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Abstract

High affinity Histamine H2-receptor binding ligands were assayed by automated solid phase extraction (SPE) coupled via electrospray ionization
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ith a Quadrupole-Time-of-Flight mass spectrometer (Q-ToF-MS). The mass spectrometric behavior of these analytes was tested
olutions with several (nine) volatile salts, in different pH, and with various methanol contents. Out of the high amount of available liga
uorescent-labeled molecules (5706, 5707, and 5708) were studied in detail. The limits of detection (LODs) for all three compounds
ass spectrometric detection was 1 fmol (absolute) in continuous flow and FIA (flow injection analysis) measurements. The results ob
IA-fluorescence detection gave LODs a factor 10–100 times higher.
A systematic investigation of sample solving conditions, loading flow conditions, and elution flow conditions made the automated

oupling efficient. Ideally, the ligands were dissolved in MeOH–25 mM phosphate buffer (30:70 v/v; pH 11), the SPE loading flow c
eOH–25 mM phosphate buffer (30:70 v/v; pH 11) and the SPE elution flow contained MeOH–100 mM ammonium formate solution (9
H 3). Using this method on a C18-modified silica cartridge (C18, 5�m, 100 A, 300�m i.d.× 5 mm, LC Packings) assures high recovery
chieved LODs for all three compounds of 5 fmol (absolute). As an absolute amount of ligands specifically bound on H2-receptors in b
xperiments is, as will be published elsewhere, between 10 and 100 fmol, the SPE–MS method for the basic compounds can be dire
or these Histamine H2-receptors.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Molecules that are involved in intercellular communication
re successful proven targets in drug discovery[1,2]. However,

n screening processes to identify new compounds that affect
he activity of the targets can include many negative aspects of
argets or screened compounds that can cause wrong results. In
he case of G-protein-coupled receptors (GPCRs)—being the
arget for drug development[3]—many lead compounds prove
o be problematic because they stick to plastics, are poorly
oluble, too hydrophobic, unstable, and rapidly degraded. A

∗ Corresponding author. Fax: +49 8161 71 44 04.
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probable cause for at least a few of these adverse chemica
erties may lay in the fact that GPCRs are membrane spa
cell surface receptors that upon agonist binding, activat
G-protein mediated intracellular signaling cascade. In fact
human genome possesses several thousands of protein-
genes (30–40 thousands[4,5] versus 20–25 thousands[6]),
many of which can be expected to be associated to vita
functions and disease. Therefore, many GPCRs are the s
of screening programs, which are aimed to find novel and
feasibilities to synthesize molecules with a good solub
and toxicological profile altering the activity of the GPC
In general, the selection of the compounds is based on l
binding and or functional properties of the receptors. Know
the degradation speed and the metabolism profile of the p
tial drugs is also important. In the attempts to come up
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new compounds pharmacological and toxicological profiles
of compounds and targets assays are miniaturized and novel
biochemical approaches to find new leads can be anticipated.

In order to increase automating possibilities and sensitiv-
ity of this screenings, it is important to know which analytical
properties are needed. One of the most sensitive and promising
technique in analytical chemistry today is the mass spectrom-
etry; therewith ligands can be obtained in complex with the
proteins[7–10], the inhibition efficiency of ligands can be mon-
itored[11,12]and ligand screening as well as identifications can
be performed very sensitive[13,14].

Here, we use the Histamine H2-receptor[15] as a model
GPCR developing a ligand screening technique. Close to a thou-
sand inverse agonists[16] for the Histamine H2-receptor have
been described including a number of high affinity but highly
hydrophobic fluorescent compounds[17].

However, in our days hydrophilic antagonists (like famoti-
dine (Fig. 1A), ranitidine (Fig. 1B), cimetidine (Fig. 1C), and
nizatidine) are used as pharmaceutical drugs[18,19], to treat and
prevent ulcers in the stomach and intestines, to treat conditions
in which the stomach produces too much acid and to treat con-
ditions in which acid comes up into the esophagus and causes
heartburn, such as gastroesophageal reflux disease caused by
that receptor[20].

Several studies have been accomplished to monitor this com-
pounds in both, human plasma and urine[21–38]. In all cited ref-
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and cimetidine in human plasma and urine were in the values of
0.2–10 ng mL−1 [21–28], between 1 and 10 ng mL−1 [29–34],
and between 15 and 100 ng mL−1 [35–38], respectively. With
a typical medication for Histamine H2-receptor-inhibitors like
famotidine[21,25] and cimetidine[36] of 40 to 1600 mg per
day, respectively, they can be found unmetabolized in urine
(22–31% famotidine[25] and 56–85% cimetidine[36]) and in
plasma also a few hours after administration (20–150 ng mL−1

famotidine[25] and low mg mL−1 cimetidine[35–37]). Even
though the cited methods[21–38]might be sensitive enough to
detect non-metabolized ligands; however, the detection of reac-
tive metabolic products or ligands from binding experiments
(with an absolute amount of 10–100 fmol bound molecules),
UV detection with LODs in the 1 pmol range (absolute) is
not sensitive enough. The detection of these hydrophilic com-
pounds (with non problematic characteristics in pharmacology
and analytical chemistry) could be optimized to limits of 3 fmol
(absolute) for famotidine with the LC/MS setup of Campanero
et al.[21] and thus showed the potential of MS to be a suitable
and versatile detection method.

In this study, we present the optimization of an automated
SPE-method directly coupled with mass spectrometry to detect
basic and hydrophobic GPCR ligands using H2-receptor antago-
nists with high affinity[17]. The described techniques and buffer
systems might serve as a lead for the development for sensitive
detection of small molecular as lead compounds obtained from
b
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rences, high-performance liquid chromatography (HPLC)
sed in combination with ultraviolet (UV) or mass spectrome
MS) detection[21,32]. In almost all of these analytical inves
ations, pretreatment steps were chosen extracting the an

rom urine and plasma (like liquid–liquid extraction or so
hase extraction (SPE)). However, only a few research gr
utomated the sample pretreatment[22,32,36]. Detection limits

or Histamine H2-receptor inhibitors like famotidine, ranitid

ig. 1. H2-receptor ligands studied to obtain best mass spectrometric co
pKi : 6.89± 0.13); (C) cimetidine (pKi : 5.64± 0.07); (D) tiotidine (pKi : 7.40±
707 (pKi : 8.80± 0.24); (H) 5708 (pKi : 8.90± 0.19).
es

s

iochemical or pharmacological assays in general.

. Experimental

.1. Chemicals and materials

Famotidine (Mr 337.4;Fig. 1A) was received from Merc
harp & Dohme (Haarlem, The Netherlands), RanitidineMr

ns and further analytical parameter: (A) famotidine (pKi : 7.74± 0.13); (B) ranitidine
; (E) iodoaminopotentidine (pKi : 9.04± 0.14); (F) 5706 (pKi : 8.31± 0.33); (G)
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Fig. 2. Block diagram of the SPE–MS system with automated column switching
in position A at the loading step and in position B at the elution step.

314.4;Fig. 1B) from GlaxoSmithCline (Middlesex, UK), Cime-
tidine (Mr 352.3;Fig. 1C) from Sigma (St. Louis, MO, USA),
and Tiotidine (Mr 312.4;Fig. 1D) from Imperial Chemistries
(UK). Iodoaminopotentidine (Mr 603.4; IAPT;Fig. 1E) and the
fluorescent-labeled receptor ligands 5706 (Mr 497.0;Fig. 1F),
5707 (Mr 526.0;Fig. 1G), and 5708 (Mr 491.0;Fig. 1H) were
synthesized in house[17]. Ammonium bicarbonate (>99%),
dimethyl sulfoxide (p.a.), methanol (99.8%; MeOH), sodium
acetate, and sodium carbonate (p.a.) were purchased from J.-
Baker (Deventer, The Netherlands). Acetic acid (>99.8%, AAc),
ammonium acetate (>98%), and formic acid (>99.8%; FAc)
were obtained from Riedel-de Haën (Seelze, Germany), potas-
sium carbonate (p.a.), potassium dihydrogenphosphate (p.a
tri-potassium phosphate-7-hydrate (p.a.), and tri-sodium citrat
dihydrate (p.a.) from Merck (Darmstadt, Germany), ammonium
formate (>97%) from Aldrich (Steinheim, Germany) and tri-
ethylammonium bicarbonate from Sigma (St. Louis, MO, USA).
High purity water was taken from a Milli-Q water system (Mil-
lipore, Eschborn, Germany).

2.2. Instrumentation

The solid phase extraction unit coupled to the mass spectro
metric and the fluorescent detection (the latter used for break
through experiments) is shown inFig. 2. Core of the setup was a
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port valve into position B connected the elution flow with the
extraction column and bypassed the loading flow to the fluo-
rescence detector (or to waste). A�-precolumn cartridge (C18,
5�m, 100 A, 300�m i.d.× 5 mm) in a precolumn holder (both
LC Packings, Amsterdam, The Netherlands) was used as SPE
column.

The technical setup was controlled by the Ultichrom software
(LC Packings, Amsterdam, The Netherlands) for automation.
The internal instruments could be controlled directly and the
external instruments via the analog outputs with starting and
stopping signals.

The mass spectrometric detection was performed with elec-
trospray ionization Q-TOF 2 (Micromass, Manchester, UK)
mass spectrometer. The measurements were performed in posi-
tive ionization mode with 353 K source temperature, 423 K des-
olvation temperature, 250 L h−1 desolvation gas flow, 50 L h−1

cone gas flow, 17 psi gas cell pressure (i.e. 20 V collision voltage
for optimum transfer through collision cell), 2500 V capillary
voltage, and cone voltage as optimized for each ligand. The
detected mass-range was set to a range of 5 Da beginning with
the molecule mass as lowest mass. The data acquisition parame-
ters were 1.0 s scan−1, 0.1 s dwell time, full TOF MS continuous
scan mode using the option ‘MS profile’ for each substance in
the according mass range. Nitrogen (purity 5.0; Praxair, Oevel,
Belgium) and argon (purity 5.0; Praxair) were used as desolva-
tion/cone gas and collision gas, respectively.
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witching unit from LC Packings, Amsterdam, The Neth
ands). The loading pump (pump I inFig. 2), integrated in th
witchos II, was pumping the loading solvent via an auto s
ler (234, Gilson, Villiers-le-Bel, France) to the 10-port va
fter analyte injection and in valve position A, the solvent w
ushed through the extraction column. In breakthrough m
urements, the outlet was connected to a fluorescence de
Model FP-1520, Jasco, Tokyo, Japan) and in other experim
o a collect vessel. The elution pump (pump II inFig. 2) from
hicoh Engineering (Yamato, Japan) was in this valve pos
irectly bypassed to the mass spectrometer. Switching th
T.

.),
e

-
-

-

-
tor
ts

-

A syringe (Hamilton, Reno, NV, USA) in a syringe pum
Harvard Apparatus 22, Harvard, MA, USA) was used for c
inuous infusion measurements.

.3. Stock solutions and calibration

Stock solutions of tested ligands were prepared by dis
ng each compound in 1 mL dimethyl sulfoxide, resulting
0 mmol L−1 solution. Diluting the stock solution in several s
ents as described for each experiment gives the working
ions. Solutions with concentrations in the range of l00 pmol−1

o 100 nmol L−1 were obtained via a second stock solu
10�mol L−1 out of the 10 mmol L−1 solution).

For quantification studies of the ligand 5708 with
PE step, eight solutions were prepared in the rang
00 pmol L−1 to 1�mol L−1 in MeOH–ammonium format
olution (50 mM; pH 3) (80:20 v/v). These calibration soluti
0.1/0.5/1/10/50/100/500/1000 nmol L−1) were subjected t
ontinuous flow measurements with a flow rate of 10�L min−1

r by 10�L injections into a MeOH–ammonium forma
50 mM; pH 3) flow (80:20 v/v; flow rate 10�L min−1) con-
ected with MS. In continuous flow experiments, the sig

ntensity was obtained by accumulating the counts for 1
easurements and in flow injection analysis–mass spect

ry (FIA–MS) measurements the signal intensity was obta
y peak area integration.

For quantification studies of ligand 5708 in FIA-fluoresc
etection, eight solutions were prepared in the rang

0 nmol L−1 to 1�mol L−1 in MeOH–ammonium formate sol
ion (50 mM; pH 7) (50:50 v/v). These calibration solutio
10/20/30/40/50/100/500/1000 nmol L−1) were measured b
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5�L injections into a MeOH–ammonium formate (50 mM; pH
7) flow (50:50 v/v; flow rate 10�L min−1) connected with fluo-
rescent detection. For comparative studies, three solutions (100,
500, and l000 nmol L−1) were prepared in phosphate buffer
(25 mM; pH 7). These calibration solutions were measured by
5�L injections into a phosphate buffer (25 mM; pH 7) flow with
10�L min−1 flow rate and subsequent fluorescent detection.

The excitation/emission wavelength pair was set to
360/440 nm in both fluorescence studies and the signal inten-
sities were obtained by peak area integration.

Identical solutions were made for the ligands 5706 and 5707
and detected with mass spectrometric or fluorescence detection.
The excitation/emission wavelength pair was set to 320/400 nm
for ligand 5707 and to 330/455 nm for ligand 5706.

For quantification studies of the ligands with SPE, four
solutions of each ligand were prepared in the range of
100 pmol L−1 to 10 nmol L−1 in MeOH–phosphate buffer
(10 mM; pH 11) (30:70 v/v). These calibration solutions
(0.1/0.5/1/10 nmol L−1) were applied by 10�L injections into
the MeOH–phosphate buffer (10 mM; pH 11) loading flow
(30:70 v/v; flow rate 50�L min−1). The elution was real-
ized with a MeOH–ammonium formate (100 mM; pH 3) flow
(80:20 v/v; flow rate 20�L min−1) connected with MS.

2.4. Mass spectrometric assays
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tions contained 10, 25, or 50% MeOH, respectively and were
adjusted to pH 3.0, 4.0, or 5.0, respectively. The samples were
measured in continuous flow (10�L min−1 flow rate) and cal-
culated by 1 min integration.

2.5. SPE elution assay

To test elution properties, 100 nmol L−1 working solutions of
three ligands (Fig. 1F–H) were prepared in ammonium bicarbon-
ate (20 mM; pH 11.0). The 10�L of each sample was injected
into a loading flow of MeOH–phosphate buffer (50 mM; pH 11)
(30:70 v/v; flow rate 20�L min−1) in valve position A (Fig. 2).
After flushing the column 10 min with loading buffer, the valve
was switched into position B. The elution flow was varied in
a set of measurements with different MeOH contents. The elu-
tion flow with 20�L min−1 flow rate containedX% MeOH and
(100− X)% ammonium formate solution (final concentration
was 10 mM; pH 3) withX = 50, 60, 70, 80, 90. The elution flow
was connected with the mass spectrometer and both peak size
and intensity were determined.

2.6. SPE pre-concentration assay

A working solution of ligand 5708 (1�mol L−1 in ammo-
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.4.1. Salt systems
To test signal intensities in different salt containing aque

olutions, working solutions of each ligand (seeFig. 1A–E) were
repared with salts and pH as listed inTable 1. The 10�mol L−1

amples were obtained from the 10 mmol L−1 stock solutions
he pH was controlled by a pH meter (691, Metrohm, Heri
witzerland). The samples were measured in continuous

flow rate 10�L min−1) and the signal intensities were obtain
y 1 min integration.

.4.2. Organic modifier and pH
To determine organic modifier and pH dependency, w

ng solutions of four ligands (Fig. 1E–H) were prepared
0 mM ammonium acetate, 20 mM ammonium bicarbonate
0 mM ammonium formate, respectively, in concentration
0�mol L−1 (out of the 10 mmol L−1 stock solution). The solu

able 1
pplicability and estimation of different salt systems for the mass spectro

alt system pH

mmonium acetate (10 mM) 6.9
mmonium bicarbonate (20 mM) 6.7 (+AAc), 7.5 (+FAc)
mmonium formate (10 mM) 6.4
est. H2O, no salt 6.8
otassium carbonate (2 mM) 7.9

odium acetate (2 mM) 6.9
odium carbonate (2 mM) 7.4

odium citrate (l mM) 7.9
riethylammonium bicarbonate (20 mM) 7.5
re-concentration properties, and 10�L samples were injecte
nto the loading flow of which the MeOH contents were v
ed. The loading flow contained in a set of measurementsX%

eOH and (100− X)% phosphate buffer (final concentrat
as 10 mM, pH 11) withX = 0, 10, 20, 30, respectively. T
ow rate was 100�L min−1 and the valve was set to positi
(Fig. 2). After flushing the column 10 min with loading s

ent, the valve was switched into position B. The elution flo
20�L min−1 flow rate contained MeOH–ammonium form

olution (100 mM; pH 3) (90:10 v/v). The elution flow was c
ected to the mass spectrometer and both peak size and in
ere determined.

.7. Sample solution assay

To test the solution efficiency of the hydrophobic substa
n the sample vials, working solutions of 5708 (1�mol L−1)

ic detection of the H2-receptor ligands shown inFig. 1

efficiency Comments

ry useful High MS response, low contamination potential
ry useful High MS response, low contamination potential
y useful High MS response, low contamination potential
useful High MS response, not usable in biochemical reactio

estricted useful Good MS response, but factor 10 lower than ab
contamination potential

t useful Low MS response, high contamination potential
stricted useful Good MS response, but factor 10 lower than abo

contamination potential
tricted useful Good MS response, problematic if stainless steel is

ot useful Low MS response, high contamination potential
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were prepared inX% MeOH and (100− X)% phosphate buffer
(final concentration was 10 mM, pH 11) withX = 0, 10, 20, 30,
respectively. The 10�L samples were injected into the loading
flow of MeOH/phosphate buffer (10 mM; pH 11) (30:70 v/v;
flow rate 100�L min−1) in valve position A (Fig. 2). After
10 min flushing the column with loading solvent, the valve was
switched into position B. The elution flow at a 10�L min−1 flow
rate contained 90% MeOH and 10% ammonium formate solu-
tion (100 mM; pH 3). The elution flow was connected to the mass
spectrometer and both peak size and intensity were determined.

3. Results and discussion

3.1. Mass spectrometric optimization studies

3.1.1. Volatile salt solutions
Solvents and additives that are needed in biomedical and bio-

chemical samples (such as BSA, EDTA, Tris or HEPES) are
often incompatible with mass spectrometric detection. These
samples mostly contain non-volatile salts, ion pairing agents or
cluster building compounds which need to be avoided as much
as possible in the used samples. Avoiding these interferences is
an important issue and, therefore, it is important to find optimal
buffer/salt systems combining biological integrity with detec-
tion sensitivity.

latile
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C ms
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The mass spectrometric responses for the ligands in ammonia
ion-containing solutions (ammonium bicarbonate, ammonium
acetate and ammonium formate) were in all three sets signifi-
cantly higher as compared to the other salts. Dissolved in Milli-Q
water the molecules gave also high MS response, however, pure
water was not used further on, due to low compatibility with
bioassays. Sodium and potassium carbonate can be used if the
alternative ammonia salts cannot be taken (e.g., due to incompat-
ibility with molecules or bioassay). Due to the presence of high
amounts of sodium or potassium ions, the resulting sodium or
potassium adducts have to be taken into account in MS detection.
However, the mass spectrometric response of protonated ana-
lytes in these salts was up to a factor 10 lower than in ammonia
ions-containing solutions. Molecules in sodium citrate solutions
had a mass spectrometric response similar to sodium carbonate
samples. Since citrate is known to build metal-complexes[39]
and give problems in combination with stainless steel (often
used in chromatography). However, it can be used in alternative
systems where metal surfaces are exchanged by other materi-
als. Sodium acetate and triethyl ammonium bicarbonate could
not be used due to very low mass spectrometric response of the
analytes and high contamination of the mass spectrometric cone.

3.1.2. Modifier content and pH
To obtain best mass spectrometric conditions in the positive
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To develop the sensitive detection properties, several vo
alts were tested for their utility in mass spectrometric detec
ompounds A–E inFig. 1 were dissolved in the salt syste
hown inTable 1, and in case of ammonium bicarbonate adju
o neutral pH with acetic or formic acid. Due to their basic st
ure, the molecules are protonated at neutral pH and, ther
etectable with electrospray ionization in the positive ion m

ig. 3. Mass spectrometric responses of ligand 5708 in different salt sys
ith different MeOH (M) contents (10, 25 and 50%) at different pH values
.

e,
.

on mode, the content of organic modifier and the pH
aried. Therefore, four analytes (Fig. 1E–H) were dissolved i
mmonium bicarbonate, ammonium acetate, and ammo

ormate solutions adjusted to different pH and contai
ifferent methanol contents.

Fig. 3 shows the mass spectrometric response of
btained by integration of 1 min continuous-flow meas

(ammonium bicarbonate (NBC); ammonium acetate (AA); ammonium fo(AF))
).
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ments. Analytes dissolved in ammonium acetate and ammonium
formate solution gave higher MS response with increasing
methanol content, whereby results with ammonium bicarbonate
showed no trend. The effect (of increased signal intensity with
increasing methanol contents) is explained by a decreased
surface tension of aqueous droplets caused by organic modifier
[40]. Leading to a more efficient droplet desolvation, it results in
more gaseous ions that can be detected in the mass spectrometer.

The influence of pH (Fig. 3) showed no general trend. The
protonation of ligands seemed not to be influenced in acidic solu-
tions leading to a similar response in all conditions. This result
confirms the observation that the basic molecules are effectively
charged at both neutral and lower pH. However, 5708 dissolved
in ammonium formate and methanol (50:50 v/v) adjusted to pH
3 or 4 gave the highest mass spectrometric response.

The other ligands (data not shown) behave the same as
described for ligand 5708. Dissolved in ammonium bicarbonate
the ligands gave no trend, dissolved in ammonium formate as
well as in ammonium formate the responses increased by rais-
ing methanol contents. The pH did not influence the response
significantly, except for the ammonium formate solution with
50% MeOH. The mass spectrometric response in these solvents
adjusted to pH 3 and 4 were significant higher (up to a factor
100) compared to the other solutions.

Therefore, in forthcoming samples, ammonium formate solu-
tions adjusted to pH 3 with high methanol contents were used
a ma
s
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trations of detectable compounds. In receptor binding assays,
specific bound ligands are eluted after binding to the receptors
and pre-concentrated on SPE material, therefore, the absolute
amount of ligands bound to receptors is of interest. The LODs
were 1 fmol for both mass spectrometric detection methods and
75 fmol in the fluorescence detection dissolved in MS compat-
ible and 250 fmol in pharmaceutical compatible conditions. In
both methods, the mass spectrometric LODs for 5706 and 5707
were for both ligands 1 fmol absolute (data not shown). The
LODs for 5706 and 5707 in fluorescent detection were in the
middle to higher fmol range similar to compound 5708 (data
not shown).

3.3. Solid phase extraction optimization studies

The solid phase extraction pre-treatment of the H2-receptor
antagonists’ famotidine, ranitidine, and cimetidine has been
investigated in several previous studies[32,36,38]. These meth-
ods could not be directly transferred to the more hydrophobic
fluorescent-labeled drugs used in these study. The recoveries of
basic molecules are often poor due to the high potential of non-
specific surface binding. Different stationary phases and elution
properties for these kinds of compounds were studied for basic
drugs earlier[41–45]. However, not all of them are MS compat-
ible.
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.2. Mass spectrometric and fluorescent limits of detection

The LODs of ligands 5706, 5707, and 5708 (Fig. 1F–H),
ere obtained in mass spectrometric and in fluorescence d

ion. Due to the fluorescent labels on these compounds,
re ideal for comparison measurements. The mass spect
ic quantification was performed in FIA and in direct-infus
easurements. The first technique was performed by sa

njections into a carrier flow coupled to MS and the latter
ontinuous introduction of sample into the mass spectrom
everal ligands were dissolved in methanol and ammonium
ate solution (80:20 v/v; pH 3) that was also used as carrier
luorescent detection was performed in methanol and am
ium formate solution (50:50 v/v; pH 7) as well as in phosp
uffer (pH 7.0).

The LODs for ligand 5708 tested under several condit
re listed inTable 2. In contrast to pharmaceutical publicatio
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As shown before, the analytes could be detected in am

ium formate solutions with high amount of methanol adju
o pH 3. The SPE cartridge was loaded reproducibly with
mount of analytes. The subsequent elution was perform
ifferent sets with methanol contents up to 90%. Best elu
fficiency and peak shape were obtained with an elution
f MeOH–ammonium formate (90:10 v/v). If the elution fl
ontained more than 70% MeOH the ligand could be elu
owever, by lowering the concentration of methanol peak ta

ncreased progressively. Methanol contents below 70% allo
o quantitative analysis due to insufficient elution. The ex

ments demonstrated for ligand 5708 gave same results fo
igands 5706 and 5707. In all forthcoming experiments, the
ion flow was MeOH–ammonium formate solution (l00 mM;
) (90:10 v/v) with a flow rate of 20�L min−1.

.3.2. Column loading
In a set of different experiments, methanol contents an

f the loading flow were varied to determine the most effic
ay to load the basic analytes. The amount of analyte b

hrough was detected by fluorescence detection and reco

08 with method description, limits of detection (S/N; 3/1),R2-value, calibration rang

R2-value; (calibration range) Detection conditions

0.9725 (1 fmol to 200 pmol) m/z 492.0 FIA (10�L injection)
0.9998 (1 fmol to 200 pmol) m/z 492.0 (cont. flow; 10�L min−1)
0.9984 (50 fmol to 5 pmol) Ex./em. 360/440 FIA (10�L injection)

0.9651 (50 fmol to 5 pmol) Ex./em. 360/440 FIA (10�L injection)
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Fig. 4. Mass spectrometric responses of ligand 5708: (a) in different SPE loading conditions (0–30% MeOH) and (b) in different sample solving conditions (0–30%
MeOH). For (a) the samples were solved in MeOH–phosphate buffer (30:70 v/v; pH 11) and for (b) the loading flow was MeOH–phosphate buffer (30:70 v/v; pH
11). The elution flow was in both sets MeOH–ammonium formate solution (90:10 v/v; pH 3; flow rate 4�L min−1).

were determined by MS (data not shown). Analytes loaded with
MeOH–ammonium formate solution at pH 7 showed break-
through and no extraction occurred. No breakthrough occurred
when analytes were loaded with MeOH–ammonium formate
solution, pH 11, even after flushing the column for more than
30 min. The molecules could not be retarded on a C18 material
at pH 7 due to the carrying charges described above, whereby the
uncharged molecules at pH 11 were detected in good recoveries
without breakthrough.

A set of measurements with several contents of MeOH in
the loading flow was tested to determine best anti-sticking
properties. Sample solution conditions as well as elution condi-
tions were kept constant during all measurements. As shown in
Fig. 4(a), no ligand was detected if the MeOH content was below
30%. At 30% MeOH, the ligands were effectively trapped on
the column whereas a specific binding was suppressed. Higher
amounts of MeOH did not increase the amount of trapped ana-
lytes.

In all forthcoming experiments, the loading flow was
MeOH–phosphate buffer (25 mM; pH 11) (30:70 v/v) with a
flow rate of 50�Lmin−1.

3.3.3. Sample dilution
Several contents of MeOH in the sample solving solution

were tested due to expected ligand sticking to the sample vials.
L con-
s t
l aised
f of
t g flow
w

dis-
s tion
(

3

ere
o
d olu-
t ow

Table 3
SPE–MS limits of detection (S/N; 3/1) of ligands 5706, 5707, and 5708
(Fig. 1F–H) with method description,R2-value and calibration range

Compound LOD
(fmol)

R2-value (n = 4);
(calibration range)

Detection conditions

5706 5 0.9865;
(1–l00 fmol)

m/z 492.0 SPE–MS
(10�L injection)

5707 5 0.9998;
(1–l00 fmol)

m/z 527.0 SPE–MS
(10�L injection)

5708 5 0.9763;
(1–l00 fmol)

m/z 498.0 SPE–MS
(10�L injection)

rate of 50�L min−1. The subsequent elution was realized
with MeOH–ammonium formate solution (100 mM; pH 3)
(90:10 v/v) at a flow rate of 20�L min−1.

4. Conclusions

The systematically developed SPE–ESI–MS method clearly
achieves the sensitive analysis of high affine, hydrophobic, and
basic H2-receptor ligands. This analytical method breaks the
way to detect ligands in further receptor experiments resulting
in maximal 100 fmol amount. Results from ligand adsorption
experiments with several H2-receptor bound molecules will be
published (with assay details) in a further publication[46].

Acknowledgements

The authors gratefully acknowledge valuable assistance by
H. Krabbe, D. Kool and K. Katebzadeh. R. Leurs is thanked
for providing the H2-receptor ligands. Financial support was
granted by the Technologiestichting STW.

References

[1] G. Krauss, Biochemistry of Signal Transduction and Regulation, 1st ed.,
Wiley, Weinheim, Germany, 1999.

[2] S. Watson, S. Arkinstall, The G-Protein Linked Receptor Factsbook,

74
oading conditions as well as elution conditions were kept
tant in all measurements. As shown inFig. 4(b), the amoun

igand detected was increasing if the MeOH content was r
rom 0 to 30%. With 30% MeOH, the non-specific binding
his ligands was suppressed and the transfer into the loadin
as quantitatively.
In all forthcoming experiments, the sample was

olved in MeOH–phosphate buffer (25 mM; pH 11) solu
30:70 v/v).

.4. SPE–MS limits of detection

LODs of 5 fmol for ligands 5706, 5707, and 5708 w
btained in SPE–MS as shown inTable 3. All ligands were
issolved in MeOH–phosphate buffer (25 mM; pH 11) s

ion (30:70 v/v) and loaded also with this solution at a fl
Academic Press, San Diego, USA, 1994.
[3] M.J. Smit, H. Timmerman, D. Verzijl, R. Leurs, Pharm. Acta Helv.

(2000) 299–304.
[4] J.C. Venter, et al., Science 291 (2001) 1304–1354.
[5] V.O. Olson, Nature 409 (2001) 816–818.



T. Letzel et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 744–751 751

[6] J. Mulley, P. Holland, Nature 431 (2004) 916–917.
[7] J.A. Loo, Mass Spectrom. Rev. 16 (1997) 1–23.
[8] J.M. Daniel, S.D. Friess, S. Rajagopalan, S. Wendt, R. Zenobi, Int. J.

Mass Spectrom. 216 (2002) 1–27.
[9] A. Tjernberg, S. Carn̈o, F. Oliv, K. Benkestock, P.-O. Edlund, W.J.
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