 254 were indicative for the second methoxy group on

 ring. The UV spectrum of 9 was same as 5,7-dihydroxy-6,8-
imethoxy flavone-7-O-glucuronide reported in the literature [17].
hus, compound 9 was identified as 5,7-dihydroxy-6,8-dimethoxy
avone-7-O-glucuronide.

Compounds 11,  12,  13,  and 14 were positively characterized as
aicalein, wogonin, oroxylin A, and chrysin, respectively, by the
omparison of their UV spectrum and MSn fragmentation patterns
ith corresponding references.

. Conclusion

As has been demonstrated, the MS–MS  spectra of the depro-

onated molecules [M−H]− for four types of flavonoids yielded
ifferent fragmentation profiles. These fragmentation patterns
ave been used as guidance for the determination of the flavonoids
resented in the crude extracts of S. lateriflora.
avonoids.

LC/ESI-MSn is a very promising complementary tool for the char-
acterization of flavonoids. The LC/MS–MS method developed in this
study was successfully employed to separate and identify the major
flavonoids from S. lateriflora,  which provides knowledge of both its
chemical composition and its potential diverse uses. In this study,
we have demonstrated how the combination of UV spectra and ESI-
MSn spectra allows a fast characterization of thirteen flavonoids
and one stilbene derivative without time-consuming isolation of
compounds. It is worthy noted that the choice of appropriate con-
ditions for collision induced fragmentation is very important to
assure acquisition of enough fragmentation information for struc-
tural characterization of these types of compounds. Also special
care should be taken during the interpretation of MS  data since
there are many isomers co-existed in the extract of S. lateriflora.
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a  b  s  t  r  a  c  t

Crude  phenolic  extracts  (PE)  have  been  obtained  from  naturally  bearing  Spanish  extra-virgin  olive
oil  (EVOO)  showing  different  polyphenol  families  such  as  secoiridoids,  phenolic  alcohols,  lignans,  and
flavones.  EVOO-derived  complex  phenols  (especially  from  the Arbequina  variety  olive)  have  been  shown
to suppress  cell  growth  of SW480  and  HT29  human  colon  adenocarcinoma  cell  lines.  Inhibition  of  prolif-
eration  by  EVOO-PE  Arbequina  variety  extract  was  accompanied  by  apoptosis  in  both  colon-cancer-cell
eywords:
anoLC-TOF-MS
live oil
henolic compounds
olon adenocarcinoma

lines  and  a  limited  G2M cell-cycle  arrest  in  the  case  of  SW480  cells.  The  metabolized  compounds  from
EVOO-PE  in  culture  medium  and  cytoplasm  of  both  cell  lines  were  analyzed  using  nano-liquid  chromatog-
raphy  (nanoLC)  coupled  with  electrospray  ionization-time-of-flight-mass  spectrometry  (ESI-TOF-MS).
The results  showed  many  phenolic  compounds  and  their  metabolites  both  in  the  culture  medium  as
well  as  in  the  cytoplasm.  The  main  compounds  identified  from  EVOO-PE  were  hydroxylated  luteolin  and

ein  a
etabolomic decarboxymethyl  oleurop

. Introduction

Several studies have reported that olive-oil consumption has
otential protective effects against several pathologies, especially
hose related to cancer [1].  For years, the healthy properties
f EVOO were attributed exclusively to its high monounsatu-
ated fatty acid (MUFA) content, mostly in the form of oleic acid,
nd also the long-chain n-3 polyunsaturated fatty acids, such as
onjugated linoleic acid and gamma-linolenic acid have shown
umor-inhibitory effects [2].  In addition to fatty acids, evidence
as mounted concerning the bioactivity of minor components of
VOO, particularly phenolic compounds [3].  The main families

f phenolic compounds in olive oil are: simple phenols, lignans,
avonoids, and secoiridoids [4].  These compounds are also present

n by-products generated during olive-oil production, such as olive

Abbreviations: EVOO, extra-virgin olive oil; PE, phenolic extract; CRC, col-
rectal cancer; nanoLC, nano-liquid chromatography; MeOH, methanol; DOA,
ecarboxymethyl oleuropein aglycone; FCM, flow cytometry.
∗ Corresponding author at: Functional Food Research and Development Center,
ealth Science Technological Park, Avenida del Conocimiento S/N, E-18100 Granada,
pain. Tel.: +34 958 243296; fax: +34 958 249510.
∗∗ Corresponding author. Tel.: +34 966658431; fax: +34 966658758.

E-mail addresses: ansegura@ugr.es (A. Segura-Carretero), ja.ferragut@umh.es
J.A. Ferragut).

1 These authors have equally contributed to this research.

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.033
glycone.
© 2012 Elsevier B.V. All rights reserved.

leaves, although they appear mainly as glycosides [5].  A large
body of evidence indicates that polyphenols can exert chemopre-
ventive effects against different cancers, and several studies have
explored the anticarcinogenic activity of olive-oil polyphenols,
mainly in in vitro studies where individual compounds or olive-
oil extracts were incubated in different types of human cancer-cell
lines (prostate, leukemic, breast) [6].  These studies suggest that the
olive-oil polyphenols analyzed are able to affect the overall pro-
cess of carcinogenesis, because they have the abilities to inhibit the
cell cycle, cell proliferation or oxidative stress, improve the effi-
cacy of detoxification enzymes, induce apoptosis, and stimulate the
immune system. Recently, Menendez et al. [7] have also studied the
effect of olive-oil polyphenols, supplemented individually or in the
oil matrix, in different human breast-cancer lines and their find-
ings revealed that the presence of these polyphenols, especially
those fractions rich in lignans and secoiridoids had a significantly
stronger ability to decrease cell viability [8] and the expression sta-
tus of HER2, one of the most commonly analyzed protooncogenes
in human-cancer studies.

However, although there is evidence suggesting that olive-
oil polyphenols show anticarcinogenic activity, the molecular
mechanism of the uptake and metabolism of these compounds

in the cancer cells has not yet been investigated, and only
in vitro studies with cells of the gastrointestinal tract, CaCo-2
cells [9],  and a human hepatoma cell line (HepG2) [10] have been
undertaken.

dx.doi.org/10.1016/j.jpba.2012.01.033
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ansegura@ugr.es
mailto:ja.ferragut@umh.es
dx.doi.org/10.1016/j.jpba.2012.01.033
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Colorectal cancer (CRC) represents one of the most frequent
alignancies worldwide with distant recurrence primarily affect-

ng the liver as the predominant cause of CRC-related mortality.
he 5-year survival rate of 90% in patients with tumor restricted
o the colon decreases to 10% in the presence of distant metastasis
11]. Risk factors suggested in CRC etiology include genetic predis-
osition and dietary intake, such as high consumption of fat and

ow intake of fibers and flavonoids [12]. It is demonstrated that
he phenolic compounds from EVOO prevent the carcinogenesis
nd invasion of colon-cancer cells and metastasis [13], including
ydroxytyrosol and oleuropein aglycone [14].

Nano-liquid chromatography coupled to electrospray
onization-time-of-flight mass spectrometry (nanoLC-ESI-TOF

S)  is a new powerful analytical tool, providing a wide number
f important applications, especially in proteomics and also in
elds such as pharmaceutical, environmental and enantiomeric
nalysis. The application of nanoLC in the field of food analysis is
ery limited, but we have recently demonstrated the potential of
his technique in the determination and quantification of polyphe-
ols from olive-oil samples [8].  The first attempts to use packed
apillary columns with very small inside diameters, ranging from
0 to 70 �m,  and flow rates on the order of 50–200 nL/min were
eported by Novotny [15]. From a theoretical standpoint, it has
een demonstrated that sensitivity can increase on decreasing
he column inside diameter. This effect can be ascribed to both

 reduction of analyte chromatographic dilution and greater effi-
iency [16]. A complementary approach to increase the sensitivity
n nanoLC involves the coupling of separation system with mass
pectrometry. Hyphenation is easy to achieve because of the
elatively low flow rate involved in the separation process. Indeed,
hen the electrospray ionization (ESI) is used as the continuous-
ow ionization technique, a lower flow rate raises the number ions

n the gas phase and, consequently, augments sensitivity [17].
In this context, the present paper uses nanoLC-ESI-TOF-MS to

lucidate for the first time the uptake, antiproliferative activity, and
etabolism of the main families of olive-oil polyphenols in relation

o human colon adenocarcinoma cells (SW480 and HT29) with an
xogenous supplementation of olive-oil extracts.

. Materials and methods

.1. Chemicals

All chemicals were of analytical reagent grade. For the opti-
ization of the extraction procedure, methanol and hexane were

urchased from Panreac (Barcelona, Spain), hydrochloric acid
rom Scharlau (Barcelona, Spain), and ethyl acetate from Lab-Scan
Dublin, Ireland). Methanol from Lab-Scan (Dublin, Ireland) and
cetic acid from Fluka (Buchs, Switzerland) were used for preparing
obile phases and also for the extraction procedures. Water was

eionized by using a Milli-Q-system (Millipore, Bedford, MA,  USA).
The EVOOs used corresponded to five different olive varieties

rom different geographic zones in Spain: two Hojiblanca vari-
ty olive oils produced in Málaga (EVOO 01) and Seville (EVOO
9), seven Picual variety oils produced in Málaga (EVOO 02), Jaén
EVOOs 04, 10 and 11), and Granada (EVOOs 05, 06 and 07);
ne Cornezuelo variety oil produced in Granada (EVOO 03); one
anzanilla variety oil produced in Seville (EVOO 08); and three

rbequina variety oils produced in Tarragona (EVOO 12) and Seville
EVOOs 13 and 14).

.2. Extraction and characterization of phenolic compounds from

xtra-virgin olive oil

As indicated in the literature [18], after conditioning a Diol-
artridge with 10 mL  of methanol and 10 mL  of hexane, 60 g of EVOO
l and Biomedical Analysis 63 (2012) 128– 134 129

dissolved in 60 mL  of hexane were passed through the cartridge.
The non-polar fraction was  eluted with 15 mL  of hexane, and then
40 mL  of methanol was  passed to recover the phenolic compounds.
The eluted solutions were dried in a vacuum system at 35 ◦C, and
the residues were dissolved in 2 mL  of methanol. For the supple-
mentation to the cells, and to avoid the toxic effect of methanol,
1 mL  of the methanol extract was  evaporated and reconstituted in
125 �L of ethanol, since this solvent has a lower toxic effect on the
cells.

These phenolic extracts were completely characterized using
HPLC-ESI-TOF-MS by Lozano-Sánchez et al. [4].

2.3. Cell culture and cell-extract preparation

Colon adenocarcinoma HT29 and SW480 cells from IMIM (Insti-
tut Municipal dı̌Investigació Médica, Barcelona, Spain) and ATCC
(American Type Culture Collection, LGC Promochem, UK), respec-
tively, were grown in DMEM supplemented with heat-inactivated
fetal bovine serum (5%), l-glutamine (2 mM), penicillin G (50 U/mL),
and streptomycin (50 �g/mL), at 37 ◦C in a humidified atmosphere
and 5% CO2. Cells were plated at a density of 10,000 cells/cm2 in 60
mm-diameter culture plates and permitted to adhere overnight at
37 ◦C. When cells reached 80% confluence, they were trypsinized
(1 mL/25 cm2), neutralized with culture medium at a 1:5 ratio
(trypsin:medium) and pelleted for further analysis.

The cytosolic fraction of control (untreated HT-29 and SW480
cells) and HT29 or SW480 cells treated with olive-oil extracts,
was  obtained upon cell disruption with a Polytron homogenizer
at 4 ◦C. First, cells were washed with phosphate-buffered saline
(PBS) solution (Sigma–Aldrich Madrid, Spain) and sedimented.
The pellet was  resuspended with homogenization buffer Tris–HCl
(10 mM,  pH 7.4) containing EDTA (5 mM),  NaCl (120 mM)  and a
protease inhibitor cocktail (Sigma–Aldrich Madrid, Spain), contain-
ing 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatin
A, E-64, bestatin, leupeptin, and aprotinin. Upon centrifugation
at 14,000 × g for 14 min at 4 ◦C, the pellet was discarded and
supernatant was  centrifuged for 1 h at 100,000 × g and 4 ◦C. The
supernatant (cytosolic fraction) was stored at −80 ◦C until the
metabolite-extraction procedure was  performed. At this temper-
ature, enzyme activity is stopped and samples can safely be stored
without continuing metabolic activity.

2.4. Cell proliferation, apoptosis, and cell-cycle analysis

Cell proliferation was  determined by the crystal-violet-staining
assay. Cells were analyzed in 96-well plates at a density in the range
of 4–6 × 106 cells per well and treated with different rates of olive
extracts (0.01% or 0.1%) in ethanol using six wells per treatment
for 24 h. Then, cells were fixed and stained with a crystal-violet
paraformaldehyde solution. Excess crystal-violet dye was removed
by washing with deionized water, and culture plates were dried
overnight. The crystal-violet dye was released from cells by brief
incubation with HCl (0.1 M)  and shaking. The optical density of each
well was measured by a microplate reader at 620 nm (Anthos 2001
Labtec Instruments GmbH, Wals, Austria).

The cell cycle was  analyzed essentially as described in [19].
Briefly, for cell-cycle distribution of DNA content, control and
cells treated with the different olive-oil extracts were trypsinized,
washed with PBS, and fixed with 75% cold ethanol at −20 ◦C for
at least 1 h. Then, cells were incubated with Triton X-100 (0.5%)
and RNase A (25 �g/mL) in PBS, stained with propidium iodide
(25 × 10−3 �g/mL), incubated for 30 min  in the dark and analyzed

using an Epics XL flow cytometer equipped with a 0.75 W argon
laser set at 488 nm (Beckman Coulter Co., Miami, FL, USA).

The apoptosis induced by treatment of the cells with 0.1% EVOO-
PE14 for 24 h, was measured by flow cytometry by determining
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drastic (Table 1A).
Also, the antiproliferative activity of the olive-oil extracts pref-

erentially affected the SW480 cells, with significant differences in
growth inhibition induced by some of the 14 olive-oil samples. All of

Table 1A
Cell proliferation of human colon cells upon incubation with 0.01% of 14 olive-oil
crude extracts for 24 h.

SW480 HT29

Control 100 100
EVOO-PE01 83.1 ± 2.6* 101.6 ± 6.4
EVOO-PE02 79.0 ± 2.9* 108.6 ± 3.8*

EVOO-PE03 75.1 ± 2.5* 101.5 ± 6.5
EVOO-PE04 82.5 ± 2.1* 96.9 ± 4.6
EVOO-PE05 85.7 ± 3.5* 93.7 ± 3.6
EVOO-PE06 79.0 ± 4.1* 94.4 ± 5.6
EVOO-PE07 89 ± 5.5* 93.3 ± 2.2
EVOO-PE08 79.5 ± 4.0* 82.8 ± 4.3*

EVOO-PE09 77.0 ± 4.6* 84.5 ± 1.8*

EVOO-PE10 80.0 ± 6.4* 90.0 ± 3.8*

EVOO-PE11 86.1 ± 4.3* 93.1 ± 3.1
EVOO-PE12 80.0 ± 3.1* 95.3 ± 2.3
EVOO-PE13 79.2 ± 4.1* 96.9 ± 3.2
EVOO-PE14 76.9 ±4.9* 87.9 ± 2.0*

Data are expressed as percentages of cell growth with respect to control of untreated
cells ± SEM (n = 3).

* Significance value (p < 0.01) by a one-way ANOVA with respect to control.

Table 1B
Cell proliferation of human colon cells upon incubation with 0.1% of 14 olive-oil
crude extracts for 24 h.

SW480 HT29

Control 100 100
EVOO-PE01 37.4 ± 1.3* 51.1 ± 5.0*

EVOO-PE02 38.3 ± 1.1* 50.4 ± 6.8*

EVOO-PE03 36.8 ± 1.7* 45.8 ± 3.9*

EVOO-PE04 41.2 ± 2.1* 51.9 ± 6.6*

EVOO-PE05 21.7 ± 1.2* 34.9 ± 3.1*

EVOO-PE06 22.7 ± 0.8* 37.8 ± 3.9*

EVOO-PE07 26.8 ± 5.7* 39.6 ± 1.8*

EVOO-PE08 23.5 ± 1.5* 39.0 ± 2.6*

EVOO-PE09 23.1 ± 0.8* 24.2 ± 0.8*

EVOO-PE10 20.7 ± 1.6* 23.9 ± 0.8*

EVOO-PE11 22.6 ± 1.5* 24.8 ± 0.9*

EVOO-PE12 56.8 ± 2.8* 24.3 ± 2.0*

EVOO-PE13 40.6 ± 5.4* 21.9 ± 0.8*
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he amount of apoptotic cells in the sub-G1 peak, as previously
escribed [19].

Flow-cytometry data were analyzed upon gating the cells to
liminate dead cells and debris. A total of 105 cells were measured
uring each sample analysis.

.5. Treatment of biological samples for the identification of
etabolites

The treatment of biological samples was based on a previous
tudy described in the literature [8].  The optimal extraction pro-
edure was basically a liquid–liquid extraction with ethyl acetate
ncluding certain slight differences according to the type of sample.
or the culture media, the best extraction procedure was  as follows:

 mL  of the culture medium was mixed with 1 mL  of ethyl acetate,
xtracted for 10 min  using a vortex, centrifuged at 18,800 × g at
◦C for 10 min  and the supernatant was evaporated to dryness.
he dried sample was reconstituted in 200 �L of water/acetic
cid/MeOH (79.5/0.5/20, v/v/v).

For the cytoplasm samples the extraction procedure consisted
f stirring 100 �L of cytoplasm with 100 �L of MeOH–HCl (0.5 M)
00 �L of ethyl acetate for 10 min  using a vortex. The mixture
as maintained in the freezer for 1 h at −20 ◦C. After the samples

eached room temperature, they were centrifuged at 18,800 × g
or 10 min  at 4 ◦C and the supernatant was evaporated to dry-
ess. The dried sample was reconstituted in 100 �L of water/acetic
cid/MeOH (79.5/0.5/20, v/v/v).

.6. NanoLC-ESI-TOF-MS analysis

.6.1. NanoLC
The chromatographic conditions were optimized following

arcía-Villalba et al. [8].  A commercially available instrumentation
ASY-nLCTM (Bruker Daltonik GmbH, Bremen, Germany) was used,
omposed of one module equipped with three pumps, three pres-
ure sensors, four valves, two flow sensors, an autosampler, and a
ouchscreen.

A short capillary trapping column (100 �m inside diameter,
ffective length 20 mm,  5 �m particle size) and a fused silica capil-
ary column (75 �m inside diameter, effective length 10 cm,  3 �m
article size), both packed with C18 stationary phase, were used
or the chromatographic separation. The mobile phases were com-
osed of water with acetic acid (0.25%) (phase A) and methanol
phase B) with the following gradient: 0 min, 5% B; 7 min, 35% B;
2 min, 45% B; 17 min, 50% B; 22 min, 60% B; 25 min, 95% B; 27 min,
% B, and finally a conditioning cycle of 5 min  with the same condi-
ions for the next analysis. Before the following analysis was started,
he pre-column and column were re-equilibrated with phase A at

 �L/min for 2 min  and 0.6 �L/min for 8 min, respectively. The flow
ate used to elute the compounds in the analytical column was
00 nL/min at 25 ◦C and 5 �L of the sample was injected into the

oop.

.6.2. Mass spectrometry
The nanoLC system was coupled to a Bruker Daltonik microTOF

ass spectrometer (Bruker Daltonik, Bremen, Germany) using elec-
rospray ionization (ESI).

The nanoLC system was interfaced to the mass spectrometry
sing a commercial sheathless nano-spray interface with a tapered
used silica sprayer tip. The key parameters of the nano-ESI were
djusted for the flow rate used (300 nL/min) to achieve stable spray
cross the entire gradient range: pressure 0.4 bar, dry gas flow
 L/min and a dry gas temperature of 150 ◦C.
The mass spectrometer was run in the negative mode and was

perated to acquire spectra in the range of 50–1000 m/z. The accu-
ate mass data of the molecular ions, provided by the TOF analyzer,
l and Biomedical Analysis 63 (2012) 128– 134

were processed by DataAnalysis 4.0 software (Bruker Daltonik
GmbH), which lists possible molecular formulas consistent with
the accurate mass measurement and the true isotopic pattern. High
mass accuracy requires mass calibration. For this, we  used a mixture
of well-known phenols present in the olive-oil extracts as an inter-
nal calibration, giving mass peaks throughout the desired range of
100–400 m/z, according to García-Villalba et al. [8].

3. Results and discussion

3.1. Screening of antiproliferative activity of EVOO-PE

Growth inhibition of colon-cancer HT29 and SW480 cells by
treatments with each of the 14 olive-oil extracts at concentra-
tions 0.01% and 0.1% for 24 h, was  measured by the crystal-violet
assay. Depending on the extract and on the concentration used, the
effect on cell proliferation was very different (Tables 1A and 1B).
Thus, while concentrations of 0.1% reduced cell growth by up to
20% with respect to control of untreated cells in both cell lines
(Table 1B), inhibition of cell proliferation at 0.01% was much less
EVOO-PE14 33.3 ±4.2* 22.9 ± 1.5*

Data are expressed as percentages of cell growth with respect to control of untreated
cells ± SEM (n = 3).

* Significance value (p < 0.01) by a one-way ANOVA with respect to control.
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Table 2
Retention time, [M−H]− measured, error (in ppm) between the theoretical calculated and measured masses, and the molecular formula of phenolic compounds from
EVOO-PE14 and their metabolites found in culture medium and cytoplasm of HT29 and SW480 cell lines.

Compound Retention time (min) [M−H]− Error (ppm) Molecular formula Culture medium Cytoplasm

HT29 SW480 HT29 SW480

Phenolic compounds
DOA 11.65 319.1165 4.1 C17H20O6 X
Vanillin 11.7 151.0401 0.3 C8H8O3 X X
Oleuropein aglycone 11.95 377.1247 1.7 C19H22O8 X
4-OH-benzoic acid 12.35 137.0244 0.1 C7H6O3 X X
Vanillic acid 12.6 167.0348 0.7 C8H8O4 X
Hydroxytyrosol acetate 20.05 195.0661 0.6 C10H12O4 X
10-H-oleuropein aglycone 20.1 393.1205 4.8 C19H22O9 X
Syringaresinol 21 417.153 5.3 C22H26O8 X
Acetoxy-pinoresinol 21.55 415.1378 4.5 C22H24O8 X X X X
Pinoresinol 21.8 357.1339 1.3 C20H22O6 X
Hydroxytyrosol 23.1 153.0555 0.7 C8H10O3 X X
Elenolic acid 25.8 241.0714 1.0 C11H14O6 X X
Luteolin 27.3 285.0399 1.9 C15H10O6 X X
Methyl-DOA 30.5 333.1152 3.0 C18H22O6 X X
Apigenin 31.1 269.0468 4.3 C15H10O5 X

Metabolites
Quercetin 38 301.0352 0.5 C15H10O7 X
Methyl-hydroxy-DOA 38.1 349.1278 5.0 C H O X X
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when the relative DNA content of each phase was estimated assum-
ing that 100% refers to the sum of the G1, S, and G2M phases, i.e.
without taking into account the contribution of the apoptotic cell
population SubG1 (Table 3B).  Thus, no significant changes were

Table 3A
Distribution of DNA from control and HT29 or SW480 cells treated with 0.1% of
EVOO-PE14 for 24 h.

Phase HT29 SW480

Control EVOO-PE14 Control EVOO-PE14

G1 40.7 ± 1.1 35.7 ± 6.3 64.5 ± 5 41.2 ± 4.9**

S 28.3 ± 7.4 25.1 ± 1.3 18.0 ± 1.5 15.3 ± 7.4
G2M 28.5 ± 8.1 28.2 ± 11.7 15.3 ± 2.5 18.4 ± 2.5
Methyl-luteolin 38.2 299.0574 4.3 

OA, decarboxymethyl oleuropein aglycone.

hese have been completely characterized by Lozano-Sánchez et al.
4]. While other EVOO-PEs present high antiproliferative activity,
VOO-PE14 displays a notable and quite different antiprolifera-
ive activity both in HT29 and in SW480 cells, and therefore it
as selected for further analysis. This extract, belonging to the
rbequina variety from Seville (Spain), is characterized by a high
ontent in lignans (especially in decarboxymethyl oleuropein agly-
one, DOA). Furthermore, its traceability is well documented.

.2. Metabolomic analysis using nanoLC-ESI-TOF-MS

The optimum nanoLC-ESI-TOF-MS method was  applied to ana-
yze EVOO-PE14 phenolic compounds derived from the treatment
f HT29 and SW480 cells with this extract in either culture medium
r in the cytosolic fraction of the cells.

The method proved the specificity for these compounds, since
o interfering endogenous compounds were detected at the elution
imes of the polyphenols in the extracted ion chromatograms, when
lank samples were analyzed. To identify the phenolic compounds

n their free form and their possible metabolites formed after incu-
ation, we used the information available in literature, the polarity
f the compounds in the reverse phase, and the valuable informa-
ion provided by the TOF analyzer. This provided a list of possible

olecular formulas using the information on mass accuracy and
he isotopic pattern of the compounds.

Table 2 shows the compounds from EVOO-PE14 and their
etabolites found in the culture medium and the cytoplasm

f HT29 and SW480 cell lines. Three metabolites deriving from
VOO-PE14 were found in the cytoplasm due to the metabolism
f the cells, namely, methyl-hydroxy-DOA, methyl-luteolin, and
uercetin (by hydroxylation of luteolin). Fig. 1 shows the extracted

on chromatograms (EIC) of some of the compounds found in
oth the culture medium as well as the cytoplasm. It should
e highlighted that quercetin was the main compound found in
ytoplasm, with much higher intensity than other compounds.
ecarboxymethyl oleuropein aglycone (DOA) also presented high
ntensity, although lower than quercetin.
The complexity of crude olive-oil extracts makes hard to assign

he above antiproliferative activity to individual components of
he extracts. However, it is noteworthy that, according to Table 2
18 22 7

C16H12O6 X

and Fig. 1, oleuropein (or its metabolic derivatives) and quercetin,
were the two main phenolic compounds found in the cytoplasm
of the EVOO-PE14-treated colon-cancer cells. Both compounds
have demonstrated to possess antiproliferative activity in colon-
cancer-cell lines [20], acting through diverse mechanisms including
protein inhibition [21], apoptosis [22], or inhibition of enzyme
activities [14,23]. In our case, we  found that apoptosis (see below)
accompanies the inhibition of proliferation upon treatment of the
cells with the EVOO-PE14 olive-oil extract, regardless of the pres-
ence of other mechanisms that could also be present.

3.3. Cell-cycle analysis

Fig. 2 shows the distribution of DNA from control and EVOO-
PE14-treated HT29 and SW480 cells determined by flow cytometry
(FCM).

Tables 3A and 3B display the DNA content of the different phases
of cell cycle corresponding to control and HT29 or SW480 cells
treated with olive-oil-extract EVOO-PE14 according to Fig. 2. It can
be seen that EVOO-PE14 induced apoptosis in HT29 and SW480
cells (10% and 14%, respectively, Table 3A), indicated by an arrow
signaling the SubG1 phase in Fig. 2. However, the DNA-distribution
profile was  found to be quite different between the two cell lines
SubG1 1.9 ± 0.3 10.3 ± 3.4* 1.3 ± 0.7 14.2 ± 8.9

Data are expressed as percentages of the cells ± SD estimated by FCM (n = 3).
* p < 0.05 between control and EVOO-PE14-treated cells (paired t-test).

** p < 0.01 between control and EVOO-PE14-treated cells (paired t-test).



132 S. Fernández-Arroyo et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 128– 134

F olites
i 4-trea

f
t
i
t
i

F
2

ig. 1. Extracted ion chromatogram (EIC) of the main compounds and their metab
dentified compound, two  signals of EIC corresponding to untreated and EVOO-PE1

ound in the cell cycle between control and HT29 EVOO-PE14-

reated cells, despite a decrease in G1 concomitant to an increase
n G2M in SW480 EVOO-PE14-treated cells with respect to con-
rol SW480 cells. This observation indicates that EVOO-PE14: (a)
nduces a cytotoxic effect in HT29 and SW480 cells, promoting

ig. 2. Distribution of cellular DNA in control HT29 or SW480 cells (panels 1 and 3, respe
4  h, determined by FCM. Arrows on panels 2 and 4 indicate the apoptotic cell population
 found in culture medium and cytoplasm of HT29 and SW480 cell lines. For each
ted cell lines are represented. DOA, decarboxymethyl oleuropein aglycone.

apoptosis; and (b) also exerts a cytostatic effect in SW480 cells

indicated by cell arrest in G2M,  probably as a step prior to apoptosis.

Several works have demonstrated that olive-oil polyphenols
act as inhibitors of cell proliferation in human tumor-cell lines
from lung [24], liver [25], leukemia [26], and colon [22], involving

ctively) and 0.1% EVOO-PE14-treated HT-29 (panel 2) or SW-480 (panel 4) cells for
 (sub-G1 phase).
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Table 3B
Distribution of DNA from control and HT29 or SW480 cells treated with 0.1% of
EVOOPE14 for 24 h after subtracting the content of the subG1 phase (apoptosis)
included in Table 3A.

Phase HT29 SW480

Control EVOO-PE14 Control EVOO-PE14

G1 41.5 ± 1.1 40.5 ± 5.6 65.3 ± 4.9 55 ± 4.2
S 27.6 ± 7.2 28.3 ± 1.1 18.2 ± 1.5 20.5 ± 6.3
G2M 27.7 ± 7.9 32 ± 10.5 15.5 ± 2.5 24.5 ± 2.1**
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ata are expressed as percentages of the cells ± SD estimated by FCM (n = 3).
** p < 0.01 between control and EVOO-PE14-treated cells (paired t-test).

any different action mechanisms. Thus, oleuropein inhibits cell
rowth in SW620 human colon-cancer cells [14], while quercetin
own-regulates Erb2/Erb3 signaling [21], activates AMPK signaling
athway [27], depresses cyclooxygenase-2 expression [23] in HT29
ells, and inhibits �-catenin/Tcf signaling in SW480 cells [28].

The relative high abundance of quercetin or oleuropein aglycone
and its derivatives) in the cytoplasm of the EVOO-PE14-treated
ells (Table 2), points to these two components as apoptosis induc-
rs in HT29 and SW480 cells. It seems reasonable to assume that the
bsence of quercetin, the flavonoid most commonly related to apo-
tosis, in the cytoplasm of HT29 EVOO-PE14-treated cells (Table 2),
ould be responsible for the lower degree of apoptosis found in
hese cells (10%) with respect to that observed in the SW480 cells
14%). Metabolic derivatives of quercetin and oleuropein aglycone,
uch as those listed in Table 2, might also be involved in the induc-
ion of apoptosis. In addition to the antiproliferative activity shown
y individual phenolic compounds against colon-cancer-cell lines,
ynergic effects leading to apoptosis between the compounds listed
n Table 2 cannot be ruled out.

Although the present work demonstrates the antiproliferative
nd pro-apoptotic activities of olive-oil extracts on colon-cancer
ells, new experimental studies are needed to clarify the molecular
nd cellular mechanisms underlying the dietary benefits of olive-oil
onsumption with respects to human cancer.

. Concluding remarks

New and powerful analytical tools able to characterize the cel-
ular metabolites are needed to elucidate the action mechanism
f phenolic compounds in cancer cells. In the present work, the
ellular uptake and metabolism of olive-oil polyphenols in human
olon adenocarcinoma cells are evaluated, taking advantage of the
ensitivity of the nanoLC-ESI-TOF-MS. This analytical platform has
emonstrated its potential in the analysis of small molecules in
iological fluids. The analysis of culture medium and cytoplasm
uggests that some compounds, mainly quercetin and oleuropein
glycone (and its derivatives), are the main compounds exerting an
ntiproliferative effect in SW480 and HT29 cell lines. These metabo-
ites could affect some signaling pathways and cause apoptosis,
romoting the entry into subG1 phase.
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a  b  s  t  r  a  c  t

Nine  herbal  dietary  supplements  intended  to be beverages  for  enhancing  sexual  performance  were  ana-
lyzed before  their  possible  launch  on  the  market.  Four  of  them  contained  a sildenafil  analog  reported  for
the first  time  as an  adulterant.  After  isolation  and  characterization  using  NMR,  MS,  IR  and  UV,  this  analog
was  named  propoxyphenyl-thiohydroxyhomosildenafil  as  the  ethoxy  chain  on  the  phenyl  ring  of the
already  known  analog  thiohydroxyhomosildenafil  was  replaced  by a propoxy  moiety.  One  formulation
eywords:
ietary supplements
dulterants
ropoxyphenyl-thiohydroxyhomosildenafil
MR

was  tainted  with  thiosildenafil,  another  unapproved  PDE-5  inhibitor.  Sildenafil  along  with  the  natural
alkaloid  tetrahydropalmatine  that  has  no  documented  effect  for enhancing  erectile  dysfunction  were
identified  in  two  formulations.  Another  formulation  was  adulterated  with  phentolamine,  a  drug  that  is
not approved  for  boosting  male  sexual  performance  when  taken  orally.  The  last  formulation  containing
osthole,  a bioactive  natural  coumarine  improving  sexual  dysfunction,  is  most  probably  truly  natural.
S

. Introduction

Dietary supplements are products between medicines and con-
entional foods whose consumption is rising steeply. The control
f their quality is therefore of paramount importance in order to
nsure their safety and to protect consumers. There is a grow-
ng trend in the intentional adulteration of dietary supplements

ith drugs, which represents an alarming emerging risk to pub-
ic health. Some recent articles have highlighted this problem and
emonstrated the complexity to combat it (see for example [1]).

Adulterants are frequently detected in dietary supplements or
erbal medicines aimed at increasing sexual function. In addition
o the approved phosphodiesterase-5 (PDE-5) inhibitors, sildenafil
Viagra®), tadalafil (Cialis®) and vardenafil (Levitra®) in Europe
nd USA, udenafil (Zydena®) in South Korea and Malaysia, mirode-
afil (Mvix®) in South Korea, and lodenafil carbonate (Helleva®) in
razil, it has been reported that “natural” herbal products were also
dulterated with unapproved analogs in which most often minor

odifications were brought to the parent structure and for which

o toxicological data are available. To our knowledge, 33 analogs
ave been described so far in the literature as illegal additives in

∗ Corresponding author. Tel.: +33 5 61 55 68 90; fax: +33 5 61 55 76 25.
E-mail address: martino@chimie.ups-tlse.fr (M.  Malet-Martino).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.035
© 2012 Elsevier B.V. All rights reserved.

herbal drugs and dietary supplements [2,3]. Besides PDE-5 inhibitor
analogs, the most common adulterants, many other pharmacologi-
cally active substances have been used to taint dietary supplements
and herbal products consumed for enhancing sexual performance
[4].

In this study, nine dietary supplements intended to be intro-
duced into the South European market were submitted for analysis.
Their exact composition was unknown but they were claimed to
contain only a mixture of various herbs and sugars. They were
presented in unlabeled plastic bags as brown powders (10 g per
bag) to be dissolved in water for beverages and to be taken once
a day. Four were adulterated with a new sildenafil analog called
propoxyphenyl-thiohydroxyhomosildenafil (PP-THHS), one with
thiosildenafil (THIO), two with sildenafil (SILD) along with tetrahy-
dropalmatine (THP), one with phentolamine (PHE) and the last
contained osthole (OST). The chemical structures of these com-
pounds were elucidated using NMR  and MS.

2. Experimental
2.1. Chemicals

Authentic standards of SILD citrate, OST  and PHE mesylate
(methanesulfonate) were purchased from Sigma–Aldrich (St. Louis,

dx.doi.org/10.1016/j.jpba.2012.01.035
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:martino@chimie.ups-tlse.fr
dx.doi.org/10.1016/j.jpba.2012.01.035
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O,  USA). THIO was previously purified from a formulation adul-
erated with this analog [2].

.2. NMR  analysis

.2.1. Preparation of samples for NMR  analysis
Around 500 mg  of each powder was mixed with 2 mL of

D3CN:D2O (80:20 v/v) under vortex agitation during 10 min  and
hen sonication for 10 min. The suspension was then centrifuged
10 min, 4000 rpm) and 550 �L of the supernatant was  analyzed.
ne of the referee of this article underlined that tadalafil which is
ctive at low doses (2 mg/day) could have not been extracted in the
olvent system used owing to its poor solubility in most organic
olvents and water. To demonstrate that the method was valid for
etecting low-dosed tadalafil, 500 mg  of powder 9 was spiked with

 or 5 mg  of pure tadalafil and treated as described above. In both
ases, the 1H NMR  signals of tadalafil were easily detected in the
D3CN:D2O extracts, thus showing that the method of extraction

s appropriate even for low quantities of this PDE-5 inhibitor.
For the quantitative analysis, around 40 mg  of each powder

as mixed with 10 mL  of methanol under magnetic stirring dur-
ng 15 min, then sonicated for 10 min. After centrifugation (5 min,
000 rpm), an aliquot of 1 mL  was evaporated to dryness and the
esidue dissolved in 1 mL  of methanol-d4. The experiments were
one in triplicate. The quantification was performed on the 1H
MR  signals of the aromatic protons H15 and H18 (doublets) for
ILD, THIO and PP-THHS, H1 and H4 (singlets) for THP, H9/H13 and
10/H12 (respectively XX′ and AA′ parts of an AA′XX′ system) for
HEN and H4 and H5 (doublets) for OST (see Fig. 1 for numbering).
he solid residue from the first extraction was re-extracted with
he same protocol. The mixture obtained was centrifuged (5 min,
000 rpm) and the supernatant evaporated to dryness. The residue
as dissolved in 1 mL  of methanol-d4 for 1H NMR  analysis. The
roton signals used for quantification could not be detected.

.2.2. NMR  recording conditions
The NMR  experiments were performed on a Bruker Avance

00 spectrometer (Bruker BioSpin AG, Fällanden, Switzerland)
quipped with a 5 mm dual 1H–13C TCI cryoprobe. Sodium 2,2,3,3-
etradeutero-3-trimethylsilylpropionate (TSP; Sigma–Aldrich) was
sed as an internal reference for chemical shift (ı) measurement
nd quantification. A solution of TSP (10 �L) was added before the
MR analysis at a final concentration of 0.2 mM in all the sam-
les analyzed. The recording and processing conditions for 1H NMR,
uantitative 1H NMR  and 2D DOSY 1H NMR  spectra have already
een described [5,6].

The identification of SILD and THIO was achieved by spiking
he formulation extracts with authentic standards and comparing
he peak heights in the 1H NMR  spectra recorded before and after
ddition. The structural elucidation of PP-THHS, THP and OST was
erformed on isolated purified compounds, and that of PHEN on
rude extract, using 1D (1H and 13C) and 2D (gCOSY, gHSQC and
HMBC) experiments. To confirm the structures determined, stan-
ard OST and PHE were also added to solutions of purified OST or
o crude extracts containing PHE.

.3. Isolation of the new SILD analog, THP and OST

For the purification of the new SILD analog, 3 × 1 g of powder
as extracted with 3 × 10 mL  of methanol. The liquid phases were
ooled, evaporated to dryness and then redissolved in 4 mL  of a
ixture of acetonitrile:water (80:20). The purification was per-
ormed on a XBridgeTM Prep C18 column (150 mm × 19 mm;  5 �m
article size; Waters Corporation, Milford, MA,  USA), using a Waters
elta Prep 4000 system equipped with a 486 tunable absorbance
etector set at 270 nm.  The elution was carried out using a linear
d Biomedical Analysis 63 (2012) 135– 150

gradient of 20 to 50% acetonitrile from 0 to 20 min  with 0.1% trifluo-
roacetic acid in both aqueous and organic phases. The flow rate was
15 mL  min−1. The eluted fractions were collected and analyzed with
a Waters Acquity UPLC-DAD system controlled by Waters Empower
2 software. The analysis conditions were: Acquity UPLC BEH C18
column (50 mm × 2.1 mm  i.d.; 1.7 �m particle size); mobile phase:
(A) demineralized water and (B) acetonitrile (HPLC grade) both
containing 0.1% (v/v) trifluoroacetic acid; flow rate: 0.3 mL  min−1;
detection wavelength: 270 nm.  The gradient condition was as fol-
lows: 0–1 min, isocratic elution with a 90:10 A:B mixture; 1–6 min,
linear increase to 10:90 A:B ratio; isocratic elution during 1 min; re-
equilibration for 1 min  with a 90:10 A:B mixture before the start of
the next run. The unknown compound eluted at 4.5 min.

For the purification of THP and OST, 500 mg of each formula-
tion 6 and 9 was dissolved in 20 mL  of water and the solutions left
overnight at 4 ◦C. The precipitates were filtered, washed three times
with water and evaporated to complete dryness.

2.4. MS,  MS/MS and high resolution MS analyses

The methanolic extracts of powders and the purified com-
pounds dissolved in methanol were directly infused in an Applied
Biosystems API 365 triple-quadrupole mass spectrometer (Applied
Biosystems Inc., Foster City, CA, USA), equipped with a TIS inter-
face and controlled by the Analyst software (version 1.4). The mass
spectrometer was  operated in positive ionization mode. Nitrogen
served both as auxiliary and collision gas and oxygen served as
nebulizer gas. The operating conditions for TIS interface were as
follows: (1) in MS  mode: scan range m/z 100–1000, step size 0.1.
Q1 TIS MS  spectra were recorded in profile mode, IS 4700 V, DP
65 V, FP 330 V for the new analog and IS 5000 V, DP 25 V, FP 200 V
for PHE and OST; and (2) in MS–MS  mode: precursor ions at m/z
535 for the unknown analog, 282 for PHE and 245 for OST; scan
range m/z 30–600 for the unknown analog and 50–300 for PHE and
OST, step size 0.1; MS–MS  spectra were recorded in profile mode,
IS 5000 V, DP 65 V, FP 330 V, CE 50 V, CAD 3 for the new analog, and
IS 5000 V, DP 25 V, FP 200 V, CE 25 V, CAD 3 for PHE and OST.

The accurate masses of the new analog, PHE and OST were
determined on a Waters GCT Premier time-of-flight (TOF) mass
spectrometer equipped with a Desorption Chemical Ionization
(DCI) probe employing methane as the reagent gas and controlled
by the MassLynx 4.1 software. The TOF-MS was  operated between
m/z 150 and 850 in positive ionization mode. The accurate mass
measurements of THP and its product ions were acquired using a
Waters XEVO G2 QTOF mass spectrometer. The instrument param-
eters were as follows: positive ionization mode; for MS  analysis:
cone voltage 30 V, scan range m/z 100–1200; for MS/MS  analy-
sis: coil energy 35 V, cone voltage 40 V, scan range m/z  100–440.
The samples were dissolved in methanol and analyzed after direct
infusion.

2.5. IR spectroscopy

The FT-IR spectrum of the new SILD analog was recorded on a
Nicolet 6700 total reflectance device (Thermo Nicolet Corporation,
Madison, WI,  USA) using a diamond crystal at an incidence angle of
45◦ over the spectral range 4000–500 cm−1.

3. Results and discussion

3.1. Overview of the 1H NMR spectra of the nine formulations

analyzed

The 1H NMR  spectra of CD3CN:D2O (80:20 v/v) extracts of for-
mulations 1–4 on one hand and 6–7 on the other hand were
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Fig. 1. Chemical structures of the actives identified in the dietary supplements analyzed: (A) sildenafil (SILD), (B) thiosildenafil (THIO), (C) propoxyphenyl-thiohomosildenafil
(PP-THHS), (D) tetrahydropalmatine (THP), (E) phentolamine (PHE), (F) osthole (OST).
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dentical, whereas those of all the other formulations displayed dif-
erent fingerprints. As an illustration, we present in Figs. 2 and 3 the
haracteristic 1H NMR  spectra of formulations 4, 5, 6, 8 and 9. All
he spectra revealed the presence of sugar(s) (S) with anomeric sig-
al(s) at ≈5.3 ppm and highly overlapped peaks between ≈3.4 and
.8 ppm, and fatty acids (FA) with characteristic signals at ≈0.9 (ter-
inal CH3 protons), ≈1.3 ppm ( (CH2)n protons), ≈1.5 ppm (CH2

rotons � to the carboxyl group) and ≈2.2 ppm (CH2 protons � to
he carboxyl group). S (Fig. 3) and FA resonances were respectively
ined up in the 2D DOSY 1H NMR  spectra. Ethanol (EtOH; triplet at
.13 ppm) was detected in formulations 2, 6, 7 and 9, and citrate
AB system with ıA 2.68 ppm and ıB at 2.62 ppm, J = 15.4 Hz) in for-

ulations 6 and 7. Mesylate (singlet at 2.61 ppm), a non-toxic acid
ften used to form salts of active pharmaceutical ingredients con-
aining basic centers, was observed in formulation 8. Other major
esonances were present in all formulations. They could correspond
o PDE-5 inhibitors in formulations 1–7.

.2. Characterization of the new SILD analog in formulations 1–4
2D DOSY 1H NMR  spectra of formulations 1–4 presented a pat-
ern of identical lined up resonances which strongly looked like
hat of a PDE-5 inhibitor (data not shown). Moreover, the profile

ig. 2. 1H NMR  spectra of CD3OD:D2O (80:20) extracts of (A) formulation 4, (B) formulat
P-THHS: propoxyphenyl-thiohydroxyhomosildenafil, THIO: thiosildenafil, SILD: sildena
cids,  EtOH: ethanol, TSP: sodium 2,2,3,3-tetradeutero-3-trimethylsilylpropionate (intern
d Biomedical Analysis 63 (2012) 135– 150

of the aromatic protons of this compound called compound 1 (1)
resembled the coupling pattern of a 1,2,4-substituted phenyl ring
system and suggested that its chemical structure could be related
to that of a PDE-5 inhibitor derived from SILD or vardenafil.

The LC-DAD analysis of extracts of these formulations showed
the presence of a major peak at RT 4.5 min  whose UV spectrum
with absorption bands at �max 227, 295 and 353 nm (Fig. 4) was
similar to that of THIO (�max 224, 295 and 354 nm), and different
from that of SILD (�max 211, 224 and 291 nm). All the pyrazolopy-
rimidinethiones (THIO and analogs) and PDE-5 inhibitors with
imidazoquinazolinethione-type chemical structure present a band
at 350–370 nm,  which was  ascribed to the conjugated heterocyclic
thiones ([7–10] for some examples), whereas the UV absorp-
tion bands of pyrazolopyrimidinones (SILD and analogs) as well
as PDE-5 inhibitors with imidazotriazenone core (vardenafil and
analogs) and piperazinedione ring (tadalafil and analogs) appear
at � ≤ 300 nm ([7,8,11] for some examples). It can be thus inferred
that 1 was  a THIO analog.

1H and 13C NMR  data of THIO and isolated 1 are summarized
in Table 1. The 1D 1H and 13C NMR  spectra of isolated 1 are
presented in Fig. 5, while the 1H NMR  spectrum of THIO in a

commercial formulation was  reported in a previous paper [2].
The strong resemblance of 1H and 13C NMR  spectra of the two
compounds also indicated that 1 is a THIO derivative. Indeed,

ion 5, (C) formulation 6 and (D) formulation 9.
fil, THP: tetrahydropalmatine, OST: osthole, �: imperatorine; S: sugars, FA: fatty
al reference).
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Fig. 2. 

he 13C signal at 175.7 ppm and the 1H singlet at 4.46 ppm are
espectively characteristic of the N C S and N CH3 moieties of

 THIO pyrazolopyrimidine ring as the corresponding resonances
n a SILD pyrazolopyrimidine ring would appear in the range
48–154 ppm (for the N C O group) and 4.15–4.3 ppm [11–13].
oreover, the NMR  characteristics of protons (ı and J) and pro-

onated carbons (ı) of pyrazolopyrimidine (and its N-methyl and
-propyl lateral chains) and phenyl rings are very similar for 1
nd THIO (within 0.03 ppm for 1H and with a systematic mean
eshielding of 1.25 ppm (range 0.8–1.55 ppm) for 13C). However,
he 1H (s, 2.38 ppm) and 13C (44.9 ppm) methyl resonances of
he N-methylpiperazine (NMP) entity of THIO are missing in the
pectra of 1. On the other hand, two triplets at 2.49 and 3.57 ppm,
ith a H H COSY correlation between them, each integrating

or two protons, are present in the 1H spectrum of 1. Their 13C
esonances were assigned at 61.9 and 60.9 ppm, respectively
rom HSQC correlations. These data indicated the presence of a
ydroxyethyl moiety. HMBC correlations between the 1H triplet
t 2.49 ppm and the 13C resonance at 54.8 ppm (C-25/27) of the
iperazine ring as well as those between the protons 25/27 at

.58 ppm and the 13C signal at 61.9 ppm demonstrated that the
MP moiety of THIO was replaced by an N-hydroxyethylpiperazine

NHEP) in 1. Moreover, a 1H signal at 1.93 ppm (tq) which is not
resent in THIO was observed in 1. The H–H COSY correlations
nued).

between this signal and those at 4.26 ppm (t) and 1.10 ppm
(t) suggested the presence of a propoxy moiety instead of an
ethoxy group. The correlations observed in HSQC and HMBC
experiments supported this assignment and established that
the substitution occurred at the C19 position of the phenyl ring.
1 was  thus identified as 5-{5-[4-(2-hydroxyethyl)piperazine-
1-sulfonyl]-2-propoxyphenyl}-1-methyl-3-propyl-1,6-
dihydropyrazolo[4,3-d]pyrimidine-7-thione hereinafter referred
to as propoxyphenyl-thiohydroxyhomosildenafil (PP-THHS)
(Fig. 1C) since the THIO analog with an ethoxyphenyl group is
named as thiohydroxyhomosildenafil (THHS).

To confirm the structure of 1, a MS  study was conducted. The
full scan mass spectrum exhibited the presence of a very major
pseudo-molecular ion [M + H]+ at m/z 535. The accurate mass of
this ion was  found at m/z 535.2162 in agreement with the cal-
culated mass 535.2161 of C24H35N6O4S2 within 0.2 ppm, which
corresponds to the atomic composition of PP-THHS C24H34N6O4S2.
The parent ion was selected to be fragmented in the MS/MS sys-
tem. It produced two  prominent ions at m/z 299 and 99 and other
representative fragment ions at m/z 517, 359, 341, 315, 271, 129,

112, 84 and 58 (Fig. 6). A summary of proposed structures for these
ions is depicted in Fig. 7. The product ion at m/z  517 (loss of H2O
from the hydroxyethyl group) was  very probably formed by an ini-
tial migration of the hydroxylethyl group to the sulfur atom of the
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ig. 3. (A) 2D DOSY 1H NMR spectrum of a CD3CN:D2O (80:20) extract of formula
MR  spectrum at D = 1356 �m2 s−1.
: sugars, Mes: mesylate, FA: fatty acids, TSP: sodium 2,2,3,3-tetradeutero-3-trimet

hiocarbonyl function, followed by elimination of water (Fig. 7(a)),
s recently demonstrated for THHS [14]. The heterolytic cleav-
ge of the S N sulfonamide bond generated peaks corresponding
o NHEP ion at m/z 129 and fragment ions at m/z 112 (loss of
ydroxyl radical) and 99 (loss of methanal) which respectively
ive other ions at m/z 84 (loss of methyleneamino radical) and
8 (loss of neutral azirine entity). The structures of all these ions
Fig. 7(b)) were proposed by Ahn et al. [15]. The product ions at m/z
41 and 299 arise respectively from successive losses of a neutral
olecule of 194 Da corresponding to the sulfinic acid NHEP–SO2H

C6H14N2O3S) (Fig. 7(c)) and neutral propene (C3H6) entity from

he propoxy substituent of the phenyl ring (Fig. 7(d)). The first
ragmentation was previously described for SILD and THIO with
ormation of analogous ions at m/z  311 and 327 which have an
xpected mass shift of 30 and 14 Da respectively compared to that

ig. 4. UV spectrum of the new sildenafil analog, propoxyphenyl-thiohydroxyhomosilde
. (B) 1D 1H NMR  spectrum of phentolamine (PHE) extracted from the 2D DOSY 1H

ylpropionate (internal reference).

of the corresponding PP-THHS ion [16]. The second fragmentation
is identical to that reported in the literature for the ethyl group
of an ethoxy substituent leading to the same ion at m/z 299 for
THIO, thiohomosildenafil and THHS and to an ion at m/z  283 for
SILD, homosildenafil and hydroxyhomosildenafil with a mass shift
of 16 Da as the C S group is replaced by a C O [8,10,14]. The ion at
m/z 271 was  observed not only in the MS/MS  spectrum of PP-THHS
but also in those of THIO, thiohomosildenafil and THHS. It could
be generated from the ion at m/z 299 by loss of a neutral ethene
(C2H4) moiety from the propyl chain of the pyrazolopyrimidine ring
[8,10,14] (Fig. 7(e)). Indeed, this fragmentation pathway from the

propyl chain of vardenafil, an isomer of SILD, was  reported by Gratz
et al. [17]. Moreover, SILD, homosildenafil and hydroxyhomosilde-
nafil also exhibit a similar fragmentation as an ion at m/z 255 most
probably formed by the loss of a neutral C2H4 molecule from the

nafil, obtained using the chromatographic conditions indicated in the Section 2.
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Table 1
NMR data of thiosildenafil (THIO) and propoxyphenyl-thiohydroxyhomosildenafil (PP-THHS, 1) in CD3CN/D2O 80/20.

THIO PP-THHS (1)

Posa Group � 1H (ppm) Multiplicityb (J (Hz)) � 13C (ppm) � 1H (ppm) Multiplicityb (J (Hz)) H,H-COSY ı 13C (ppm) HMBC

3J 4J 2J 3J 4J

3 Cq aromatic 147.3 148.4 H-11 H-12
5  Cq aromatic 148.5 152.0 H-15 H-18
7  Cq C S 173.6 175.7 H-10
8  Cq aromatic 133.7 135.6 H-10
9  Cq aromatic 135.0 137.2 H-11

10  N CH3 4.45 s 40.3 4.46 s 41.6
11 CH2 2.91 t (7.4) 28.4 2.90 t (7.4) H-12 29.9 H-12 H-13
12 CH2 1.81 sext (7.4) 23.3 1.80 sext (7.4) H-11, H-13 24.85 H-11, H-13
13 CH3 0.98 t (7.4) 14.6 0.99 t (7.4) H-12 16.0 H-12 H-11
14  Cq aromatic 122.2 125.8 H-15 H-18 H-17
15  CH aromatic 8.41 d (2.5) 131.6 8.40 d (2.5) H-17 133.0 H-17
16  Cq aromatic 128.8 130.1 H-15, H-17 H-18
17  CH aromatic 7.91 dd (2.5, 8.9) 133.8 7.94 dd (2.5, 8.9) H-18 H-15 134.6 H-15
18  CH aromatic 7.38 d (8.9) 115.7 7.40 d (8.9) H-17 116.5 H-17 H-15
19  Cq aromatic 162.0 163.3 H-18 H-15, H-17, H-20
20  O CH2 4.36 q (7.0) 67.7 4.26 t (6.3) H-21 74.4 H-21 H-21′

21 CH3 or CH2 1.54 t (7.0) 15.4 1.93 tq (7.4, 6.3) H-20, H-21′ 24.9 H-20, H-21′

21′ CH3 1.10 t (7.4) H-21 12.9 H-21 H-20
24/28  N CH2 piperazine 3.13 broad signal 45.6 3.06 broad signal H-25/27 48.6 H-25/27
25/27  N CH2 piperazine 2.72c t (4.3) 54.3 2.58c t (4.8) H-24/28 54.8 H-24/28 H-29
29  N CH3 or N CH2 2.38 s 44.9 2.49 t (5.9) H-29′ 61.9 H-29′ H-25/27
29′ CH2OH 3.57 t (5.9) H-29 60.9 H-29

a Position (Pos) number (see Fig. 1B and C for the numbering) indicates either hydrogen (H,H-COSY) or carbon (HMBC) signal.
b s: singlet; d: doublet; dd: doublet of doublet; t: triplet; q: quadruplet; tq: triplet of quadruplet; sext: sextuplet.
c Strongly broadened signals.
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Fig. 5. 1H (A) and 13C (B) NMR  spectra of the new sildenafil analog, propoxyphenyl-thiohydroxyhomosildenafil, after isolation and purification, recorded in CD3CN:D2O
(80:20).
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Fig. 6. MS–MS spectrum of pure propoxyphenyl-thiohydroxyhomosildenafil (product ion spectrum of the molecular peak at m/z 535).
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Fig. 7. Summary of proposed fragmentation pathways for the new analog propoxyphenyl-thiohydroxyhomosildenafil.



144 S. Balayssac et al. / Journal of Pharmaceutical and Biomedical Analysis 63 (2012) 135– 150

wav enumb er (cm-1 )

a
b

s
o

rb
a
n

c
e

4000                  3500                   3000                  2500                   2000                   1500                   10 00 

0.08

0.06

0.04

0.02

0

0.10

3
2

6
7

1
4

9
2

1
3

5
0

1
2

5
6

1
1

6
6

9
4

6

 analo

p
i
r
s
e
(
m
f
e
(
f
1
[

a
v
9
I
p
1
p
a
r
r
p
t
a
i

i
m

3

o
t
fi
c
a

Fig. 8. Infrared spectrum of the new sildenafil

rominent ion at m/z  283 is observed [8].  The structure of the
on at m/z 359 was tentatively proposed to be the same than that
eported for SILD ion at m/z  329 [17]. Indeed, it exhibits a mass
hift of 30 Da as expected due to replacements of the C O and
thoxy groups of SILD with C S and propoxy groups, respectively
Fig. 7(f)). The ion at m/z  315 could be generated from the ion at
/z 359 by the cleavage of the O C bond of the propoxy moiety

ollowed by the formation of a cationic 1,4-benzoquinone moi-
ty resulting in the loss of the neutral propane (C3H8) molecule
Fig. 7(g)). The structure of this ion is similar to that reported
or the vardenafil fragment ion at m/z 299 with a mass shift of
6 Da as the carbonyl group is replaced by a thiocarbonyl group
17].

The IR spectrum of isolated 1 is reported in Fig. 8. It displayed an
bsorption band at 3267 cm−1, characteristic of the N H stretching
ibration of an amine moiety. The three bands at 1492, 1256 and
46 cm−1 suggested the presence of a thioamide (N C S) group.
ndeed, in such a group, the C S stretching vibration is strongly cou-
led to that of the C N part leading to three signals in the regions
570–1395 cm−1, 1420–1260 cm−1 and 1140–940 cm−1 that are
artly due to the �C  S vibration [18]. The strong absorption bands
t 1350 and 1166 cm−1 correspond to the asymmetric and symmet-
ic stretching vibrations of SO2 in a sulfonamide group that occur
espectively at 1360–1315 cm−1 and 1180–1140 cm−1 in the solid
hase [18]. These characteristic group frequencies are very similar
o those observed in THIO (�NH at 3271 cm−1, �C S at 1498, 1253
nd 939 cm−1 and �SO2 at 1352 and 1171 cm−1, confirming that 1
s a THIO analog.

To our knowledge, PP-THHS already patented by Kim et al. [19]
n 2004 was never detected as an adulterant in a dietary supple-

ent.

.3. Characterization of THIO in formulation 5

In the 2D DOSY 1H NMR  spectrum of formulation 5, the res-
nances pattern of the major compound was very similar to

hat observed in formulations 1–4. This compound was  identi-
ed as THIO (Fig. 1B) by spiking with an authentic standard and
omparing the 1H NMR  spectra recorded before and after its
ddition.
g, propoxyphenyl-thiohydroxyhomosildenafil.

3.4. Characterization of SILD and THP in formulations 6 and 7

In addition to the lined up resonances of S (translational diffu-
sion coefficient (D) = 865 �m2 s−1) and FA (D = 1118 �m2 s−1), the
2D DOSY 1H NMR  spectra displayed those of ethanol and two other
major compounds with close D values. The pattern of resonances
of the first one (D = 947 �m2 s−1) was consistent with a PDE-5
inhibitor of the SILD class. It was definitely identified as the citrate
salt of SILD (Fig. 1A) by comparison of the 1H NMR  spectra of the
crude formulation extracts before and after addition of authentic
SILD citrate. The 1H NMR  characteristics of the second main com-
pound (D = 1069 �m2 s−1), called compound 2 (2), did not match
with a usual PDE-5 inhibitor structure. 2 was isolated with a purity
of 80% with residual presence of less than 15% of SILD.

The 1H and 13C NMR  spectra of 2 indicated the presence
of two  aromatic rings with eight quaternary carbons (Cq), four
methoxy groups and five other aliphatic carbon signals. The 1D
and 2D COSY 1H NMR  spectra exhibited resonances of CH2 CH2
and CH CH2 spin systems as well as a pair of doublets each inte-
grating for one proton at ı 3.62 and 4.22 ppm with a large JH H
(16.1 Hz) characteristic of geminal protons. The corresponding 13C
signal of these two protons at 55.6 ppm as determined from the
HSQC experiment indicated that this isolated methylene group was
probably a N CH2 moiety. The aromatic region displayed two sin-
glets each integrating for one proton consistent with two para
related hydrogens in one of the aromatic rings and an AB pat-
tern integrating for two protons with J = 9.1 Hz which suggested
the presence of two ortho hydrogens in the second aromatic ring.
Unambiguous assignments of Cq were achieved considering that
the cross-peaks in the HMBC experiment were more intense for
3JC H correlations than for 2J or 4JC H across the aromatic sys-
tems. The H H, direct C H and long-range C H bond correlations
observed in the COSY, HSQC and HMBC experiments supported
the assignment of all 1H and 13C signals summarized in Table 2
and allowed identifying 2 as THP (5,8,13,13a-tetrahydro-2,3,9,10-
tetramethoxy-6H-dibenzo[a,g]quinolizine) (Fig. 1D).  The 1H and

13C NMR  assignments were slightly different from those previously
reported data [20].

High-resolution MS  (HR-MS) and MS/MS  studies of 2 corrob-
orated its identification as THP. Indeed, the accurate mass of
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Table 2
NMR data of tetrahydropalmatine (THP; 2) in CD3CN/D2O 80/20.

Posa Group ı 1H (ppm) Multiplicityb (J (Hz)) H,H-COSY ı 13C (ppm) HMBC

2J 3J 2J 3J 4J

1 CH aromatic 6.87 s 111.7 H-4
2  Cq aromatic 150.3 H-4, H-2′

3 Cq aromatic 150.2 H-1, H-3′

4 CH aromatic 6.76 s 114.4 H-5p-ax H-1
4a  Cq aromatic 129.0 H-5p-ax, H5p-eq H-1

5c CH2
Hp-ax 2.74d d (16.9) H-5p-eq H-6eq 30.4 H-4 H-1Hp-eq 3.07e m H-5p-ax H-6eq, H-6ax

6c N CH2
Hax 2.71d dd (11.9, 8.8) H-6eq H-5p-eq 53.6 H-5p-eq H-8p-ax, H-8p-eq, H-13a
Heq 3.27e d (9.3) H-6ax H-5p-eq, H-5p-ax

8c N CH2
Hp-ax 3.62 d (16.1) H-8p-eq 55.6

H-6ax, H-13a
Hp-eq 4.22 d (16.1) H-8p-ax

8a Cq aromatic 129.85 H8p-ax,  H8p-eq H-12, H-13p-ax, H-13p-eq

9 Cq aromatic 147.4 H11, H-8p-eq, H-9′

10 Cq aromatic 153.1 H-12, H-10′

11 CH aromatic 6.945 AB system (B) (9.1) 114.4 H-12
12  CH aromatic 6.95 AB system (A) (9.1) 127.0 H-11 H-13p-eq H-8p-eq

12a Cq aromatic 129.9 H13p-ax, H-13p-eq H-11, H-8p-ax, H-8p-eq

13c CH2
Hp-ax 2.73d dd (15.8, 12.4) H-13p-eq H-13a

37.5 H-12Hp-eq 3.46 dd (16.1, 3.3) H-13p-ax H-13a
13ac N CH (Hax) 3.69e d (10.1) H-13p-ax, H-13p-eq 61.8 H-13p-ax, H-13p-eq H-6ax, H-6eq, H-8p-ax, H-8p-eq H-4
13b  Cq aromatic 131.3 H-13a H-4, H-5p-ax, H-13p-ax

2′ O CH3 3.80 s 58.1
3′ O CH3 3.815 s 58.3
9′ O CH3 3.795 s 62.6
10′ O CH3 3.84 s 58.3

a Position (Pos) number (see Fig. 1D for the numbering) indicates either hydrogen (H,H-COSY) or carbon (HMBC) signal.
b s: singlet; d: doublet; dd: doublet of doublet; m:  multiplet.
c As the two benzene moieties in the tetrahydroprotoberberine skeleton force the carbons of the non-planar quinolizidine core to adopt a conformation similar to cyclohexene, the protons on carbons adjacent to the unsaturated

bonds  (C-5, C-8, C-13 and C-13a) are tilted from the usual axial/equatorial (ax/eq) orientation to a pseudo-axial/pseudo-equatorial (p-ax/p-eq) orientation, except the proton on C-13a because the trans-fused quinolizidine system
requires  an axially oriented substituent. The ax/eq or p-ax/p-eq protons were assigned considering that, for each methylene group, the axial proton is more shielded than the equatorial.

d The signals of H-5p-ax, H-6ax and H-13p-ax are overlapped. Their respective ı and J were determined from the fine structure of the cross-peaks in the HSQC spectrum.
e Strongly broadened signals.
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Fig. 9. Tentatively proposed structures of representat

he protonated molecular ion was measured at m/z 356.1859
n agreement with the calculated mass 356.1862 of C21H26NO4

ithin an error of −0.8 ppm, which corresponds to the elemen-
al composition of THP, C21H25NO4. Moreover, the HR MS/MS
pectrum revealed representative product ions at various m/z
ithin 1.2 ppm relative to calculated masses, except for ion at
/z 192 for which the error reached 3.1 ppm (Table 3). The

lemental formulae of these protonated ions correspond to char-
cteristic fragments due to a retro Diels–Alder cleavage of ring

 of a tetrahydroberberine skeleton into two pieces that can be

rotonated (see for example [21]) (Fig. 9). Moreover, these two
roduct ions and the parent ion can release a neutral methyl
adical and/or a neutral methane molecule from a methoxy
roup.

able 3
ccurate masses of protonated THP (2) and of its major product ions.

Mass found Mass calculated Erro

356.1859 356.1862 −0.8 

340.1550 340.1549 0.3 

192.1031 192.1025 3.1 

177.0791 177.0790 0.6 

176.0714 176.0712 1.1 

165.0918 165.0916 1.2 

150.0681 150.0681 0 
oduct ions of protonated tetrahydropalmatine (THP).

3.5. Characterization of PHE in formulation 8

The 1H NMR  spectrum of formulation 8 showed unknown reso-
nances along with those of S, FA, and mesylate (Fig. 3). The fact that
all the major unknown resonances were lined up in the 2D DOSY 1H
NMR  spectrum at D = 1356 �m2 s−1 supports the presence of a sole
major product, called compound 3 (3) (Fig. 3A). The corresponding
1H slice DOSY spectrum enables the attribution of the resonances
of 3 even if two signals of FA are detected due to the closeness of
their D values (1492 �m2 s−1 for FA) (Fig. 3B).
The 1H and 13C NMR  characteristics of 3 were determined on
the crude extract of formulation 8 and are listed in Table 4. The
aliphatic region of the 1H NMR  spectrum exhibited three aliphatic
singlet signals at ı 2.32, 3.87 and 4.71 ppm integrating respectively

r (ppm) Elemental formula

C21H26NO4

C20H22NO4

C11H14NO2

C10H11NO2

C10H10NO2

C10H13O2

C9H10O2
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for 3, 4 and 2 protons with corresponding HSQC direct carbon
correlations at 21.0, 45.8 and 50.2 ppm. The aromatic region of
the 13C spectrum displayed six protonated carbon signals corre-
sponding to eight carbon atoms from comparison of their relative
intensities, and five Cq signals indicating the presence of two aro-
matic rings. The 1H spectrum showed resonances of eight aromatic
protons. The AA′XX′ system at ı 7.03 and 7.21 ppm had long-
range H,H COSY correlations with the singlet signal of the methyl
group (2.32 ppm) providing firm evidence of a para-methyl substi-
tuted aromatic ring. The multiplicity, coupling constants and H,H
COSY correlations suggested that the second aromatic ring was
1,3-disubstituted. The long-range H,H COSY correlations between
the N CH2 singlets at 3.87 and 4.71 ppm and their HMBC cor-
relations with the Cq at 171.6 ppm which does not belong to
the two  aromatic rings suggested the presence of an imidazoline
moiety with a CH2 N substituent located at C2. Moreover, the
other HMBC correlations between the N CH2 protons at 4.71 ppm
and Cq at 145.5 (part of one aromatic ring) and 150.0 ppm (part
of the second aromatic ring) implied that the N atom was  con-
nected to these two  moieties. The meta substituent on the second
aromatic ring could be assigned to an hydroxyl group based on
the high ı value of the connected Cq (159.0 ppm). 3 was thus
identified as PHE (3-[(4,5-dihydro-1H-imidazol-2-ylmethyl)(4-
methylphenyl)amino]phenol) (Fig. 1E), whose structure was
confirmed by comparison of the 1H NMR  spectra before and after
addition of authentic PHE mesylate.

MS,  MS/MS  and HR-MS were carried out in positive ionization
mode on the crude extract of formulation 8. The full scan mass spec-
trum showed the presence of a pseudo-molecular ion [M + H]+ at
m/z 282. Based on the accurate mass determination, 3 has a chemi-
cal formula of C17H20N3O for the [M + H]+ ion (measured mass m/z
282.1648, calculated mass m/z 282.1606, error 14.9 ppm) which
corresponds to the atomic composition of PHE C17H19N3O. The
MS/MS  fragmentation of the parent ion at m/z 282 produced a char-
acteristic, dominant base peak at m/z 212 which is achieved with
the loss of neutral imidazoline molecule.

3.6. Characterization of OST in formulation 9

The 1H NMR  spectrum of formulation 9 exhibited resonances of
S, FA, EtOH and unknown compounds among which the major one
was isolated for identification.

The 1H and 13C NMR  data of the purified compound, called
compound 4 (4), are summarized in Table 5. In the aromatic
region of the 1H spectrum, two  H,H COSY correlated pairs of
doublets with a large coupling constant (≈9 Hz) were observed
indicating the presence of two ortho protons located on two
different aromatic rings. The methyl proton singlet at 3.94 ppm
with a HSQC direct carbon correlation at 59.0 ppm was consistent
with a methoxy group on an aromatic ring. H,H COSY correla-
tions between the proton at 5.21 ppm and methylene (3.51 ppm)
and methyl (1.68 and 1.84 ppm) signals indicated the presence
of a (CH2)HC C(CH3)2 moiety. The 13C spectrum exhibited fif-
teen carbon signals: five aromatic and ethylenic CH, one CH2 and
three CH3 in accordance with proton observations, and six Cq,
one of them being ethylenic. Therefore, the two aromatic sys-
tems contained nine carbon atoms, four CH and five Cq. Based
on the Cq chemical shift values, one corresponded to an O C O
carbon suggesting the presence of a coumarine entity, and a sec-
ond bore a methoxy group. HSQC and HMBC spectroscopic data
provided firm evidence that 4 was OST (7-methoxy-8-(3′-methyl-
2′-butenyl)-2H-1-benzopyrane-2-one) (Fig. 1F), whose structure

was authenticated by spiking with standard OST and comparing
the 1H spectra before and after addition. Moreover, an unequivocal
assignment of all 1H and 13C resonances of OST was accomplished
by a careful inspection of the correlations observed in the H,H COSY
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Table 6
Contents of adulterants identified in the formulations analyzed.

Formulation Actives identified Contenta

1 PP-THHSb 80 ± 3
2 PP-THHSb 65 ± 5
3 PP-THHSb 103 ± 5
4  PP-THHSb 81 ± 5
5  thiosildenafil 89 ± 2
6 sildenafil 117 ± 6c

tetrahydropalmatine 96 ± 5
7 sildenafil 66 ± 2c

tetrahydropalmatine 44 ± 5
8 phentolamine 64 ± 3d

9 ostholee 41 ± 3

a Contents are expressed in mg per 10 g of powder.
b PP-THHS: propoxyphenyl-thiohydroxyhomosildenafil.
c The formulation contains sildenafil citrate but the amount is that of the free base

(molecular weight 474.6 g mol−1).
d The formulation contains phentolamine mesylate but the amount is that of the

free base (molecular weight 281.35 g mol−1).

e Osthole was not considered as an adulterant in formulation 9 (cf. text).

and H,C HSQC and HMBC spectra, considering that the 13C reso-
nance of the “Z methyl group” was more shielded (usually 4–6 ppm,
7.8 ppm for OST) than the “E one” due to the � effect.

MS and HR-MS data confirmed the structure determined from
NMR. The full scan mass spectrum of isolated 4 generated pro-
tonated monomeric and dimeric peaks at m/z 245 [M + H]+ and
489 [M2 + H]+. The accurate masses of these ions were m/z
245.1082 and 489.2294 giving estimated elemental composi-
tions of C15H17O3 (calculated mass 245.1178, error −39.2 ppm,
−9.6 mDa) and C30H33O6 (calculated mass 489.2277, error 3.7 ppm,
1.7 mDa) as the most approximate results. Both compositions cor-
responded to the atomic composition of OST C15H16O3. The MS/MS
fragmentation of the parent ion at m/z 245 produced promi-
nent ion at m/z 189 generated by the elimination of the neutral
dimethyl-1,1-ethene (H2C C(CH3)2) molecule. This ion was fur-
ther fragmented to yield another ion at m/z 161 (loss of CO) with
rearrangement of the 2-oxopyrane ring into a furane one. A subse-
quent loss of CH2O occurred with a peak observed at m/z 131. This
fragmentation pattern was characteristic of OST as described by
Chen et al. [22]. The loss of CH2O from the ion at m/z 189 produced
an ion at m/z 159.

3.7. Quantification of adulterants in the formulations analyzed

The contents of the different adulterants detected are listed
in Table 6. Even if the amounts of the approved PDE-5 inhibitor
SILD in formulations 6 and 7 (117 and 66 mg  per 10 g bag) are
slightly higher than or below the maximum recommended daily
dose (100 mg/day), the consumers are not aware of taking a pre-
scription drug that has severe contraindications. In addition to
SILD, these formulations enclosed THP (96 and 44 mg  per 10 g bag,
respectively), an alkaloid of the benzylisoquinoline class that is
one of the more bioactive constituent of plants from the botanical
genera Corydalis and Stephania.  The molar ratio SILD/THP, deter-
mined as the ratio of the mean integrated areas of H15 and H18
SILD signals in one hand and of H1 and H4 THP signals on the
other hand in 1H NMR  spectra of formulations 6 and 7, is very
close to 1 (range 0.97–0.995), indicating that the same SILD-THP
mixture was  added in the two  formulations. Formulation 6 was
adulterated by a two-fold SILD-THP dose than formulation 7, as

the absolute amount of the two  compounds is roughly two-fold
higher in the former one. Moreover in our opinion, added THP did
not come from a crude extract of plants known to contain great
quantities of this bioactive such as Stephania and Corydalis species.
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ndeed, the aromatic region in the 1H NMR  spectra of formulations
 and 7 showed the same pattern of minor intensity resonances
hose ı and J characteristics are consistent with those of alkaloids

dentified in these plants in addition to THP such as corydaline,
orydalmine, stylopine. . . (see for example [20,23,24]). The inte-
rated area of THP aromatic resonances represented more than
5% of that of all alkaloids detected with the reasonable assump-
ion that, on average, these compounds have four aromatic protons
s THP. THP represents ≈70% of the alkaloid content extracted
rom S. bancroftii or yunnanensis [20,24] and less than 25% of the
ertiary alkaloids extracted from C. yanhusuo [23]. Therefore THP
ound in formulations 6 and 7 probably arises from THP-enriched
xtracts commercially available under the form of powders pre-
ared from natural rhizome Corydalis yanhusuo which can contain
p to 98% of THP. THP is used in traditional Chinese herbal prepara-
ions for the treatment of chronic pain and anxious insomnia as it
ossesses remarkable analgesic, sedative and hypnotic activities. It
lso exhibits anticonvulsant, hypotensive, bradycardial, neuropro-
ective and antioxydant properties but was not reported as effective
or enhancing erectile dysfunction and sexual performance in

an  [20,21]. However, its possible interactions with SILD are not
nown.

The quantities of the two unapproved analogs, THIO and the
ewly identified compound PP-THHS, in formulations 1–5, ranged
etween 65 and 103 mg/10 g bag, which could place consumers at
isk for potentially serious side-effects. Indeed, THIO and PP-THHS
ave an inhibitory activity against the isolated enzyme PDE-5 (IC50)
f 0.59 and 0.46 nM,  respectively, i.e. more than ten-fold higher
han that of SILD (IC50 = 6.86 nM)  [19]. As drug safety is dependent
n both activity and pharmacokinetics, the fact that the pharma-
okinetic profiles of these two unlicensed compounds are unknown
ould increase the risks for consumers who unwittingly consume
hese substances.

Formulation 8 contains 64 mg  of the synthetic drug PHE per
0 g bag. This compound is a reversible, non-selective �-1 and �-2
drenergic receptor antagonist that induces vasodilatation of the
mooth muscle cells. It was firstly used to manage hypertensive
risis. It is currently used to quickly restore tactile sensation after
ocal dental anesthesia by injection into soft tissues. It is primar-
ly employed for treating erectile dysfunction either as an oral solo
rug formulation not approved by the FDA but sold on line under
he name of Vasomax or in combination with papaverine (Bimix®)
hich is one of the three main agents for intracavernosal injection

pproved by the FDA [25,26].
Formulation 9 is most probably a natural dietary supplement.

ndeed, Cnidium monnieri extracts that have long been used in
hina as an herbal medicine to improve male sexual dysfunc-
ion contain numerous bioactive coumarins such as xanthotoxin,
sopimpinellin, bergapten, imperatorin (IMP) and OST. OST exerts a
on-specific relaxant effect on vascular smooth muscles, including
avernosal, attributable to the release of nitric oxide which raises
GMP and cAMP levels by inhibiting the corresponding phospho-
iesterases [27]. In ethanolic extracts of C. monnieri fruits, OST and

MP  are the main compounds with IMP  molar amount accounting
or ≈45% of that of OST [28]. However, when a supercritical fluid
xtraction is performed, IMP  only represents 4% of OST [29]. IMP
esonances attributed according to Liu et al. [30] were observed
n the aromatic region of the 1H NMR  spectrum of formulation

 (Fig. 2D) and accounted for ≈3% of those of OST. It can thus
e assumed that OST found in formulation 9 resulted from such
n extraction of C. monnieri fruits. Moreover, the amount of OST
easured in formulation 9 (41 mg/10 g bag) is comparable to that
ontained (50–60 mg)  in a capsule of C. monnieri extracts marketed
orldwide via the internet, suggesting that its amount in formula-

ion 9 was standardized to the efficient dose enhancing male sexual
ctivity.

[
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4. Conclusion

Among the nine herbal formulations analyzed, eight were adul-
terated with a synthetic drug. Four of them contained PP-THHS,
an unapproved SILD analog detected for the first time as an
adulterant. Two  were tainted with SILD and THP that has no
reported effect for enhancing erectile dysfunction, and one with
THIO, another unapproved PDE-5 inhibitor. Another formulation
was adulterated with PHE that is unapproved for boosting male
sexual performance as oral formulation. The last formulation con-
tains the bioactive coumarin derivative, OST, a major compound
present in Cnidium monnieri fruits, and is most probably truly
natural.
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a  b  s  t  r  a  c  t

Palladium  (Pd)  is extensively  used  in  pharmaceutical  small  molecule  drug  substance  processes,  however
it must  be  removed  prior  to release  of  the  active  pharmaceutical  ingredient  (API).  Evaluation  of  four  TXRF
instruments  and  configurations  were  compared  to  ICP-MS  instrumentation  for  trace  metal  analysis,  most
importantly  for  Pd.  Standards  and  six  pharmaceutical  drug  substances,  triprolidine  HCl,  diphenhydramine
HCl,  chlorpheniramine  maleate,  pseudoephedrine  HCl,  ephedrine  sulfate,  and  scopolamine  HBr,  were
eywords:
otal reflection X-ray fluorescence (TXRF)
nductively coupled plasma-mass
pectrometry (ICP-MS)
race metal analysis
eavy metals

analyzed  to  determine  linearity,  sensitivity,  accuracy,  and  precision  for Pd  plus  Cr,  Fe, Cu,  Rh,  and  Pt
versus  interferences,  particularly  from  Cl, S, and Ar, on  the various  X-ray  fluorescence  lines.  Irrespective
of instrument  platform,  in  general  X-ray  sources  capable  of  accessing  Pd-K  lines  were  found  to  be most
effective  in  determination  of  Pd in  APIs.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In order to understand and control the safety profile of a phar-
aceutical it is critical to reliably, accurately, and rapidly assess

eavy metals during process development and manufacturing of
rug substances and products. Heavy metal testing is used through-
ut preclinical, clinical, and commercial phases. Unintended human
onsumption of residual levels of heavy metals can cause serious
ealth concerns based upon the particular metal, dose and dura-
ion [1].  Residual heavy metals can come from a variety of sources
uring the manufacturing process, for example, those arising from
eagents, starting materials, reaction equipment, solvents, and cat-
lysts. Thus, strict regulatory obligations exist to ensure controls are
n place to guarantee clinical and commercial subject safety [2,3].

In order to ensure product quality is within regulatory guide-
ines, metal analysis needs to be applied at numerous points
n the development process. Metal analysis becomes important
tarting with late discovery and early development when material

s prepared for preclinical and clinical studies. For example, during
he chemistry route scouting and optimization, or process devel-
pment phase, catalyst screening and loading study evaluations

∗ Corresponding author. Tel.: +1 805 313 6448; fax: +1 805 447 8673.
E-mail address: bshaw@amgen.com (B.J. Shaw).

1 Present address: Beebe Consulting, 7515 W 91st Street, Los Angeles, CA 90045,
nited States.

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.037
may  take place. During this phase it is probably most important
to have a metal analysis workflow to support process understand-
ing at the gram scale that is rapid (< hr), sensitive (ppm), and
semi-quantitative when only milligram quantities of sample are
available for testing. During the manufacturing processing phase
in early development metal analysis may  be part of the in process
control measures. It is important during in-process testing that
process control is demonstrated through ensuring the levels or the
clearance of metal species in a process. Lastly, during the release
testing phase metal analysis is performed to determine whether
the material is within established specifications.

In this work we  considered which metals are typically used as
catalysts in the pharmaceutical industry [4].  Catalysis is impor-
tant in the pharmaceutical chemistry industry as it can be
used to reduce the energy activation during carbon–carbon and
carbon–heteroatom bond formation. Thus the efficiency of the
synthetic transformation is improved, decreasing overall cost and
time. Palladium is generally considered the most versatile metal for
forming carbon–carbon and carbon–heteratom bonds and is exten-
sively used in the pharmaceutical industry for catalytic reactions
[5–7].

There are a number of techniques for metal analysis such as
wet chemical, inductively-coupled plasma (ICP) techniques [8],

X-ray fluorescence including total reflection X-ray fluorescence
[7,9,10], and adsorptive stripping voltammetry [11]. The current
wet chemical compendial method, USP Chapter 〈2 3 1〉, is based
on the principle of ashing a sample to form a sulfate species of

dx.doi.org/10.1016/j.jpba.2012.01.037
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:bshaw@amgen.com
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Table 1
ICP-MS parameters.

ICP-MS Parameter

RF power 1175 W
Plasma gas flow rate 15.0 l/min
Auxiliary gas flow rate 1.20 l/min
Nebulizer gas flow rate 0.96 l/min
Lens voltage 6.25 V
Instrument mode Standard
Sweeps/reading 20
Readings/replicate 1
Replicates 6
52 B.J. Shaw et al. / Journal of Pharmaceutic

eavy metals which may  be present [12,13]. The technique can be
asily transferred from lab-to-lab and does not require high-end
nalytical instrumentation or highly trained personnel. However,
he limitation of the method is the subjective nature of analysis and
he large sample quantity (grams) required to obtain parts per mil-
ion detection sensitivity. Other limitations include non-uniform
shing process per element, potential loss of volatile elements, and
he visual inspection or subjectivity by the analyst conducting the
ssay.

Numerous articles have highlighted the advantages of using
CP-MS for metal speciation and detection [14–20].  In short,
he advantages include its specificity, sensitivity (ppt), wide
uantitative dynamic range (9 orders), robustness and multi-
lement analysis capabilities. However, one disadvantage is the
ime-to-result per experiment is on the order of hours when
xtensive sample preparation techniques are required, such as
icrowave digestion. Direct dilution of pharmaceutical samples

as been shown for some many samples using 80% nitric acid
16], 2-butoxyethanol:water (25:75) [18], and recently using N,N-
imethylformamide (DMF) [20], although limitations on sample
ype have been reported by Tu et al. for each diluent with DMF
ffording at least 95% of samples [20]. Generally, ICP platforms
re the predominant platform for most applications of inorganic
mpurity analysis.

The multi-element technique of total reflection X-ray fluores-
ence (TXRF) developed during the early 1970s [21] has been
emonstrated to be successful for low level detection of metals
n bare silicon or other polished substrates [22,23]. TXRF, with an
-ray incident beam below the critical angle to the sample, mini-
izes the high background of traditional X-ray fluorescence (XRF)

hrough total reflection of the primary radiation and offers surface
ensitive, ultra-trace elemental analysis with much lower detec-
ion limits than traditional XRF, and recently for the analysis of
ctive pharmaceutical ingredients [24–26].  The principles of TXRF
re based upon targeting X-rays on a planar surface at less than the
ritical angle to the sample and measuring the emitted fluorescence
adiation. In short, the advantages of TXRF versus ICP-MS are ease
f use, and versus XRF is sensitivity with lower material demand.

The use of ICP-MS as a screening tool has been explored in the
harmaceutical process development environment [27]. By using

CP-MS as the gold standard, the study of this work was to com-
are two commercially available TXRF platforms against ICP-MS
or the detection of pharmaceutically relevant elements and to
emonstrate applicability of TXRF as a screening platform for phar-
aceutical material. Based on developing a screening platform
e chose the following test specifications: (1) limit of detection

f <5 ppm, (2) precision of <30% RSD, (3) accuracy of 60–140%
ecovery, and (5) linearity of R2 > 0.99. These specifications were
hosen to be appropriate for the intended purpose of providing a
t-for-purpose screening system while limiting the sample amount
er assay. Subsequently in this study and in order to evaluate
ultiple instruments simultaneously, samples were sent to the

endors without disclosure of contents and concentrations, thus
inimizing vendor biases on the results. To demonstrate the goal

f achieving the above specifications we studied standards and
0 pharmaceutically relevant metals in six drug substances with

 material demand of about 10 mg  or less per sample assay.

. Experimental

.1. ICP-MS
A general methodology has been developed to analyze for
ll elements of interest. This general platform was established
n our laboratory incorporating ICP-MS, has been utilized on
Scan mode Peak Hopping
Dwell time 50.0 ms
Integration time 1000 ms

thousands of pharmaceutical process development samples, and
defines our control platform for this study. The ICP-MS used
was a PerkinElmer Elan DRC II (PerkinElmer, Waltham, MA,
USA) with a quartz concentric nebulizer (Meinhard® A3, Part
No. WE024371, PerkinElmer) and quartz cyclonic spray cham-
ber (Part No. WE025221, PerkinElmer). The parameters for this
method are found in Table 1. Estimated ICP-MS LOD was
determined using 3.3 times the standard deviation of multiple
blank measurements divided by the calibration slope, estimated
LOD = 3.3 × �blank/calibration slope.

Internal standardization of standards and samples was carried
out using certified reference material internal standards consisting
of beryllium, gallium, gold, lutetium, scandium, tellurium, thal-
lium, thorium, and yttrium and custom prepared by Inorganic
Ventures (Christiansburg, Virginia, USA). Calibration of the ICP-MS
was performed using diluted certified reference material standards
that were custom prepared by Inorganic Ventures containing sul-
fur, phosphorus silicon, boron, titanium, antimony, molybdenum,
tin, iridium, mercury, palladium, platinum, rhodium, ruthenium
calcium, iron, potassium, sodium, aluminum, arsenic, barium, bis-
muth, cadmium, cesium, chromium + 3, cobalt, copper, indium,
lead, lithium, magnesium, manganese, nickel, rubidium, selenium,
silver, strontium, vanadium, and zinc.

Concentrated nitric and hydrochloric acids were purchased
from Fisher Scientific (Optima grade, Fair Lawn, NJ, USA), water was
purchased from EMD  Chemicals (OmniTrace UltraTM, Gibbstown,
NJ, USA), and methanol was purchased from Honeywell Burdick
and Jackson® (LC–MS grade, Morristown, NJ, USA).

2.2. TXRF: Bruker AXS

All standard and sample solutions were prepared by Amgen. All
standard or sample analyses were performed by Bruker AXS (The
Woodlands, TX, USA); subsequent internal standard was added,
where 10 �l standard and sample aliquots were spotted into the
center of a 30 mm  round quartz disc and dried on a heating plate.
The TXRF instrument used was the Bruker S2 Picofox TXRF (Bruker
GmBH, Germany) with either a Mo-K or W-K  source X-ray tube and
a 30 mm2 Silicon Drift Detector in a benchtop model. The param-
eters for the Mo  or W instruments include 50 kV at 750 �A or
50 kV at 1000 �A tube settings, respectively, and 1000 s or 2000 s
measurement times, respectively. Estimated Bruker AXS LOD was
determined by the software using 3 times the concentration of the
element divided by the measured area of the element peak times
the square root of the background area of the subjacent to the peak,
estimated LOD = 3 × Ci/Ni ×

√
Nbkgd.
2.3. TXRF: Technos

All standard and sample solutions were prepared, spotted, and
dried onto sample substrates by Amgen; aliquots of 5 �l of each
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nternally standardized standard and sample solution were spotted
nd dried onto silicon wafers in an oven at 50 ◦C for about 5 min
rior to delivery of the silicon wafers to Technos for analysis. All
tandard or sample analyses were performed by Technos (Osaka,
apan) or under the direction of Technos. The TXRF instrument used

as the TREX 6000 (Osaka, Japan) which is not a bencthop sys-
em with either a Cr-K, Ag-K or W-L  source X-ray tube and a Si(Li)
etector. The parameters for the Cr-K�, Ag-K�, Ag-K�1, or W-L�1
ources include 0.02◦, 35 kV at 35 mA;  0.03◦, 40 kV at 35 mA;  0.03◦,
0 kV at 30 mA;  or 0.05◦, 40 kV at 40 mA  angle and tube settings,
espectively, and 500 s measurement times. The Technos TXRF was
eveloped specifically for location inside a semiconductor fab to
easure trace metal contamination on bare silicon wafers and was

ot geared for the pharmaceutical industry. Estimated Technos LOD
as determined by the software using 3 times the concentration

f the element divided by the measured intensity of the element
eak times the square root of the background intensity divided by
he measurement time, estimated LOD = 3 × Ci/Ii ×

√
(Ibkgd/T).

Silicon wafers were purchased from Silicon Valley Microelec-
ronics, Inc. (Santa Clara, CA, USA). The wafers were 200 mm in
iameter, P/Boron type/dopant, 0–100 � cm resistivity, 725 �m
hick, and polished on the front side. The wafers were siliconized
n the front surface using SurfasilTM (Product #42855, Pierce, Rock-
ord, IL, USA).

.4. Evaluation 1: standard sample analysis

Standards were prepared using certified reference material
tandards from Inorganic Ventures containing 10,000 �g/ml each of
luminum, calcium, chromium + 3, copper, iron, manganese, mag-
esium, molybdenum, nickel, palladium, phosphorus, platinum,
otassium, rhodium, ruthenium, silicon, sodium, sulfur, tungsten,
r zinc. Three standard solutions were prepared in diluent consist-
ng of 2% (w/v) nitric acid and 0.5% (w/v) hydrochloric acid and
hree standard solutions in dimethyl sulfoxide.

For ICP-MS, standard samples were diluted to the appropriate
evel with diluent consisting of 2% (w/v) nitric acid and 0.5% (w/v)
ydrochloric acid, and referenced to the appropriate internal stan-
ard element.

For TXRF, all standard samples analyses were performed by
ruker AXS or Technos, and referenced to Ca, Cu, or Mn  to ensure
dequate signal for internal standardization.

.5. Evaluation 2: drug substance sample analysis

Evaluation 2 samples were prepared using USP reference stan-
ard material from U.S. Pharmacopeia consisting of triprolidine
Cl, diphenhydramine HCl, chlorpheniramine maleate, pseu-
oephedrine HCl, ephedrine sulfate, and scopolamine HBr.

For ICP-MS, drug substance samples were prepared at 1 mg/ml
n diluent consisting of 2% (w/v) nitric acid and 0.5% (w/v)
ydrochloric acid with added internal standards; spiked samples
ere prepared with added standards, as well. Drug substance sam-
les and spikes were prepared in triplicate, except for ephedrine
ulfate spike.

For TXRF, drug substance samples and spikes sent to Bruker AXS,
riprolidine HCl, diphenhydramine HCl, and pseudoephedrine HCl,
ere prepared with about 10 mg  in 1 ml  for 10 mg/ml; chlorpheni-

amine maleate, ephedrine sulfate, and scopolamine HBr were
repared with about 5 mg  in 1 ml  for 5 mg/ml in diluent consist-

ng of 50% (v/v) methanol in 2% (w/v) nitric acid and 0.5% (w/v)

ydrochloric acid; Bruker AXS added 2.0 �g/ml Sr as internal stan-
ard. Drug substance samples and spikes sent to Technos were
repared with about 10 mg  in 10 ml  for 1 mg/ml  in diluent consist-

ng of 50% (v/v) methanol in 2% (w/v) nitric acid and 0.5% (w/v)
 Biomedical Analysis 63 (2012) 151– 159 153

hydrochloric acid with 0.1 �g/ml V internal standard. Drug sub-
stance samples and spikes were prepared in triplicate.

All drug substance samples for TXRF analyses were performed
by Bruker AXS or Technos.

3. Results

The evaluation of the TXRF instruments was  structured to
answer three objectives based on a general understanding of TXRF:

(1) Can TXRF be used to accurately, precisely and sensitively mea-
sure palladium in pharmaceutical drug substances?

(2) Can TXRF be used to screen other pharmaceutically relevant
metals used in drug development processing?

(3) What are the advantages of TXRF versus ICP-MS for such anal-
yses; i.e. sample flow, time, etc.?

To answer these three objectives, an evaluation of two vendors’
TXRF systems was  performed; given different targeted industries
for each system, comparison of the generalized approach of TXRF
to answer the objectives shall be discussed. Each vendor had two
distinct instruments or configurations, one allowing access of only
the Pd-L shell (binding energy 3.61 keV) with fluorescent emission
lines (primarily 2.84 keV Pd-L�, 2.99 keV Pd-L�1) for analysis, and
the other to access the Pd-K shell (binding energy 24.35 keV) with
fluorescent emission lines (primarily 21.13 keV K�, 23.82 keV K�1).
As the measurement of palladium is the primary objective of the
study, access of both Pd-K and Pd-L shells in separate instruments
or configurations is necessary because each instrument or configu-
ration uses different incident X-rays. These different incident X-ray
sources generally have different optimum fluorescent sensitivities
based upon fluorescent energy. An ideal configuration would be an
accurate and sensitive instrument that would be capable of mea-
suring both Pd-K and Pd-L emission lines. The Bruker AXS Picofox
platform only has an option for one X-ray source. The Mo  source
system utilizes a Mo-K�  (17.4 keV) incident line, and is capable of
effectively measuring Pd-L lines. The W source system utilizes a W-
K� (58.9 keV) incident line, and is capable of effectively measuring
Pd-K lines. The original instrument configuration of the Technos
system contained a Cr source, a W source, and a Ag source, utiliz-
ing a Cr-K� (5.4 keV) incident line, a W-L�1 (9.7 keV) incident line,
and a Ag-K� (22.1 keV) incident line, respectively, where Ag-K�
and W-L�1 are capable of effectively measuring Pd-L lines. During
this evaluation, Technos reconfigured the instrument hardware to
allow the use of a Ag-K�1 (24.9 keV) incident line which has a higher
energy than the binding energy of the Pd-K shell and is, thus, capa-
ble of measuring Pd-K lines, but was  not optimized for accuracy
and sensitivity.

3.1. Evaluation 1—standards: details linearity, sensitivity,
accuracy and precision

Multi-level standards were used to assess the instrumentation
alone for linearity, sensitivity, accuracy and precision. The use of
standards will help distinguish differences in instrumentation and
help to standardize the results from the pharmaceutical samples.

Standards were sent to two  vendors, Bruker AXS and Technos
for evaluation, with two instrument configurations for the Bruker
AXS using either Mo  or W X-ray source for all elements and one
instrument configuration for Technos using Ag-K� X-ray source for
all elements including for Pd-L. Standards were also analyzed using

ICP-MS to compare the results with the TXRF results. Standards
contain elements at three different levels: 1, 10, and 100 �g/ml each
elements. These concentrations were varied per standard and were
not disclosed to the vendors in order to minimize vendor bias. It is
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ig. 1. Standard samples in dilute acid from Bruker AXS Mo  source TXRF: blank (A)
C)  with Mo,  Ru and Pd at 10 �g/ml, Rh at 1 �g/ml; and standard 3 (D) with Rh and P
C),  and (D); Mo-L, Ru-L, Rh-L, and Pd-L lines shown.

lso important to note that internal standardization was essential in
hese analyses to remove method bias, such as spotting and drying
f samples that would influence the results.

Fig. 1 shows representative spectra of the standard solutions
rom the Bruker AXS Mo  source instrument with a focus around
he Pd-L line energies. In order to determine the element line inter-
erences and assess line widths the concentrations of the elements
ere varied. In Fig. 1B, Pd concentration is at 1 �g/ml, and is not well

esolved and thus provides a complication for accurate quantitation
etermination. As you increase Pd concentration from 10 �g/ml in
ig. 1C to 100 �g/ml in Fig. 1D Pd is more dominant in the spectra
elative to Cl and therefore should be able to be deconvoluted unless
n even greater amount of Cl is present. For low concentrations of
 there is no interference found. Whereas, for Ru and Rh there is
ignificant interference from Cl regardless of the concentration.

Tabulated results for linearity, sensitivity, accuracy, and preci-
ion for Cr, Mn,  Fe, Ni, Cu, Zn, Mo,  Ru, Rh, Pd, W,  and Pt in both dilute

able 2
valuation 1, results for palladium standards in two diluents for ICP-MS and TXRF platfor

Instrument platform Diluenta Accuracy, %

ICP-MS PE ELAN DRC II
S1 105 

S2 113 

TXRF Bruker AXS S2 Picofox (Mo-K source)b S1 332 

S2  737 

TXRF Bruker AXS S2 Picofox (W-K source)c S1 101 

S2  100 

TXRF Technos TREX 6000 (Ag-K� source)b S1 955 

S2 876 

a S1: dilute acid; S2: dimethyl sulfoxide.
b Pd-L lines.
c Pd-K lines.
dard 1 (B) with Mo and Ru at 100 �g/ml, Rh at 10 �g/ml, Pd at 1 �g/ml; standard 2
00 �g/ml, Mo and Ru at 10 �g/ml. Note: S, K and Ca spiked for reference only in (B),

acid and DMSO diluents are provided in the Supplemental Material
Table S1.

Of particular note the Bruker AXS Mo  and Technos Ag-K� instru-
ments used Pd-L lines and Bruker AXS W instrument Pd-K lines.

Linearity was  evaluated over three levels and measured using
the correlation coefficient, R2, with a target R2 > 0.99. Most elements
passed the target criteria, where R2 for Pd is found in Table 2.

Sensitivity was  evaluated over three levels and measured by
estimating the limit of detection (LOD) for each standard solu-
tion, with a target LOD < 0.050 �g/ml, which corresponds to an LOD
of 5 �g/g when a 10 mg/ml  sample solution is used. The Bruker
AXS Mo  instrument has the lowest estimated LOD for most of the
elements (Cr, Mn,  Fe, Ni, Cu, Zn, W,  and Pt), especially when no inter-

ference is observed. The Bruker AXS W instrument has the lowest
estimated LOD for Mo,  Ru, Rh, and Pd with estimated LOD for Pd
found in Table 2. Due to interferences on Pd-L lines as previously
described, estimated LOD values using Bruker AXS Mo  (9X) and

ms.

 Recovery Precision, % RSD Linearity, R2 Sensitivity, LOD, �g/ml

0.6 1.00 0.001
0.6 1.00 0.001

27 1.00 0.453
36 1.00 0.635

3 1.00 0.053
12 1.00 0.070
14 0.93 1.743
34 0.88 2.873
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Fig. 2. Drug substance samples from Bruker AXS Mo source TXRF: diphenhydramine HCl (A); chlorpheniramine maleate (B) with Mo,  Ru, Rh, and Pd spiked at 100 �g/g;
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phedrine sulfate (C) with Mo,  Ru, Rh, and Pd spiked at 200 �g/g; and scopolamine 

nly  all; Mo-L, Ru-L, Rh-L, and Pd-L lines shown.

echnos Ag-K� (33X) instruments were considerably higher than
or the Bruker AXS W instrument. Accuracy was  evaluated over
hree levels and measured by calculation of the percent recovery
or the spiked concentration, with a target of 60–140% recovery.

ost instruments and elements pass the target criteria for accu-
acy, except of particular note is Pd where % recovery for Pd is found
n Table 2. The Bruker AXS Mo  instrument and the Technos Ag-K�
nstrument do not recover Pd well in the standards, only the Bruker
XS W instrument does. The difference between the instruments

s the detection of Pd-L lines versus Pd-K lines, respectively.
Precision was evaluated over three levels and measured by cal-

ulation of the relative standard deviation, with a target of <±30%
SD. Most elements passed the target criteria in most of the instru-
ents, with a few exceptions (e.g. Fe) that are mostly indicative of

ontamination (where the same sample was used across all plat-
orms) during the analysis where % RSD for Pd is found in Table 2.

.2. Evaluation 2—samples: details accuracy, precision and
ensitivity

A diverse array of six different generic pharmaceutical drug
ubstances was sent to each of the vendors for analysis of accuracy,
recision and sensitivity. Pd-L lines are potentially overlapped
y S-K, Cl-K, and Ar-K lines. So, the generic pharmaceutical drug
ubstances were chosen based upon the potential overlap of
d. One drug substance, chlorpheniramine maleate, contains a
ovalently bound chlorine, three drug substances are HCl salts, one

rug substance is a sulfate salt, and the sixth drug substance is an
Br salt without any chlorine or sulfur.

Samples were sent to Bruker AXS and Technos for evaluation,
ith two instrument configurations for the Bruker AXS using either
) with Mo,  Ru, Rh, and Pd spiked at 200 �g/g. Note: S, K and Ca spiked for reference

Mo  or W X-ray sources for analysis of all elements, and two  instru-
ment configurations for Technos using either W-L�1 plus Ag-K�
or Ag-K�1 X-ray sources for analysis of all elements where Pd was
determined using W-L�1 for Pd-L or Ag-K�1 for Pd-K. Samples were
analyzed using ICP-MS to compare the results with TXRF. Samples
were prepared in triplicate, where available; spiked samples were
prepared in triplicate and contain element concentrations at 100,
200, 1000, or 2000 �g/g for samples sent to Bruker AXS and at 100 or
1000 �g/g for samples sent to Technos. High spiking concentrations
were driven by estimated LOD values determined in evaluation 1
where due to small sample sizes, solution concentrations are limit-
ing sensitivity when interferences are found. Tabulated results for
sensitivity, accuracy, and precision for Cr, Mn,  Fe, Ni, Cu, Zn, Mo,
Ru, Rh, Pd, W,  and Pt in each drug substance is provided as sup-
plemental material. Again, it is important to note that the contents
and concentrations of each sample supplied to the vendors were
not disclosed in order to minimize vendor bias.

Fig. 2 shows representative spectra of the sample solutions from
the Bruker AXS Mo  source instrument with a focus around the Pd-L
line energies. From Fig. 2B, the interference from Cl-K lines are sig-
nificant as chlorpheniramine maleate, with a covalently bound Cl,
has the largest interference on Pd-L lines. From Fig. 2C, it is observed
that the interference from S-K lines as measured with ephedrine
sulfate, with a counter ion containing S, on Pd-L lines is not sig-
nificant. Throughout all spectra in Fig. 2, it is noted that the Ar-K
signal does slightly interfere with the Pd-L signal and is most evi-
dent with the Bruker AXS Mo  instrument such that Pd recovery is

41% in scopolamine HBr samples where no Cl or S are added as
observed in Fig. 2D.

Fig. 3 shows representative spectra of the sample solutions from
the Bruker AXS W source instrument and highlight the Pd-K line
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Fig. 3. Drug substance sample spectra from Bruker AXS W source TXRF of pseudoephedrine HCl: sample (A) and spike (B). Pd-K lines well resolved from Cl, Br, S, and Ar; no
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tiple X-ray sources within one instrument; this configuration is
ignificant interference from W source. Optimization of internal standard required 

egion. No other element lines are found to interfere at the line
nergies of the Pd-K lines as well as the Mo-K, Ru-K and Rh-K lines.

Results are shown in Fig. 4 for accuracy, precision, and sensitivity
or Cr, Fe, Cu, Rh, Pd, and Pt in all six drug substances. Tabulated
esults for accuracy, precision, and sensitivity for Cr, Mn,  Fe, Ni, Cu,
n, Mo,  Ru, Rh, Pd, W,  and Pt in all six drug substances are provided
n the Supplemental Material Table S2.

Accuracy was evaluated for three spiked samples and measured
y calculation of the percent recovery for the spiked concentrations,
ith a target of 60–140% recovery. From Fig. 4A ICP-MS recoveries

re well within the range as expected. Of note is the chlorpheni-
amine maleate sample, where a covalently bound Cl highlights
he instrument differences for Pd analysis. The two TXRF instru-

ents measuring Pd-L and Rh-L lines deviate significantly from
he target range for recovery (Bruker AXS Mo  gives 0% recovery
or Pd and Technos W-L�1 gives 0% recovery for Pd as in Table 3)
hen covalently-bound Cl is present within the chlorpheniramine
aleate sample, while the TXRF instruments measuring Pd-K and

h-K lines provide recoveries within the target range (Bruker
XS W gives 92% recovery for Pd and Technos Ag-K�1 gives 73%
ecovery for Pd as in Table 3) even when covalently-bound Cl is
resent.

Precision was measured for all three levels and evaluated by cal-
ulation of the relative standard deviation, with a target of < ±30%
SD. From Fig. 4B precision is found within the range for most
f the instruments, except were interferences on Pd-L and Rh-L
ines are found as discussed above where % RSD for Pd is found in
able 3.

Sensitivity was measured for all three levels and evaluated by
stimating the limit of detection for each standard solution, with

 target LOD < 5.0 �g/g. From Fig. 4C sensitivity is found within the
ange for all elements measured by ICP-MS. The TXRF instruments
easuring Pd-L and Rh-L lines are generally within the range,
xcept where interferences are present as discussed above where
stimated LOD for Pd is found in Table 3. The TXRF instruments
easuring Pd-K and Rh-K lines are out of the range for low atomic

umber elements such as Cr, Fe, and Cu.
antization; Mo-K, Ru-K, Rh-K, and Pd-K lines shown.

3.3. Discussion of Pd

As reported in Fig. 4, the data from the Bruker AXS Mo-source
and Technos Ag-K� source TXRF instruments suggest an interfer-
ence from Cl-K lines and Ar-K lines on Pd-L lines as observed in
the chlorpheniramine maleate sample; Ru-L and Rh-L lines are also
interfered with in this sample. However, interference of S-K lines
on Pd-L lines are less evident as observed in the ephedrine sulfate
sample. Naturally, as the energy of Pd-K lines are much higher than
Pd-L lines, when the same sample is analyzed for by Pd-K lines using
the Bruker AXS W-source, as observed in Fig. 3, and Technos Ag-K�1
source TXRF instruments, the interference from Cl-K lines and Ar-K
lines are not observed. For Pd analysis, usage of instruments capable
of Pd-K line analysis for the quantitative determination of Pd is rec-
ommended especially since many pharmaceutical drug substances
contain covalently bound chlorine.

3.4. Discussion of secondary elements: tungsten (W-K) X-ray
source performs well for secondary elements

The secondary elements Cr, Fe, Cu, Rh, and Pt all show poorer
sensitivity (by estimated detection limit) with an instrument tar-
geting Pd-K lines, than the comparable instrument targeting Pd-L
lines as found in Fig. 4C. Sensitivity is better for the secondary ele-
ments with the X-ray sources that are used to target Pd-L lines,
when there are no interferences that limit the measurement. So
there is a trade-off when targeting Pd-K lines as the primary deter-
minate for the TXRF platform. However, given the lack of Pd analysis
capability and the necessity of Pd analysis for pharmaceutical drug
substances, targeting the Pd-K line instruments is more important.
It is interesting to note that the Technos instrument handles mul-
theoretically ideal as to maximize the detection of all elements
of interest, but may not be practical due to an increased cost of
such an instrument that is geared specifically for the semiconductor
industry.
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ig. 4. Evaluation 2 – samples [sample identifier shown on x-axis representing: tripro
Cl  (6), ephedrine sulfate (7), and scopolamine HBr (8)] representing ICP-MS (�),
echnos  Ag-K� ( ).

.5. Discussion sample flow: sample flow for ICP-MS and TXRF;
eneralization of the sample flow stream for ICP-MS and TXRF for
niversal sample processing

Introducing TXRF as a platform depends upon the sample flow

nd the instrumentation. TXRF sample flow in comparison to
CP-MS is relatively quicker and easier than when microwave pro-
essing is needed for ICP-MS. The primary advantages of TXRF

Fig. 5. TXRF sample 
 HCl (3), diphenhydramine HCl (4), chlorpheniramine maleate (5), pseudoephedrine
r AXS Mo ( ), Bruker AXS W ( ), Technos W-L� ( ), Technos Ag-K� ( ), and

are its ability to accept organic solvent-based diluents, its ease
of use, and the low operational cost of TXRF as compared to
argon-based ICP platforms while still achieving good results. A
significant challenge for development of pharmaceutical drug sub-
stances is aqueous solubility [28]. Therefore, pharmaceutical drug

substances in development may  not have great water solubility,
but generally are soluble in organic solvents. Thus, dilute-and-
shoot sample processing as a core to the sample flow for TXRF

flow diagram.
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Table 3
Evaluation 2, results for palladium in six pharmaceutical drug substance samples for ICP-MS and TXRF platforms.

Instrument platform Pharmaceutical drug substancea Accuracy, % recovery Precision, % RSD Sensitivity, LOD, �g/g

ICP-
MS

PE ELAN DRC II

S3 103 1.7 0.3
S4 104 1.5 0.3
S5 104 0.4 0.3
S6  104 1.7 0.4
S7 103 N/A 0.6
S8  104 0.6 0.3

TXRF Bruker AXS S2 Picofox (Mo-K source)b

S3 0
S4  0
S5 0
S6  17 37 10.0
S7 0
S8  41 3 20.3

TXRF Bruker  AXS S2 Picofox (W-K source)c

S3 95 17 3.1
S4  85 4 2.5
S5 92 9 3.9
S6 86 1 2.9
S7  91 8 3.7
S8 87 4 4.7

TXRF Technos TREX 6000 (W-L�1 source)b

S3 115 4 10.8
S4 115 8 10.0
S5  0 5.9
S6  65 23 9.2
S7  112 19 12.2
S8  147 32 14.3

TXRF Technos TREX 6000 (Ag-K�1 source)c

S3 83 19 4.3
S4  107 16 5.2
S5 73 39 3.7
S6  101 44 5.2
S7  90 20 4.8
S8 103 37 9.3

 S6: p
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a S3: triprolidine HCl; S4: diphenhydramine HCl; S5: chlorpheniramine maleate;
b Pd-L lines.
c Pd-K lines.

s very possible where TXRF sample preparation is not limited to
ully-soluble samples as with ICP-MS, but handles fully-soluble
amples through homogeneous suspensions with proper mixing
f samples. Tu et al. has demonstrated a novel ICP-OES method uti-
izing N,N-dimethylformamide (DMF) as a “universal” solvent for
ilute-and-shoot sample analysis, however, with less than 100%
pplicability for samples [20]. The utilization of TXRF for solutions
nd suspensions indicates a 100% applicability of samples in the
rocess development space. One scheme is represented in Fig. 5
here dilute-and-shoot processing is utilized for fast and efficient

ample preparation, and is the subject of ongoing research, where
e are currently demonstrating this screening platform in the pro-

ess development space in order to determine its full utility. The use
f TXRF would give obvious advantages as an easy and quick screen-
ng platform versus ICP-MS for elemental impurity or heavy metal
nalysis for pharmaceutically relevant elements while requiring
elatively small sample sizes which is suitable for pharmaceutical
evelopment environments.

. Conclusions

It is clear that the most important factor for the usage of TXRF
s a screening platform for analysis of pharmaceutical drug sub-
tances is the instrument configuration and the X-ray source in
articular. Analysis of Pd in pharmaceutical drug substances has

nterference limitations when Pd-L lines are used for this analy-
is, but are alleviated when Pd-K lines are used. A TXRF screening
latform for the analysis of pharmaceutical drug substances is pos-
ible with current TXRF instrumentation, however there is a clear

rade-off that must be weighed between Pd (and Rh) analysis versus
ensitivity for most other elements of interest. This trade-off is
ot found with ICP-MS, and as a result, TXRF can compliment ICP-
S in a pharmaceutical development setting. It is our conclusion
seudoephedrine HCl; S7: ephedrine sulfate; S8: scopolamine HBr.

that a screening platform based upon detection of Pd should be
the primary driver for the adoption of a TXRF platform. Ideally, an
instrument with multiple sources would alleviate this trade-off, but
only at the expense of another trade-off: cost.
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a  b  s  t  r  a  c  t

The  present  work  describes  reversed-phase  high  performance  liquid  chromatographic  methodologies
(RP-HPLC)  for  the  qualitative  and  quantitative  analysis  of  the  human  glycoprotein  hormones  thyrotropin
(hTSH),  follitropin  (hFSH),  choriogonadotropin  (hCG)  and  lutropin  (hLH)  in  the presence  of  a  large  excess
(up to  250:1)  of human  serum  albumin  (HSA).  Chromatographic  profiles  with  a  good  separation  between
the hormone  and  HSA  were  obtained  by  using  a C4 column  and  specific  gradient  elution  conditions
eywords:
P-HPLC
SA
lycoprotein hormones
xcipient
HO  standards

for  each  hormone.  Parameters  such  as  resolution  factor,  tailing  factor  and  relative  retention  time,  were
determined,  and  are  useful  for the  evaluation  of  the  quality  of  the separation  obtained  between  the
active  pharmaceutical  ingredient  and  the  excipient  present  in  the  final  formulation.  The  potential  of each
method  for  quantification  of  both  HSA  and  the hormone  was  also  demonstrated.  Besides  furnishing  chro-
matographic  quantifications  that  can  substitute  for in  vivo  bioassays  and  animal  use, the  chromatograms
also  provide  a  direct  panorama  of  the  quality  and  heterogeneity  of  the  protein  of  interest.
. Introduction

Long-term stability is a quality requirement for both phar-
aceutical proteins and reference standards, and addition of

tabilizers is crucial for attaining this goal [1].  In the final prepa-
ations, the active pharmaceutical substance is, in general, present
n extremely limited amounts as compared to the large amounts
f excipients. These are added to prevent adsorption of proteins to
he vial, increase their stability, and protect them during storage.
ommon excipients include sugars (e.g., saccharose, lactose, tre-
alose), amino acids (e.g., methionine, arginine, glycine), polyols
e.g., mannitol), polymers (e.g., poloxamer P188), detergents (e.g.,
olysorbate 20), salts (e.g., sodium chloride, sodium phosphate)
nd proteins [2].

Human serum albumin (HSA), in particular, has been quite
uccessfully employed as a protein excipient. The stabilizing, anti-
xidant and cryoprotective properties of HSA prevent losses due
o adsorption and degradation, which correlate with reduced
ioactivity and enhanced immunogenic reactions [3].  A major

rawback of the presence of this excipient is its interference with
any analytical techniques. Suitable analytical methods that per-
it  an adequate discrimination between excipients and protein

∗ Corresponding author. Tel.: +55 11 31339694; fax: +55 11 31339694.
E-mail address: mtribela@ipen.br (M.T.C.P. Ribela).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.01.039
© 2012 Elsevier B.V. All rights reserved.

thus need to be developed. For this reason, several chromato-
graphic and electrophoretic methods that attempt to circumvent
this limitation have been reported in the literature. Bietlot and
Girard [4],  utilizing high-performance capillary electrophoresis
(HPCE), analyzed recombinant human erythropoietin (r-hEPO) in
the presence of HSA by adding 1 mM nickel chloride to the elec-
trophoretic buffer, obtaining a complete separation of the two
proteins. In this case, the added metal ions interacted selectively
with HSA, decreasing its electrophoretic mobility. Wilczynska et al.
[5] described a reversed-phase high performance liquid chromato-
graphic (RP-HPLC) procedure for the quantitative estimation of
r-hEPO in biopharmaceutical products formulated with HSA. A suit-
able resolution between albumin, r-hEPO and related proteins was
established utilizing a C18 column and a gradient profile developed
specifically for this purpose. Qian et al. [6] developed a high perfor-
mance size exclusion chromatographic (HPSEC) method to evaluate
HSA stability over the three year shelf-life of a pharmaceutical
preparation of interferon alfa-2b (IFN). For this purpose, several key
factors that affect HPSEC selectivity and chromatographic perfor-
mance were optimized, such as column type, mobile phase, sample
preparation (concentration, diluents, method of mixing), injection
volume and flow rate. Eertmans et al. [7] developed and validated a

RP-HPLC method that allows a quick and reliable determination of
the HSA content in assisted reproductive techniques-related media,
without the interference of other matrix ingredients. They utilized
a C4 column at 40 ◦C and gradient elution over 20 min, with HSA

dx.doi.org/10.1016/j.jpba.2012.01.039
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:mtribela@ipen.br
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Table 1
Bioactivities of all recombinant and native preparations.

Preparation Hormone mass
(�g/ampoule)

Unitage
(IU/ampoule)

Specific activity
(IU/mg)

p-hTSH (WHO 80/558) 7.5a 0.037a 4.9
r-hFSH (WHO 92//642) 10a 138a 13,800
u-hCG (WHO 07/364) 13.7b 162a 11,825
r-hLH (WHO 96/602) 8.8a 189a 21,477
r-hTSH (Thyrogen) 1100a – 4–12a

r-hFSH (Gonal-f) 5.5a 75a 13,636
r-hCG (Ovidrel) 250a 6500a 26,000
r-hLH (Luveris) 3.0c 75a 25,000

a Declared by the manufacturer.
b Calculated with basis on a MW of 35.1 kDa [17] from the declared content of
B.E. Almeida et al. / Journal of Pharmaceut

luting within the first 10 min. Another approach for eliminating
he interference of excipients in biopharmaceuticals analysis is to
emove them from the pharmaceutical formulations or to extract
he active protein. Lara-Quintanar et al. [8] proposed the removal of
SA from r-hEPO formulations by immunochromatography in their
apillary electrophoretic method. Liu et al. [9] isolated recombinant
ollitropin (r-hFSH) with high purity and yield from a pharmaceu-
ical preparation formulated with multiple excipients. The authors
dopted a purification strategy involving anion exchange chro-
atography followed by desalting, utilizing a centrifuge device
ith a 10 kDa cut off ultrafiltration membrane.

Besides pharmaceutical preparations, International Standards
nd Reference Reagents, including those prepared by the National
nstitute for Biological Standards and Control (NIBSC) on behalf of

orld Health Organization (WHO), are also frequently lyophilized
n the presence of a large excess of a protecting/stabilizing pro-
ein such as HSA [10–12].  This is mostly due to the fact that these
recious purified, controlled and calibrated reagents are used to
repare thousands of ampoules in which they are present in very
mall amounts. These preparations are intended for use as stan-
ards for in vivo and in vitro bioassays in which the extraneous
rotein is practically inert. Nonetheless, this hampers the utiliza-
ion of such standards for chromatographic testing, a type of assay
hat is progressively substituting bioassays because of higher pre-
ision and lower cost. In addition, physical chemical tests provide
n alternative to the use of animals, avoiding the associated ethical
onsiderations [13]. In this context, the use of the same reference
tandard for monitoring the content/potency of therapeutic prod-
cts in both types of assays is extremely important.

The focus of this work was, therefore, the development of high
esolution RP-HPLC techniques for the analysis of reference prepa-
ations of human glycoprotein hormones, specifically hFSH, hLH,
TSH and hCG, in the presence of up to 250-fold larger amounts
f human serum albumin. For this purpose, three new chromato-
raphic conditions were developed by introducing modifications to
he five conditions already set up by our research group for glyco-
rotein hormone analysis by RP-HPLC [12,14–16].  Besides allowing
he quantitative chromatographic determination of these specific
ormones, these methodologies also provide a real-time panorama
f the quality and heterogeneity of the protein of interest.

. Materials and methods

.1. Chemicals and reagents

Water was obtained from a Milli-Q Plus water-purification
ystem (Millipore, Bedford, MA,  USA). Acetonitrile (HPLC-grade,
allinckrodt Baker) was purchased from Hexis (São Paulo, Brazil).

ll other chemicals were analytical reagent grade, purchased from
erck (São Paulo, Brazil) and Sigma (St. Louis, MO,  USA).

.2. Hormone preparations

The WHO  International Standards for glycoprotein hormones
tilized in this work were from the National Institute for Biological
tandards and Control (NIBSC, South Mimms,  UK): International
eference Preparation of Thyroid Stimulating Hormone (TSH)
ituitary, Human, for Immunoassay (WHO 80/558); International
tandard of Follicle-Stimulating Hormone (FSH) Recombinant,
uman, for Bioassay (WHO 92/642); International Standard
f Luteinizing hormone (LH) Recombinant, Human, for Bioas-

ay (WHO 96/602); International Standard of human Chorionic
onadotropin (CG) Urinary (WHO 07/364). Commercial recombi-
ant preparations from Genzyme Corporation (Framingham, MA,
SA) and from Laboratoires Serono S.A. (Aubonne, Switzerland)
0.39 nmol.
c Calculated from BCA determinations [12].

were also utilized: Thyrogen (r-hTSH), Gonal-f (r-hFSH), Luveris
(r-hLH) and Ovidrel (r-hCG). In Table 1, the declared units and/or
mass contents are reported, together with the calculated specific
bioactivities.

2.3. Reversed-phase high performance liquid chromatography
(RP-HPLC)

RP-HPLC analyses of the WHO  glycoprotein hormones (hFSH,
hLH, hTSH and hCG), formulated with HSA were carried out with
a Shimadzu Model SCL-10A HPLC apparatus with a SPD-10AV UV
detector using a C4-Grace Vydac (Separations Group, Hesperia, CA,
USA) 214 TP 54 column (25 cm × 4.6 mm I.D., pore diameter of
300 Å and particle diameter of 5 �m)  coupled to a guard column
Grace Vydac 214 FSK 54 (1 cm × 4.6 mm I.D.). A silica pre-column
(packed with LiChrosorb Si 60, 7.9–12.4 �m,  Merck, Darmstadt,
Germany) was  inserted between the pump and the injector. The
column temperature was  maintained at 25 ◦C and detection was
by UV absorbance at 220 nm.  Gradient solutions A and B were uti-
lized, solution A being sodium phosphate buffer (pH 7.0; 0.05 M)
and solution B acetonitrile. For hFSH and hTSH elution, linear gra-
dients from A:B (87.5:12.5, v/v) to A:B (50:50, v/v) over 40 min  and
from A:B (50:50, v/v) to A:B (35:65, v/v) over 20 min  were utilized.
For hLH elution, linear gradients from A:B (73:27, v/v) to A:B (58:42,
v/v) over 60 min  and from A:B (58:42, v/v) to A:B (35:65, v/v) over
20 min  were utilized. For hCG, linear gradients from A:B (75:25,
v/v) to A:B (50:50,v/v) over 50 min  and from A:B (50:50, v/v) to
A:B (35:65, v/v) over 20 min  were used. Aliquots of 20–125 �l of
these preparations were processed, at a flow-rate of 0.5 ml/min.
To evaluate the quality of the separation between HSA and the
hormones, the resolution factor (Rf) was  determined, according
to definition that considers the peak asymmetry [18]. In general,
Rf > 1.5 is indicative of complete resolution, allowing an accurate
integration of the individual peaks and their quantification.

Rf = 2(t2 + w2/2(1 − 1/Tf2) − t1 − w1/2(1 − 1/Tf1))
w1 + w2

where t2 and t1 are the retention times of HSA and the hormone,
respectively, w2 and w1 are the peak width at baseline of the eluted
HSA and hormone peaks, respectively, and Tf2 and Tf1 are the tailing
factors of HSA and hormone, respectively.

The degree of peak asymmetry was  estimated via the tailing
factor, determined according to the definition:

Tf = a  + b

2a
where a and b are the peak widths of the left and right sides,
respectively, measured at the baseline, with w = a + b. The peak is
symmetrical when Tf is 1.00.
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Table 2
System suitability parameters determined for RP-HPLC analysis of WHO  glycoprotein hormones: retention time (tR), peak width (w), tailing factor (Tf), relative retention
time  (TRR) and resolution factor between each hormone and HSA (Rf).

Preparation Hormone HSA TRR Rf

tR1
a (min) w1 (min) Tf1 tR2

a (min) w2 (min) Tf2

p-hTSH (WHO 80/558) 33.61 ± 0.12 1.98 1.0 46.42 ± 0.05 3.24 1.2 0.72 5.02
r-hFSH (WHO 92//642) ˛ 32.32 ± 0.29 2.72 1.2

46.62 ± 0.35 4.71 1.3
0.69 3.95

r-hFSH (WHO 92//642)  ̌ 23.29 ± 0.19 2.43 1.3 0.50 6.01
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u-hCG  (WHO 07/364) 24.87 ± 0.11 4.10 1.
r-hLH  (WHO 96/602) 30.00 ± 0.16 11.40 1.

a Mean ± standard deviation (n = 3).

An index of relative retention of the hormones (TRR) was deter-
ined according to the definition:

RR = tR hormone
tR HSA

For the determination of the HSA content, a calibration curve
as constructed by plotting the HSA peak area (in arbitrary units)

s a function of the amount of added HSA (�g), over the range of
–200 �g. For hormone quantification, highly purified commercial
ecombinant preparations, already characterized in previous work
n our laboratory [12,14,15],  were utilized as internal reference
reparations, since the WHO  standards containing hormone + HSA
ere considered to be the unknown preparations in this study. In

he case of r-hFSH quantitation, the determination was done by
onsidering peak areas of the two subunits. The results were then
ompared with those obtained via a previously set up RP-HPLC con-
ition that is able to determine the undissociated heterodimeric
eak [13,15].  Both HSA and the hormones were determined in three

ndependent assays.

. Results

Specific RP-HPLC conditions were set up that provided useful
eparations between the huge peak of HSA, present in the WHO
tandard preparations, and the peaks of hTSH, hFSH, hLH or hCG
see Section 2). Under optimal chromatographic conditions for
ach hormone, the heterogeneous formulations, analyzed in three
P-HPLC assays, showed good separation between the two  peaks
Fig. 1). All peaks presented retention times with a relative standard
eviation (RSD) < 1%, tailing factors (Tf) 1 < Tf < 1.6 and resolution
actor (Rf) > 2 (Table 2). These system suitability parameters are in
greement with the Food and Drug Administration (FDA) validation
equirements [19]. The lowest resolution of the hormone relative
o HSA was found for hLH, probably because it presents the highest
egree of asymmetry (Tf = 1.6). Conversely, the peak corresponding
o hTSH was symmetrical, with Tf = 1, while the resolution relative
o HSA was the second highest (Rf = 5.02), even though the two
eaks eluted quite close to each other (TRR = 0.72).

The HSA present in the WHO  ampoules of p-hTSH, r-hFSH, u-hCG

nd r-hLH (Table 3) was determined by utilizing the constructed
alibration curve:

u.a. = 223.34X�g − 124.69, r = 0.9994 (n = 6)

able 3
uantitative analysis of glycoprotein hormones and HSA in WHO  ampoules.

Preparation Hormone 

Nominal amount (�g) Found amounta (�g) 

p-hTSH (WHO 80/558) 7.5 4.22 ± 0.04 

r-hFSH (WHO 92//642) 10.0 10.72 ± 0.21 

u-hCG  (WHO 07/364) 13.7 7.20 ± 0.25 

r-hLH  (WHO 96/602) 8.8 8.76 ± 0.23 

a Mean ± standard deviation (n = 3).
51.37 ± 0.25 8.29 1.2 0.48 4.36
72.12 ± 0.12 18.28 1.1 0.42 2.72

The hormone contents in the WHO  ampoules, also shown in
Table 3, were determined relative to the previously characterized
reference preparations, which served as secondary standards. The
inter-day quantitative determinations indicated a relative stan-
dard deviation (RSD) of 0.95–4.5%. The minimal detectable amount,
determined according to the Rodbard definition of sensitivity [20],
was  in the order of 6–20 ng for the four hormones. The mean per-
cent recoveries of HSA were 97.6 ± 9.1 relative to the stated nominal
HSA contents. Concerning the hormone contents in the ampoules,
the mean percent recovery was 103.4 ± 5.5 for recombinant prepa-
rations of hFSH and hLH; however, a significant discrepancy was
found for p-hTSH and u-hCG, a recovery of only 56% and 53% being
observed, respectively.

4. Discussion

An important issue in biopharmaceutical drug quality control
is the availability of chromatographic tools that permit the accu-
rate analysis of the active principle without interference from other
components of the final drug formulation with similar hydropho-
bic, ionic and/or spectrophotometric characteristics. In this context,
the three RP-HPLC methodologies developed here for the quali-
tative and quantitative analysis of hTSH, hFSH, hCG and hLH in
the presence of substantial excesses of HSA successfully permit
the quantitative and qualitative analysis of all of the proteins
present in each formulation. For the first time, these hormones
could be analyzed merely by altering and optimizing the chromato-
graphic conditions, without the need for salt addition, extraction
or protein removal typical of other approaches in the literature
[4,8,9], thus providing a powerful instrument for identification
and quality control of these precious preparations. Albumin is not
used as an excipient in the recombinant human glycoprotein hor-
mones preparations currently on the pharmaceutical market, but
we believe that improved separations between hormone and albu-
min  are useful as a model for qualitative and quantitative analysis of
glycoprotein hormone in the presence of excipients. They can also
provide an initial characterization of recombinant hormone before
final separation of a major albumin-like contaminant, which is very

common in the CHO cell serum-free media.

Reproducible chromatographic profiles, with a good separation
between the hormone and HSA (Rf > 2), were achieved using a
C4 column and gradient elution conditions optimized for each

HSA

RSD (%) Nominal amount (mg) Found amounta (mg) RSD (%)

0.95 1.0 1.06 ± 0.02 1.89
1.96 2.0 2.10 ± 0.06 2.86
3.47 2.0 1.79 ± 0.08 4.47
2.63 2.0 1.80 ± 0.05 2.78
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Fig. 1. RP-HPLC profile of different WHO  International Standard preparations with HSA/hormone ratio of 200–250: (A) p-hTSH (WHO-80/558); (B) r-hFSH (WHO-92/642);
(C)  u-hCG (WHO-07/364); and (D) r-hLH (WHO-96/602).
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ormone. In the methods previously developed for hLH and hCG
n our laboratory [12], lower TRR and poorer resolutions between
he hormone and HSA had been obtained. An approximately 2-fold
mprovement in both of these parameters was achieved thanks
o the current methodologies. Parameters such as the resolution
actor, tailing factor and relative retention time were found to be
uitable in general for evaluating the chromatographic resolution
nd selectivity between the active protein and the excipient. The
ensitivities, determined for the methodologies described, were
xcellent for all four hormone preparations.

Quantitative estimation of the hormones in the International
tandard formulations showed very good agreement with the
eclared content for the recombinant hormones (r-hFSH and r-
LH). However, for urinary-hCG and pituitary-hTSH, a significant
ias (∼50%) was found, probably due to the much lower spe-
ific activity of these native pituitary and urinary preparations
ompared to the recombinant ones. We  emphasize, for example,
hat a recent recombinant hTSH Standard (WHO 03/192) has a
ioactivity of 10.9 IU/mg against the 4.9 IU/mg of p-hTSH (WHO
0/558). The less pure native preparations were quantified against
ighly purified recombinant preparations and therefore a corre-
pondent lower mass was found, per unit. Thus, the RP-HPLC
trategy described herein is able to reveal the correct relationship
etween biological activity and real amount of hormone present. It

s worth mentioning that hFSH quantitation was possible consid-
ring both subunits area combined, since well-defined peaks were
btained for each subunit. However, when these areas are not as
asy to define, as for example for pituitary hFSH subunits, the hor-
one quantitation could utilize the RP-HPLC condition previously

eveloped in our laboratory for the determination of intact het-
rodimeric hFSH [15]. Our RP-HPLC strategy was also successfully
mployed for HSA quantification and allowed accurate determi-
ation of the amount of HSA present in the drug formulations. In
ddition, the complete chromatographic separation of the hormone
rom the protein excipient also provided a qualitative estimate of
he hormone under analysis and of its possible heterogeneity.

In conclusion, this work demonstrates the enormous potential
f RP-HPLC for the separation and the quantitative and qualita-
ive evaluation of protein excipients and hormones, underlining
ts importance as a chromatographic method for the rapid analy-
is of standards, reference preparations and biopharmaceutical in
eneral.
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a  b  s  t  r  a  c  t

Human  serum  albumin  is  the most  abundant  protein  in  the  body  and  is  an important  biomarker  used
for  disease-related  diagnosis.  Although  the  traditional  enzyme-linked  immunosorbent  assay  (ELISA)
approach  can  precisely  measure  the concentration  of human  serum  albumin,  the multi-step  procedure
and  time-consuming  preparations  of  ELISA  limit  its diagnostic  applications,  preventing  accurate  point-
of-care  testing,  for example.  Herein,  we report  the  recent  development  of an  antibody-based  albumin
sensor  that  allows  for  a homogeneous  measurement  of  albumin  concentrations  in  saliva,  urine  and  serum,
eywords:
uman serum albumin (HSA)
nzyme-linked immunosorbent assay
ELISA)
ime-resolved fluorescence energy transfer
TR-FRET)

in  which  this  type  of sensor  is validated  for the  first  time.  The  assay  only  requires  simple  mixing,  and
relies  on  time-resolved  (TR)  fluorescence  resonance  energy  transfer  (FRET)  to  produce  robust,  sensitive
signals.  The  whole  process,  from  sample  preparation  to final  read-out,  is expected  to  take  less than  1  h
and requires  only  a  standard  plate-reader,  thus  making  the  sensor  a convenient  and  cost-effective  tool
for  albumin  analysis.

© 2012 Elsevier B.V. All rights reserved.

ensor

. Introduction

Human serum albumin (HSA) is a negatively charged, non-
lycosylated globular protein with a molecular weight of 67 kDa
1].  Reported to be the most abundant protein in the body, HSA
ccounts for 60% of the total proteins in plasma [2],  and is syn-
hesized exclusively in the liver, primarily in the polysomes of
epatocytes [1].  Possessing several low- and high-affinity ligand
inding sites, HSA is able to bind ligands such as metal ions, phar-
aceutical compounds, fatty acids, as well as metabolites [1,3].

esides serving as a carrier, HSA displays a variety of properties
uch as antioxidation, reactive oxygen/nitrogen species (ROS/RNS)
cavenging and anti-inflammation [1].

Clinically, albumin was used in past decades to maintain vascu-
ar volume in patients with cirrhosis due to its regulation of oncotic
ressure [1,4]. Today, combined with other therapeutic approaches,
he volume-expanding properties of albumin are still believed to
e beneficial for patients with cirrhosis [1]. Further, administra-
ion of albumin has been shown in small studies to help resuscitate
atients from hemorrhagic shock [5],  treat intradialytic hypoten-

ions [6],  and prevent ovarian hyperstimulation syndrome [7].

Besides its applications in therapy, HSA is regarded as a stan-
ard biomarker, with its levels in serum, urine and saliva serving as

∗ Corresponding author. Tel.: +1 314 802 7454; fax: +1 314 997 2422.
E-mail addresses: wangr@mediomics.com (R.E. Wang),

iechang@mediomics.com (Y.-H. Chang).
1 Equal contribution.

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.12.035
diagnostic and prognostic criteria [2].  The normal concentration of
HSA in blood serum is 35–50 g/L [2,8]. In diseased conditions, how-
ever, low levels of albumin in serum (hypoalbuminemia < 30 g/L)
may reveal malnutrition, liver disease, nephrosis, gastrointesti-
nal protein loss, shock, edema and cardiovascular disease [2].  On
the other hand, high serum levels of albumin (hyperalbumine-
mia  > 55 g/L) are accompanied by dehydration and increasing body
weight or body fat [2].  The reference range of albumin in urine is
2.2–25 mg/L [2,9]. Albumin higher than 25 mg/L in urine is normally
filtered through the glomerulus, and reabsorbed or catabolized by
the proximal tubules. However, albumin loss increases once the
renal glomeruli become more permeable due to diabetes or renal
damage [2].  The severe leakage of the glomerular filtration mecha-
nism can lead to either micro-albuminuria or macro-albuminuria,
depending on the amount of albumin lost (detectable by a simple
urine test) [10]. While the normal concentration of HSA in saliva is
less than 0.5 g/L [2],  a higher concentration of saliva albumin usually
indicates type-2 diabetes mellitus [11], or, for some cancer therapy
patients, the potential for stomatitis [12].

Currently the most common method used to determine albumin
levels is the enzyme-linked immunosorbent assay (ELISA), which
is accurate but time-consuming. Heyduk et al. previously reported
a novel antibody-based sensor technology that allows homoge-
nous detection of target proteins based on simple fluorescence
[13,14]. With this platform, a series of homogenous sensors have

been developed. They include sensors for cardiac troponin I [15], C-
reactive protein [15], insulin [16], C-peptide [16], and pathogenic
bacteria [17]. Herein, we  describe a similar sensor design that can be
adapted to rapidly determine albumin concentrations in biological

dx.doi.org/10.1016/j.jpba.2011.12.035
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:wangr@mediomics.com
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ig. 1. Mechanism of the sensor. A pair of antibodies that recognize the target ant
ligonucleotides are labeled with fluorophores that can be paired as donor and rec
NA,  bringing the donor and receptor in close enough proximity to generate FRET s

amples. Using simple time-resolved fluorescence (TRF), the in vitro
etection of human serum albumin can reach 3.9–1000 ng/mL.
ost importantly, we demonstrate here for the first time the val-

dation of this type of sensor in saliva, urine and serum, with the
easured concentrations matching the results obtained with the

raditional ELISA method. This validation confirms the sensor as a
ensitive, reliable and convenient tool for albumin analysis.

. Materials and methods

.1. Sensor design

This assay consists of two human albumin-specific antibodies
hich recognize different epitopes of human albumin (Fig. 1). Each

ntibody is conjugated with short duplex DNA with overhangs
omplementary to each other. In the presence of human albumin,
he two overhangs associate to form a duplex. Time-resolved fluo-
escence resonance energy transfer (TR-FRET) is initiated between
he two fluorophores (labeled at the end of the two oligonu-
leotides) once they are brought into close proximity. The intensity
f the FRET signal is proportional to the concentration of human
lbumin in the samples.

.2. Materials

The Traut’s reagent, NHS-(PEG)12-maleimide, protein bicin-
honinic acid (BCA) test kit, and human IgG (catalog number:
1154) were from Pierce, Thermo Scientific (Rockford, IL). Ethanol,
lycogen, Tris (hydroxymethyl) aminomethane, sodium chloride,
H 7.4 PBS pouch, as well as human insulin (catalog number:

0908) and bovine serum albumin (catalog number: B6917), were
ll purchased from Sigma–Aldrich (St. Louis, MO). The human
lbumin standard (catalog number: J80310072), albumin antibod-
es (monoclonals, catalog numbers: 6501-100063, 6502-100064),

nd human C-reactive protein (catalog number: J81610) were
btained from Biospacific (Emeryville, CA). The 384-well low-
olume black microplates were from Corning (Lowell, MA). The
ynergy plate reader (Synergy 4, BioTek Instruments, Winooski,
s labeled with oligos that have complementary oligonucleotides at the ends. Both
 The presence of the target is expected to drive the annealing of the probe-labeled
.

VT), was  equipped with a TR-FRET function and a 330 nm excita-
tion filter (40 nm band pass), as well as a 620 nm (20 nm band pass)
and a 665 nm (8 nm band pass) emission filters. The albumin sand-
wich ELISA kit was purchased from Assaypro (St. Louis, MO)  and
the ELISA was conducted exactly according to the instructions.

All oligonucleotides were synthesized and purified by Inte-
grated DNA Technologies (Coralville, IA). The following oligonu-
cleotides were used in the sensor experiments:

A2: 5′-amino-GCAGCCGATTCGACTTGC-3′

AA2: 5′-GCTCAT-GCAAGXCGAATCGGCTGC-3′ (X = T modified with
Europium at the C6 position)
AM:  5′-AYGAGCG-GCAAGTCGAATCGGCTGC-3′ (Y = T modified
with Oyster645 dye at the C6 position)
AA2 and AM contain the 5′- overhang sequences (italicized) that
are expected to anneal to each other and generate TR-FRET signals
in the presence of the antigen (human albumin).

2.3. Antibody modifications

The antibody modification and purifications were based on pre-
viously published procedures [15,16]. For a detailed description of
experimental procedures, please see Section S1.1 in Supplementary
Material.

2.4. Human sample collections

Urine and saliva samples were randomly collected from appar-
ently healthy personnel (including males and females) and stored
at −20 ◦C, which were later on thawed only once before the imme-
diate measurements. The human serum samples were collected by
Innovative Research (Novi, MI), from people between the ages of
18 and 65 under FDA regulations. Due to the limited number of

serum samples, they were randomly processed after purchasing,
by either concentrating or diluting to make their albumin con-
centrations in a diverse range. The processed serum samples were
then stored at −20 ◦C, and thawed only once before the immediate
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Fig. 2. The standard curves of human albumin measured by sensor. The signal
change in fold (sensor’s response) is plotted against the albumin concentrations.
(a)  The detectable range of albumin by sensor (�) is from 3.9 to 1000 ng/mL. As neg-
ative controls, the A2 modified antibody 6502 labeled by Europium is mixed with
the A2 modified antibody 6501 (©), and the A2 modified antibody 6502 is mixed
with the A2 modified antibody 6501 labeled by Oyster (�). Both mixtures are not
R.E. Wang et al. / Journal of Pharmaceutic

easurements. Since it is not for the clinical applications, the col-
ection of these human samples was not under the IRB approval.

.5. The assay and validation procedures

The assay of albumin concentration with the standard curve as
ell as data analysis was similar to the previously published pro-

edures [15,16].  A detailed description of experimental procedures
s available at Sections S1.2 and S1.5 of Supplementary Material.

.6. Time course study, cross-reactivity assay, intra- and
nter-assay

The methods to characterize sensor kinetics, specificity, and
ccuracy were summarized in Sections S1.3, S1.4, and S1.6 of
upplementary Material.

. Results and discussion

.1. Development of the albumin sensor

Earlier, the most dominant methods for albumin detection
sed chromogenic dyes such as bromocresol green (BCG) and
romocresol purple (BCP) that colorimetrically detected albumin
oncentrations of 10 g/L or higher in plasma and pleural or peri-
oneal fluids [2].  Later, however, false high backgrounds were found
or both dyes [2]. BCG reacted with heparins and some globulins,
specially lipoproteins. Though BCP was not reactive with BCG-
argeted proteins, it could still be bound by �-bilirubin [2].  In the
uest for a more specific assay, immunochemical procedures uti-

izing antibodies were gradually accepted [8,18] and replaced the
ye-binding method when high sensitivity was required to detect
he albumin on a mg/L scale. The initial strategy made use of a com-
etition reaction, where albumin in the sample displaced the added
ntibody-bound albumin derivative. The released albumin deriva-
ive was then detected by fluorescence, radiation, scintillation or
olorimetrics [8,9,18–22].  The most sensitive detection, however,
as achieved with the sandwich ELISA technique, in which a pair

f antibodies are used in combination with a peroxidase conjugate
o detect urinary albumin in concentrations of 3–1000 �g/L [23].
ven the simplified ELISA, with only one antibody, can still detect
rinary albumin at concentrations as low as 15 �g/L [24]. Despite its
igh sensitivity, the ELISA technique requires a considerable length
f time and multiple operational steps from sample preparation to
ata acquisition. Even the modern commercially available ELISA kit,
hich uses a plate pre-coated with antibodies, still needs at least

 h to produce results.
Compared to regular FRET, TR-FRET using lanthanides, espe-

ially europium (III), can significantly reduce the endogenous
ackground fluorescence and thus achieve improved sensitivity
25]. Since the binding affinity of antibodies is key to the per-
ormance of biosensors [16], we chose a pair of antibodies that,
o the best of our knowledge, have the highest affinity for albu-

in, with a Ka of 109 M−1(L/mol). To prepare the human serum
lbumin sensor, we first modified the pair of albumin antibodies
ith the donor (Europium, excitation at 330 nm,  emission around

20 nm)  labeled oligonucleotide and the acceptor (Oyster645, exci-
ation around 645 nm,  emission at 665 nm)  labeled oligonucleotide,
espectively. When the pair of modified antibodies was  mixed with
uffer only, the background TR-FRET intensity was  around 2000
excitation at 330 nm,  emission monitored at 665 nm). In the pres-
nce of increasing amounts of human albumin, we  observed a

table and reproducible TR-FRET signal that was proportional to the
oncentration of albumin in the samples. The maximum intensity
f TR-FRET can reach around 20000, when sensor was  incubated
ith 1000 ng/mL albumin. The TR-FRET signal change relative to
able  to generate proportional signal changes upon their incubation with increasing
concentrations of albumins. (b) The linear detection range of albumin by sensor (�)
is  from 3.9 to 500 ng/mL.

the background level was then used to plot against the concen-
trations of human serum albumin, with the generated standard
curves shown in Fig. 2a. As expected for the negative controls,
mixtures of both antibodies functionalized with the DNA A2, but
only one antibody labeled with either the donor (Europium) or the
acceptor (Oyster645), failed to generate TR-FRET signals propor-
tional to the increasing concentration of albumin samples (Fig. 2a).
In fact, when excited at 330 nm,  the mixture with only one anti-
body labeled by the donor dye had a TRF reading around 2000 at
665 nm,  whose intensity is similar to the background of the sen-
sor. On the other hand, the mixture of antibodies with only one of
them labeled by the acceptor dye emitted the TRF only at an inten-
sity around 200–300 at 665 nm.  This observation indicates that the
background TR-FRET of the biosensor is mainly caused by the TRF of
the donor dye – Europium. Taken together, in the regular TBS con-
taining buffer, this biosensor can detect standard human serum
albumin in concentrations from 3.9 ng/mL to 1000 ng/mL, with a

coefficient of variation (CV) less than 3% (Fig. 2a). Within this broad
detectable scope, the linear range is from 3.9 ng/mL to 500 ng/mL
(Fig. 2b). The sensitivity of the sensor is comparable to most ELISA
kits that are currently on the market. Although antibody 6501 was
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abeled by the acceptor dye and antibody 6502 was labeled with the
onor dye here, as illustrated in Fig. 2 and all through this paper, it

s noteworthy that a switched modification (antibody 6501 labeled
y the donor dye and antibody 6502 modified with the acceptor
ye) would also result in the same sensor performance.

.2. Kinetic studies of the albumin sensor

To demonstrate this homogenous biosensor’s capability for
apid and convenient measurements, we next measured the kinetic
haracteristics by showing the time-dependence of signal changes
n response to the amount of human albumin added (Fig. S1 in Sup-
lementary Material). An increased incubation time was required
o achieve either half or full signal responses when increasing
mounts of antigens were added, presumably to allow the sensor
ix  to fully recognize the antigens present in the system and to

each an equilibrium. Full signal responses were usually achieved
0 min  after addition of the antigens, with the only exception that
hen the maximum detectable amount of albumin was  added,

he system took around 50 min  to reach full signal response. The
epeated FRET measurements at different time-points may  cause
he photo-bleaching of probes, which, in our case, resulted in a
light decrease in signal response compared to the results of one-
ime measurement after 40 min. In all cases, a time length within
0 min  after adding the albumin samples was needed to reach
0% of the maximum signal response. The full signal responses
emained stable for 100 min  (Fig. S1 in Supplementary Material)
nd even up to several hours after addition of the sample. In gen-
ral, this assay is simple and fast, needing only one step of mixing
nd an incubation time of 40 min  to produce results.

.3. Specificity of the albumin sensor

To determine whether this sensor is specific to human serum
lbumin, we tested its cross-reactivities with human insulin,
uman CRP, and human IgG, which are proteins commonly existing

n serum (Table S1 in Supplementary Material). While increasing
R-FRET was observed for human albumin at increasing concen-
rations from 0.06 nM to 15 nM (equaling 3.9 ng/mL to 1 �g/mL), no
ositive signals were detected for any other proteins at concentra-
ions up to 1 �M.  Normal insulin levels in plasma are 20–350 pM,
nd could be up to 100 nM in inflammed or other abnormal sta-
us. The level of human CRP in serum is usually less than 10 mg/L,
ut can be up to 200 mg/L (8 �M)  in diseased samples. Human IgG
as a concentration in blood of 4–16 mg/mL  (around 0.1 mM in
aximum). Since the normal albumin level in human plasma is

5–50 g/L, a serum sample would need to be diluted at least 18000
old for albumin determination by our sensor. Likewise, the concen-
rations of insulin, hCRP and IgG should be much lower than 100 nM
n the samples diluted for albumin analysis, thereby presenting no
nterference with the performance of the albumin sensor. To see

hether this sensor is reactive to albumin from different species,
e tested its response to BSA, to find no positive readings for BSA

t concentrations up to 1 �M (Table S1 in Supplementary Data).
n fact, no cross-reactivity was observed even when the concen-
ration of BSA was increased to 10 mg/mL  (142.8 �M)  (data not
hown). Taking these results together, this simple, homogeneous
ssay exhibits high specificity towards human serum albumin.

.4. Validation of the albumin sensor with the traditional ELISA
ethod
To validate this albumin sensor’s quantitative determination
f albumin levels in saliva, urine and serum, we  compared
he results of the sensor with the results from a commercial
LISA kit performed under standard procedures. Twelve randomly
Fig. 3. The validation of sensor with ELISA. Albumin concentrations were measured
in  (a) saliva (♦), (b) urine (©), and (c) serum (�).

collected saliva and urine samples and twelve randomly processed
serum samples were assayed using both the sensor and the ELISA
method. The results obtained from both methodologies are plotted
in Fig. 3. There are high correlations between ELISA and the albu-

min  sensor (R2 = 0.9545 for saliva, R2 = 0.9818 for urine, R2 = 0.9773
for serum), demonstrating that the sensor technology is feasible
for quantitative determination of human albumin levels in bioflu-
ids such as saliva, urine and serum. Based on the measured values,
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uman albumin exists in a wide range of concentrations in the
aliva (5–45 mg/L) and urine (6–20 mg/L) of healthy people. Both
esults are within the range reported in the literature [2,9].

.5. Intra- and inter-CV of the albumin sensor

To examine the accuracy and consistency of albumin mea-
urements in specimens, samples randomly chosen from saliva,
rine and serum were subjected to between-assay precision and

nter-assay precision studies (Tables S2 and S3 in Supplemen-
ary Material). For an assay to be useful, the intra-assay CVs should
e less than 10% and the inter-assay CVs should be less than
5% [26–28].  The intra-assay CVs of our albumin sensor were all

ess than 10%, with most less than 5% (Table S2 in Supplemen-
ary Material). Inter-assay CVs were also mostly less than 10%
Table S3 in Supplementary Material). Both the intra- and inter-
ssay CVs for most measurement of saliva were lower than those
or urine and serum, while the CVs appear to be the highest for
nter-assay measurements of serum. Overall, the albumin sensor
s highly accurate with the precisions required for diagnostic and
esearch applications.

. Conclusion

We have developed a homogenous sensor that can rapidly
etect human albumin in serum, saliva and urine with high speci-
city and sensitivity. The assay only requires simple operations,
eeding only one step of mixing and 30–40 min  of waiting for
he result. The signal generated is robust and stable, and does not
equire any sophisticated or expensive instruments. The homoge-
ous sensor has a similar sensitivity and accuracy to the traditional
LISA method, but requires fewer operational steps and less assay
ime. It is therefore conceivable that this sensor can be a promising
ool for future diagnostic and prognostic applications. For future
ork, it would be of interest to apply this sensor to real measure-
ents in a diverse group of patient samples, and to confirm the

linical results with ELISA validation.
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a  b  s  t  r  a  c  t

Dopamine  (DA)  condenses,  at least  in  vitro,  with  acetaldehyde,  the  primary  metabolite  of  ethanol,  to
form the  regioisomers  salsolinol  (SAL)  and  isosalsolinol  (isoSAL).  An  alternative  in  vivo  route  to SAL,
requiring  a decarboxylation  step,  has  been  suggested  via  condensation  of DA  with  pyruvic  acid.  SAL  has
been proposed  as  a mediator  of  the  rewarding  effects  of ethanol  in  the  brain.  We  have  now  shown  by
HPLC,  nuclear  magnetic  resonance  (NMR)  and  mass  spectrometry  (MS)  that  the  commercially  available
SAL contains  about  10%  of  isoSAL,  whose  biological  activity  is  unknown.  If  SAL  is  indeed  the biologically
active  metabolite,  rather  than  isoSAL,  it is  also  unknown  whether  the  rewarding  molecule  is  (S)-  or  (R)-
SAL. We  have  developed  methodologies  for the  quantitative  determination  of  DA,  SAL  and  isoSAL  using
ion-pair  reversed-phase  HPLC,  and  for  the  separation  of  DA  from  (S)- and  (R)-SAL  and  an  isoSAL enan-
tiomer  on  a �-cyclodextrin-modified  column,  in both  cases  with  electrochemical  detection.  A significant
advance  over  earlier  methods  was  achieved  for  the  analysis  of  (S)-  and  (R)-SAL  in the  presence  of  a  large

excess of  DA  (100:1  DA-SAL  ratio),  as  expected  to occur  in  vivo,  by  suppressing  the  DA  peak  by  selective
derivatization  with  2,3-naphthalenedicarboxaldehyde  into  a molecule  that  is  electrochemically  silent  at
the electrode  potential  used.  The  methodologies  developed  will  allow  the  separation  and  determination
of  the  pharmacological  activity  of these  two  products  of  condensation  of  acetaldehyde  with  DA.  Further,
the  techniques  for  (S)-  and  (R)-SAL  separation  at  a high  DA:SA  ratio  will  allow  the  existence  of  a  putative
(R)-SAL  synthase  to  be  determined  and,  if  it exists,  its  role  in alcoholism.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Studies over the past decade and most recently in the last
ear suggest that the reinforcing effects of ethanol are medi-
ted by acetaldehyde generated in the brain [1–3], and possibly
y salsolinol (Fig. 1, inset, SAL, 1-methyl-6,7-dihydroxy-1,2,3,4-
etrahydroisoquinoline), a non-enzymatic condensation product
f acetaldehyde with dopamine (DA) [4,5]. The existence of an

R)-SAL synthase has also been postulated, but not yet demon-
trated [6].  The spontaneous condensation of DA with acetaldehyde
ives not only SAL but also isosalsolinol (Fig. 1, inset, isoSAL,

∗ Corresponding author at: Department of Chemistry, Faculty of Sciences, Univer-
ity of Chile, Casilla 653, Santiago 7800024, Chile. Tel.: +56 2271 3881;
ax: +56 2271 3888.

E-mail address: bcassels@uchile.cl (B.K. Cassels).

731-7085/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2012.02.002
1-methyl-7,8-dihydroxy-1,2,3,4-tetrahydroisoquinoline) [7],  and
at pH 7 both isomers are formed in approximately equal amounts
[8].  In view of this fact, the presence in the brain of isoSAL concen-
trations comparable to those of SAL after ethanol ingestion seems
likely.

Commercial (±)-SAL hydrochloride (Sigma–Aldrich) is sold as
“∼85%, powder”. As several biological studies have been carried out
with this material [4,5,9,10] we  deemed it appropriate to determine
if isoSAL might be a significant contaminant of SAL. Publications on
SAL analysis have concentrated on the separation of its enantiomers
and do not mention the regioisomeric (R)- and (S)-isoSAL [11–15].
In order to ascertain the putative existence of (R)-salsolinol syn-
thase and the possible role of the SAL enantiomers in alcoholism,

as well as to examine the effects of isoSAL on brain function, we
have developed methodologies to separate (R)- and (S)-SAL and
isoSAL from DA even when the latter is present in large excess, as
expected in brain samples.

dx.doi.org/10.1016/j.jpba.2012.02.002
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:bcassels@uchile.cl
dx.doi.org/10.1016/j.jpba.2012.02.002
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Fig. 1. Ion-pairing reversed-phase chromatograms of DA (1.37 × 10−6 M)  and commercial (R,S)-SAL (2.88 × 10−6 M SAL and 2.50 × 10−7 M isoSAL). All samples were dissolved
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n  0.1 M perchloric acid, which gives a peak eluting at 5.76 min. Insets show the mo

. Experimental

.1. General

HPLC grade MeOH, analytical grade 85% H3PO4, glacial AcOH,
a2HPO4·7H2O, and ammonium acetate were from Merck (Darm-

tadt, Germany). HPLC grade 2-propanol was from J.T. Baker
Ecatepec, Mexico). (±)-SAL-HCl, DA-HCl, EDTA disodium salt, 1-
ctanesulfonic acid sodium salt, triethylamine (TEA), and NaOH
ere from Sigma Life Science (St. Louis, MO). Analytical grade 70%
ClO4 and NaH2PO4·H2O were from Winkler (Santiago, Chile). 1H
MR  spectra were recorded on a Bruker AMX  400 spectrometer
t 300 K, in D2O solution. Chemical shifts are reported as ı (ppm)
ownfield from TMS, using the HDO resonance (4.75 ppm) as the
econdary internal standard. MS  were recorded in the electron
mpact mode (70 eV) on a Finnigan MAT95 XP (Thermo Scientific,
an Jose, CA), and using an ESI-IT Esquire 4000 electrospray-ion
rap Bruker Daltonik (Bremen, GFR) instrument in which N2 was
njected at 300 ◦C and 10 psi, at 5 l/min. The latter spectra were
cquired in the positive mode, using esquireControl Version 5.2
oftware.

.2. Sample preparation and calibration curves

Stock solutions of DA-HCl (1.37 × 10−2 M)  and commercial (±)-
AL-HCl (27 mg  in 10 ml)  were prepared in 0.1 M HClO4 to minimize
xidation. Assuming a 92:8 ratio of (±)-SAL to (±)-isoSAL (see
elow) the concentrations of these compounds in the latter solu-
ion should be approximately 1.15 × 10−2 M and 1.00 × 10−3 M,
espectively. Dilutions of the stock solutions were prepared in
.1 M HClO4 or 0.1 M phosphate buffer (pH 7.4), using distilled
nd deionized water. Calibration curves were built for DA, SAL
nd isoSAL. For DA, six concentrations of DA-HCl in the range
.37 × 10−7 M to 2.74 × 10−6 M were used. For (R)- and (S)-SAL,
ix concentrations of commercial (±)-SAL-HCl were used, in the
ange from 1.44 × 10−7 M to 2.88 × 10−6 M considering an esti-

ated isoSAL content of 8% based on the 1H NMR spectrum of

ommercial SAL (Supplementary Material, Fig. 1S). Thus, the con-
entrations of each isoSAL enantiomer were about 1.25 × 10−8 M to
.50 × 10−7 M.
r structures of salsolinol and isosalsolinol.

2.3. HPLC condition

DA, (±)-SAL and (±)-isoSAL were separated using a Shimadzu
LC-10AD (Kyoto, Japan) isocratic pump coupled to a BASi LC-
4C (West Lafayette, IN) amperometric detector. 50 �l samples
were injected onto a silica gel-C18 SUPELCOSIL LC-18 column,
250 mm × 4.6 mm,  5 �m particle size (Sigma–Aldrich, St. Louis, MO)
kept at 30 ◦C by means of a Shimadzu CTO-10A (Kyoto, Japan)
oven. The mobile phase was 20:80 (v/v) MeOH–NaH2PO4 (0.1 M,
pH 3.4) containing 0.03% EDTA and 141 mg/l 1-octanesulfonic acid
sodium salt at a flow rate of 0.4 ml/min. The electrode potential
was  700 mV,  and the detector sensitivity was 20 nA. The results
were analyzed using CLASS CR10 Version 1.2 (Shimadzu Corpo-
ration). The SAL enantiomers were separated by injecting 50 �l
samples onto a �-cyclodextrin-modified NUCLEODEX �-OH col-
umn, 200 mm  × 4 mm,  5 �m particle size (Macherey-Nagel, Düren,
GFR) kept at room temperature. To achieve a complete separation
of the purified isoSAL enantiomers the column was kept at approx-
imately 2 ◦C with a Nexcare (3 M,  St. Paul, MN)  cold pack that had
been cooled to this temperature. The mobile phase was  aqueous
ammonium acetate (100 mM,  pH 4.0) containing 0.03% EDTA and
0.10% TEA, at a flow rate of 0.2 ml/min. The electrode potential was
700 mV,  and the detector sensitivity was  10 nA.

2.4. Suppression of the dopamine peak

In the above studies, DA and SAL concentrations were approxi-
mately 1 �M.  In order to evaluate the suppression of the DA peak,
DA was  injected together with (±)-SAL in a 100:1 molar ratio (DA
500 �M and SAL 5.00 �M),  either without or with prior derivatiza-
tion, adapting a published procedure involving reaction of primary,
but not secondary amines with 2,3-naphthalenedicarboxaldehyde
(NDA) [16]. 100 mM NDA (Fluka) was  prepared in methanol by vig-
orous shaking for 10 min, and 100 mM  2-mercaptoethanol (�-ME)
and 100 mM sodium borate buffer, pH 9.5, were also prepared. The
derivatization reaction was carried out adding sodium borate buffer
(26 �l), �-ME  (3 �l), and NDA (12 �l) in that order to a solution of

100 �l of 500 �M DA-HCl and 5 �M (±)-SAL-HCl (Sigma), and suffi-
cient nanopure water to reach 150 �l. The solution was left at room
temperature for 20 min, and 150 �l of 0.1 M HClO4 were added to
stop the reaction. Finally, 15 �l of this solution was diluted to 200 �l
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Fig. 2. Chiral HPLC chromatogram of dopamine (DA, 2 × 10−7 M)  and commercial salsolinol (4.6 × 10−7 M SAL and 4 × 10−8 M isoSAL, ISAL) in 0.1 M perchloric acid. The two
SAL  enantiomers were completely resolved with a resolution coefficient of 3.3.

Fig. 3. Chiral HPLC chromatograms of dopamine (5.00 × 10−4 M)  and commercial salsolinol (5.00 × 10−6 M)  in 0.1 M perchloric acid: (A) no derivatization; (B) following
dopamine derivatization with NDA. For the HPLC injection, samples were equally diluted to attain concentrations of 1.25 × 10−5 M for DA and 1.25 × 10−7 M for SAL.
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ig. 4. Chiral HPLC chromatogram of synthetic (±)-isoSAL (ISAL) previously purified
 resolution coefficient of 1.7.

ith 0.1 M HClO4, and 50 �l of the final solution was injected on the
UCLEODEX �-OH column. The mobile phase, flow rate, electrode
otential, and detector sensitivity were the same as those described
bove for the chiral separation.

.5. Mass spectral analysis

For the identification of the HPLC fractions presumed to con-
ain SAL or isoSAL, the amperometric detector was  disconnected
nd 0.6 ml  fractions were collected. Each of these fractions was
hen analyzed by HPLC to determine homogeneity, and only
hose containing a single substance were subjected to MS  analysis
Supplementary Material, Fig. 2S).

. Results and discussion

.1. Achiral HPLC

Preliminary HPLC runs showed that DA eluted at
3.01 ± 0.17 min  (n = 18). Commercial SAL (SC) – in the presence of

 similar concentration of dopamine – gave two chromatographic
eaks, with retention times of 14.39 ± 0.01 min  (SC1, n = 18) and
6.14 ± 0.02 min  (SC2, n = 18) (Fig. 1), reflecting the presence of
wo oxidizable substances. The ratio of the peak areas of SC1 and
C2 was 11.5 ± 1.6 (n = 18). Thus, SC1 represents 91.91 ± 1.01% of
he oxidizable compounds in this sample, while SC2 represents
.09 ± 1.01%. These percentages are in close agreement with the
2:8 ratio estimated by 1H NMR, and SC1 and SC2 were identified
s SAL and isoSAL respectively (Supplementary Material, Fig. 1S
nd 1S bis). To confirm this structural assignment, SC1 and SC2
ere collected separately and subjected to MS  analysis. Both

ractions exhibited an m/z ratio of 180 (M+H+), which agrees
ith the molecular weight of both regioisomers (179 Da). Both

ave the same characteristic fragment ions, but with different
elative abundances. In both cases the base peak (100%) occurred
t m/z = 163, while the fragments at m/z  145, 137 and 117 showed
elative abundances of 55%, 44% and 7% (SC1) and 20%, 4% and 9%
SC2), respectively (Supplementary Material, Fig. 2S).
.2. Chiral HPLC

DA eluted from the �-cyclodextrin-modified column at
8.88 ± 0.05 min  (n = 7). Commercial SAL gave three peaks (Fig. 2),
e achiral HPLC system. The two IsoSAL enantiomers were completely resolved with

two  large ones at 21.20 ± 0.09 min  (n = 9) and 24.62 ± 0.16 min
(n = 8), and a much smaller one at 26.44 ± 0.16 min  (n = 8). When
SC1 from the achiral column was  injected onto the ˇ-cyclodextrin-
modified column, two  peaks of similar area appeared at 21.2 and
24.6 min. On the other hand, injection of SC2 afforded two similar
peaks at 24.8 and 26.4 min  which also appeared when the puri-
fied synthetic (±)-isoSAL was  injected, showing that SC2 and the
first isoSAL peak (isoSC1) elute at very similar retention times.
The identification of the third commercial SAL peak as isoSC2 was
achieved by spiking the sample with purified synthetic isoSAL (data
not shown). The asymmetry factors of the DA, SC1 and SC2 peaks
were 1.4, 1.7, and 2.0, respectively. Given the greater stability of the
(R)-SAL-�-cyclodextrin complex [17], the substance eluting first is
presumed to be (S)-SAL, as found by other authors using a simi-
lar HPLC system [12–15,18,19]. Interestingly, a published HPLC of
commercial SAL, using a similar column, clearly shows two  small,
poorly resolved peaks that can now be attributed to isoSAL [11].

Previous analyses of (R)- and (S)-SAL have either failed to sep-
arate DA from (S)-SAL [14], required mass-spectral detection with
or without chemical derivatization and the use of deuteriated stan-
dards to distinguish both compounds [15,18,20],  or did not address
this problem at all [6,12].  In our HPLC system, the (S)-SAL peak only
appeared as a shoulder on the large DA peak (Fig. 3A) when a mix-
ture containing 500 �M DA and 5 �M (±)-SAL (containing isoSAL)
was  injected. To suppress the DA peak we added NDA and �-ME
[16]. Under these conditions the (S)- and (R)-SAL peaks, at concen-
trations of approximately 2.5 �M each, were again clearly visible
and quantifiable (Fig. 3B). Although SC2 and isoSC1 present in com-
mercial (±)-SAL-HCl could not be resolved by our system, when
(±)-isoSAL was  injected alone both enantiomers were separated
with a resolution coefficient of 1.7 (Fig. 4).
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