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Abstract

Parallel artificial membrane permeability assay (PAMPA) has recently gained popularity as a novel, high-throughput assay capable of
rapidly screening compounds for their permeability characteristics in early drug discovery. The analytical techniques typically used for
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AMPA sample analysis are HPLC-UV, LC/MS or more recently UV-plate reader. The LC techniques, though sturdy and accurate
abor and time intensive and are not ideal for high-throughput. On the other hand, UV-plate reader technique is amenable to high-
ut is not sensitive enough to detect the lower concentrations that are often encountered in early drug discovery work. This article
novel analytical method, a chip-based automated nanoelectrospray mass spectrometric method for its ability to rapidly analy

ermeability samples. The utility and advantages of this novel analytical method is demonstrated by comparing PAMPA permeab
btained from nanoelectrospray to those from conventional analytical methods. Ten marketed drugs having a broad range of struc
hysico-chemical properties and extent of intestinal absorption were selected as test compounds for this investigation. PAMPA p
nd recovery experiments were conducted with model compounds followed by analysis by UV-plate reader, UV-HPLC as w
utomated nanoelectrospray technique (nanoESI-MS/MS). There was a very good correlation (r2 > 0.9) between the results obtained us
anoelectrospray and the other analytical techniques tested. Moreover, the nanoelectrospray approach presented several ad

he standard techniques such as higher sensitivity and ability to detect individual compounds in cassette studies, making it a
igh-throughput analytical technique. Thus, it has been demonstrated that nanoelectrospray analysis provides a highly efficient a
nalytical methodology to analyze PAMPA samples generated in early drug discovery.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Despite tremendous innovations in the field of drug deliv-
ry, the oral route still remains the most preferred route

Abbreviations: ADME, absorption, distribution, metabolism, elimina-
ion; DMSO, di-methyl sulphoxide; IAM, immobilized artificial membrane;
C/MS, liquid chromatography/mass spectrometry; HPLC, high pressure

iquid chromatography; MDCK, mardin darby canine kidney cells; NCE,
ew chemical entity; PAMPA, parallel artificial membrane permeability as-
ay; Pc, permeability in nm/s; P-gp, P-glycoprotein; S.D., standard deviation
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of administration for most new chemical entities (NC
and marketed drugs. The oral route is preferred by v
of its convenience, low costs and high patient complia
compared to alternate routes. However, compounds inte
for oral administration must have adequate aqueous
bility and intestinal permeability, in order to achieve th
apeutic concentrations. Due to the remarkable progre
the field of genomics and combinatorial chemistry, syn
sizing a large number of potential drug candidates is
longer a bottleneck in the drug discovery process. Ins
the task of screening compounds simultaneously for bio
cal activity and biopharmaceutical properties (e.g., solub
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permeability/absorption, stability, etc.) has become the major
challenge. This has provided a great impetus within the
pharmaceutical industry to implement appropriate screening
models that are high capacity, cost-effective and highly pre-
dictive of in vivo permeability and absorption[1–8]

Transport of drug substances across the intestinal mem-
brane is a complex and dynamic process. It includes the
passage of compounds across various functional pathways
in parallel. Passive permeability occurs through the cell
membrane of enterocytes (transcellular) or via the tight
junctions between the enterocytes (paracellular). Carrier-
mediated transport occurs by the transporter proteins present
in the lipid membranes. Various influx (peptide transporters)
and efflux mechanisms (P-gp) are also known to be functional
in human intestine. To evaluate permeability/absorption of
drug candidates during the drug candidate selection process,
drug discovery scientists currently employ various techniques
[1,2,6,9,10]. The need to keep up with the compounds com-
ing from the combinatorial chemistry labs have resulted
in advancements such as in silico approaches, automation,
miniaturization and other concerted attempts to increase
the throughput of existing models. The most pervasive pre-
clinical methodologies currently used across the industry are:
in vitro methods (animal tissue based ussing chamber or
membrane vesicles, cell-based Caco-2, Mardin-darby canine
kidney MDCK, artificial lipid based parallel artificial mem-
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reproducible data has the potential to significantly improve
the throughput of these permeability assays.

Nanoelectrospray was first developed by Wilm and Mann
[17,18]. The purpose of this study was to demonstrate the use
of an automated chip-based nanoelectrospray method (Nano-
Mate 100TM, Advion BioSciences) for analysis of samples
generated from PAMPA. This technique has been used for
a variety of different studies[19], including Caco-2[20],
however, there is no published material demonstrating the
application of this new technology to PAMPA permeability
measurements. The chip-based automated nanoelectrospray
system includes a NanoMate robot that holds a 96-well sam-
ple plate, a rack of 96 pipette tips and an ESI Chip. This
chip consists of a 10× 10 array of nanoelectrospray emitters
or nozzles. Sample analysis is achieved by a liquid deliv-
ery mandrel picking up a pipette tip, aspirating sample and
then delivering the sample to a nozzle on the ESI ChipTM.
The nanoelectrospray technique presents a novel analytical
method that is highly suited for sample analysis in early dis-
covery stage. It is efficient, sensitive and reproducible but at
the same time amenable to high-throughput, making it a very
attractive tool for integration into the drug discovery cycle.

2. Experimental
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rane permeability assay (PAMPA or IAM); in situ metho
single pass perfusion); and in vivo methods (whole an
K studies). Recently, Kansy et al.[11] pioneered the uti

ty and predictability of the PAMPA as a high-through
ermeability-screening tool in early drug discovery. Coa
hydrophobic filter material with a mixture of lecithin a

n inert organic solvent creates an artificial lipid membr
he extent of permeation through the membrane is mea
nd compared to known extent of drug absorption in hum
n excellent correlation was demonstrated between the
cross the PAMPA system and the extent of absorption
iverse set of well-characterized drugs in humans. This
ique is much less labor intensive than cell culture or in
ethods, but appears to have similar predictive power.
However, the utility of any of these methods eventu

epends on successfully integrating it with a versatile
ytical technique that can handle the samples generat
n efficient, accurate and cost-effective manner. Caco-
AMPA are, by far, the most popular techniques used for
eability assessment and there is a very high level of aut

ion incorporated in their operation[12–14]. It is not uncom
on to have 100s and even 1000s of compounds ass

very week. Even though the experimental front-en
xtremely streamlined, it is the analytical back-end that so
imes becomes the bottleneck. HPLC and LC/MS met
ave been modified and made amenable to high-throug
ut individual runs are still often multiple minutes in durat
15,16]. This leads to the loss of precious discovery time
lows down the capacity of these assays. Any advancem
nalytical techniques that can provide reliable, accurate
d

.1. Materials and chemicals

PAMPA ExplorerTM permeability analysis kit wa
btained from pION Inc. (Woburn, MA). The 96-well filt
lates, transport buffers, lipid solution and consumable
lso supplied by pION Inc. The 10 model marketed c
ounds (antipyrine, ketoprofen, carbamazepine, propran
anitidine, verapamil, metoprolol, hydrochlorothiazide, n
oxacin and sulfasalazine) were purchased from Sigma
ouis, MO). All other chemicals and organic solvents w
lso obtained from Sigma and other established supplie

.2. Permeability studies

The permeability method used in these studies was
ied out in a 96-well format, a modification of the PAMP
ethod described in the literature[11,21–23]. A 96-well
icrotiter plate and a 96-well filter plate (Millipore, Be

ord, MA, USA) were assembled into a “sandwich” such
ach composite well was separated by a 125�m micro-filter
isc (0.45�m pores). The hydrophobic filter material of
6-well filter plate was coated with 5�L of the pION lipid
olution and gently shaken to ensure uniform coating.
equently, the filter plate was placed on the microtiter p
ontaining 200�L of 100�M test compound solution (co
aining 1% DMSO), which constituted the donor comp
ent. The test solution was prepared by dilution (×100-fold)

rom a 10 mM stock solution in DMSO using the pION buf
olution at pH 7.4, followed by filtration through a 0.20�m
olyvinylidene fluoride (PVDF) 96-well filter plate (Cornin



10 P.V. Balimane et al. / Journal of Pharmaceutical and Biomedical Analysis 39 (2005) 8–16

Costar, Corning, NY, USA). The acceptor wells (i.e. the top
of the wells) of the sandwich were hydrated with 200�L of
the specialized ionic buffer solution. The system was then
incubated at room temperature for 4 h. At the end of the
incubation time, samples were removed from the receiver
and donor compartment and analyzed by UV-plate reader,
HPLC-UV as well as nanoelectrospray technology. All the
permeability studies were performed in triplicates (i.e. three
wells per compound).

The apparent permeability (P) was estimated using the
equation:

P = V × dC

A × Co × dT

WhereP is the permeability in nm/s,V is the volume of
the receiver compartment (0.2 mL),A is the surface area
(0.3 cm2), Co is the starting concentration in the donor com-
partment in�M or ng/mL (100�M), and dC/dT is the rate of
change of compound concentration, in�M/s or ng/mL/s, in
the receiver compartment with time.

2.3. Single and cassette mode PAMPA studies

Ten marketed compounds were selected to compare the
different analytical techniques following the PAMPA exper-
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high permeability. Similarly, mixture 2 contained ranitidine,
ketoprofen and verapamil. Rantidine and ketoprofen were
known to have low/medium permeability and verapamil was
known to have high permeability. When present as drug mix-
tures, the individual starting donor concentration of each
compound was 100�M (similar to the concentration used
in the single compound study).

2.4. UV-plate reader analysis

PAMPA sample analysis by UV-plate reader was per-
formed immediately at the end of the 4 h incubation. Follow-
ing the disassembly of the sandwich plate, exactly 150�L
the solution from the acceptor well and the donor wells were
transferred to disposable UV-transparent plates (supplied by
pION Inc., Woburn, MA, USA). UV absorption (for the
donor plate, acceptor plate and the reference plate containing
100�M test compound) was measured with a SPECTRAMax
190 microplate spectrometer (Molecular Device Corporation,
Sunnyvale, CA, USA) at absorption wavelengths spanning
190–500 nm. This was done to localize theλmax for the indi-
vidual compounds being monitored. After the UV absorption
was measured using the plate reader, the samples from the
donor, acceptor and reference wells were split into two sets
and used for analysis by HPLC-UV and nanoelectrospray.
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ment. Great care was taken to ensure that these comp
ad broad structural diversity, differing physico-chem
roperties and human absorption values from low (∼10%)

o high (>90%) (Table 1). PAMPA permeability studies we
erformed with the marketed compounds being present e
ingly (i.e. one compound per well) or in cassette mode
ultiple compounds per well). For the single mode anal

he 10 test compounds were incubated at 100�M concen-
ration on the donor side. For cassette studies, three
ounds per well were used. Mixture 1 included sulfasalz
ntipyrine and metoprolol. Out of the three compound

his set, sulfasalazine and antipyrine were known to
ow/medium permeability and metoprolol was known to h

able 1
arketed compounds studied

ompound Human absorption (%) MW cloP

ulfasalazine 12 398.4 3.2
orfloxacin 35 319.3 1.5
anitidine 55 314.4 1.3
ydrochlorothiazide 76 297.7 −0.1
etoprofen 76 254.3 2.8
arbamazepine 90 236.3 2.7
ropranolol 90 259.4 3.1
etoprolol 95 267.4 1.8
erapamil 95 454.6 5.0
ntipyrine 97 188.2 0.3

W, molecular weight; PSA, polar surface area; n/a, not available.
a From ACD labs.
b The Caco-2 permeability values were obtained from the internal
cquired Caco-2 cells cultured on 24-well transwell plates for∼21 days. P
.5 and basolateral pH of 7.4 and incubation time of 2 h.
.5. HPLC-UV analysis

PAMPA samples were analyzed using a modified
ion of a generic HLPC method used for the analysi
aco-2 samples[24]. The HPLC system consisted of t
690 Waters separation module and a Waters 996 p
iode array detector (Waters, Milliford, MA). The colum
sed was YMC ODA-AQ 4.6 mm× 150 mm, 3�m particle
aintained at 25◦C and a flow rate of 1 ml/min. The mob
hases used were: (A) 95% water, 5% acetonitrile, 0.1

ri-fluoroacetic acid; and (B) 5% water, 95% acetonit
.115% tri-fluroacetic acid. The initial mobile phase co
osition was 100% A. After injection the composition w

PSA Passive (P), active (A), efflux (E),
paracellular (R)

Caco-2b Pc (nm/s

133.05 P, E 16.0
73.81 P 45.0
79.72 P, R 35.0

131.19 P 16.0
54.92 P n/a
44.27 P 128.0
43.69 P 133.0
55.17 P 120.0
63.51 P, E 148.0
24.30 P, A n/a

l-Myers Squibb research lab studies. The studies were performed u
bility studies were performed using HBSS buffer at 37◦C, with apical pH o
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changed to 95% A and 5% B over 1 min, followed by the
change to 5% A and 95% B over the next 6 min. The system
was maintained at this composition for an additional 7 min,
followed by reverting back to 100% A and equilibrating for
5 min. The total analysis time was∼13 min. Standard curves
were generated by injecting concentrations 0.1–50�M.

2.6. Nanoelectrospray analysis

The NanoMate is an automated nanoelectrospray system
that is compatible with a variety of mass spectrometers. The
combination autosampler and ionization source is shown in
an earlier publication[20]. The microchips are manufactured
from silicon wafers using deep reactive ion etching processes
[25]. The chip consists of nozzles or spray emitters etched
into the planar surface. Each nozzle has an inner diameter of
7�m, an outer diameter of 28�m and a height of 60�m. On
the planar surface, opposite to that of the nozzles, are inlets.
A sample delivery pressure (0.1–0.3 psi) is applied to deliver
the sample to the end of the tip, into the inlet, and through the
through-chip channel. A high voltage is also applied to gen-
erate the nanoelectrospray plume. Each sample is analyzed
with a dedicated pipette tip and a dedicated nozzle, so there
is no possibility of cross-contamination between samples.

For each of the 10 model compounds studied, a four-point
standard curve was prepared. The donor standards were pre-
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iazide,m/z 295.8–268.7; norfloxacin,m/z 320.1–276.0; sul-
fasalazine,m/z 399.0–222.9; ketoprofen,m/z 252.9–208.8;
propranolol,m/z260.1–183.0.

3. Results and discussion

For the nanoelectrospray analysis, a four-point standard
curve was prepared for each of the 10 compounds to verify
that quantitative responses could be obtained from the dilu-
tion preparation. For each compound, the donor and receiver
buffers were spiked with various concentrations of analyte.
Representative ion current profiles are shown for propranolol
in Fig. 1A. The top, middle and bottom rows inFig. 1A show
ion current profiles for the propranolol reference (0 h) sample,
receiver (4 h) sample, and donor (4 h) sample, respectively.
The area underneath these profiles was used to calculate per-
meabilities for the samples and to construct calibration curves
for the standards. The donor curve consisted of four standards
ranging from 25 to 100 ng/ml. A representative calibration
curve obtained for the donor ranitidine samples is shown in
Fig. 1B. The receiver curves consisted of four standards rang-
ing from 0.5 to 50 ng/ml. The calibration curve obtained for
the receiver ranitidine samples is also shown inFig. 1B. The
curves obtained for the remaining nine compounds were sim-
ilar. The percent accuracy for all the standards analyzed for
b nged
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ared in donor buffer at concentrations of 25, 50, 75,
00 ng/mL. The receiver standards were prepared in rec
uffer at concentrations of 0.5, 5, 20, and 50 ng/mL. The s
ard curves were analyzed in parallel with the correspon
AMPA samples, prepared in triplicate, for a total of se
onor samples and seven receiver samples per comp
he reference samples and the cassette screening sa
ere also analyzed in triplicate.
Ten microlitres of PAMPA sample was added to 40�L of

old acetonitrile with 0.1% formic acid. The samples w
rst vortexed and then centrifuged at 13,000 rpm for 20
wenty microlitres was transferred from each sample in
6-well plate. The samples were then analyzed using a N
ate (Advion BioSciences, Ithaca, NY). Two microlitres

ample was aspirated from the 96-well plate and deliver
he ESI Chip. For donor PAMPA samples, the delivery p
ure was 0.3 psi and the spray voltage was 1.4 kV. For rec
amples the delivery pressure was 0.3 psi and the spray
ge was 1.6 kV. The total analysis time was 49 s per sam
aking it amenable to high-throughput permeability stud
All compounds were analyzed in positive ionization mo

xcept for ketoprofen and hydrochlorothiazide, which w
nalyzed in negative mode. The collision energies ra

rom 25 to 40 eV for positive ionization and−11 to−27 eV
or negative ionization. A selected reaction monitoring ex
ment was performed on the samples with a dwell t
f 200 ms and the following transitions were monito

or each: carbamazepine,m/z 237.1–194.0; verapamil,m/z
55.3–303.1; metoprolol,m/z 268.1–191.0; antipyrine,m/z
89.0–104.0; ranitidine,m/z 315.1–175.9; hydrochlorot
.
s

oth donor and receiver samples for all 10 compounds ra
rom 81.1 to 119%. If one of the four standards was a g
utlier, it was eliminated. These preliminary data show

he nanoelectrospray approach provides linear, quanti
esponses. Day to day repeatability and reproducibility
ot been discussed in this paper but was demonstrated e
y the authors[20].

The comparison of permeability values for the 10 m
eted drugs using the three analytical techniques
late reader, HPLC-UV and nanoelectrospray) are show
able 2. The compounds were selected so as to present a
rum of human intestinal absorption values (sulfasalazine
orfloxaxin with low absorption; ranitidine, hydrochloro

azide and ketoprofen with medium absorption; and
emaining compounds with high absorption). From the t
t is evident that the three analytical techniques demonst
imilar trends in permeability values for the compounds f
hese absorption sets (low, medium and high). As expe
ulfasalazine and norfloxacin had very low permeability
es (<20 nm/s) via all analytical techniques. Amongst
igh absorption category, all compounds except antipy
ad very high PAMPA permeability values (>100 nm/s)
ll three techniques. The reason for the under-predictio
ntipyrine permeability might be due to the tentative rol

ransporters as well as the interplay between membrane
osition and fluidity, leading to its increased in vivo abso

ion [26]. Since PAMPA lacks any active transporters
ccounts just for passive permeability, antipyrine gets un
redicted. Similarly, the compounds with medium hum
bsorption values (ranitidine and hydrochlorothiazide) w
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Fig. 1. (A) This figure shows the representative ion current profiles for propranolol. The top row shows ion current profile for the propranolol reference (0 h)
sample. The middle row shows ion current profile for the propranolol receiver (4 h) sample. The bottom row shows ion current profile for the propranolol donor
(4 h) sample. (B) Shows the calibration curves for both ranitidine donor and ranitidine receiver samples. Both curves use a linear regression and 1/x2 weighting.
The open dot represents an outlier that was excluded from the generation of the calibration curve.
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Table 2
Permeability values (mean± S.D.) for the test compounds using the three analytical methods

Compound Human absorption (%) Permeability by UV-plate reader Permeability by HPLC-UV Permeability by nanoelectrospray

Sulfasalazine 12 No detection 0.9± 0.8 2.0± 0.5
Norfloxacin 35 2.0± 1.0 13.0± 8.0 7.5± 1.6
Ranitidine 55 3.0± 1.0 19.0± 5.0 2.0± 0.5
Hydrochlorothiazide 76 2.0± 0.5 7.0± 8.0 2.0± 0.5
Ketoprofen 76 13.1± 6.8 21.0± 0.5 15.1± 1.8
Carbamazepine 90 283.5± 9.8 166.0± 8.0 114.4± 13
Propranolol 90 588.6± 172 190.0± 18 249.1± 40
Metoprolol 95 388.8± 27 266.0± 18 213.3± 38
Verapamil 95 371.6± 137 211.0± 60 244.0± 32
Antipyrine 97 2.0± 1.8 2.0± 0.5 14.3± 6.4

consistently under-predicted, which is not uncommon in any
in vitro permeability assay. Both these compounds have been
reported to interact with transporter proteins[27–30]. How-
ever, as shown inFig. 2A and B, there was a very good
correlation (r2 > 0.9) for the permeability values obtained by
nanoelectrospray and those obtained by UV-plate reader and
HPLC. This indicates a very good agreement between the
novel nanoelectrospray technique and the conventional ana-
lytical techniques, such as UV-plate reader and HPLC, when
dealing with samples from PAMPA experiments.

Though similar permeability values were obtained inde-
pendently by these unique analytical techniques, UV-plate
reader obviously allows for much more rapid sample analysis,
as compared to the HPLC or nanoelectrospray approaches.
However, as shown in theTable 2, the UV-plate reader was
not able to derive the permeability value for sulfasalazine.
Very low amounts of sulfasalazine transport across the lipid
bilayer and make it into the acceptor well, making it unde-
tectable using the UV-plate reader. Both HPLC and nanoelec-
trospray, being more sensitive techniques, detect minuscule
amounts of sulfasalazine in the acceptor well, thus associat-
ing a very low permeability value to it. With regards to the
remaining compounds, permeability values were consistent
across the analytical techniques. For the four high perme-
ability compounds (carbamazepine, propranolol, metoprolol
and verapamil), even though the permeability values were
g was
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t ge).
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Fig. 2. (A) Correlation of PAMPA permeability values obtained for the 10
marketed compounds using the nanoelectrospray vs. the UV-plate reader
technique. Permeability studies were conducted at 100�M concentration at
25◦C for 4 h. Each data point represents mean± S.D. of three repeats. (B)
Correlation of PAMPA permeability values obtained for the 10 marketed
compounds using the nanoelectrospray vs. the HPLC technique. Permeabil-
ity studies were conducted at 100�M concentration at 25◦C for 4 h. Each
data point represents mean± S.D. of three repeats.
reater than 100 nm/s by all three methods, the variability
ignificantly higher by the UV-plate reader method. In c
f UV-plate reader, the permeability values for high abs

ion compounds was 284–589 nm/s (wide dynamic ran
or the nanoelectrospray technique, the permeability v

or high absorption compounds was 114–249 nm/s (narr
ynamic range) and had much lower variability between
ells. Mass balance recovery calculations demonstrate
reater than 85% of the mass was recovered for all the m

est compounds after the PAMPA study.
The recently developed PAMPA permeability model

ddition to the Caco-2 model, is gaining acceptance
ool for predicting the human absorption of test compou
5,6,21,22,31]. To test the predictability of the PAMPA, th
ermeability values (using the nanoelectrospray techn
btained for the model set of compounds was correlated

heir human absorption values.Fig. 3demonstrates that ev
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Fig. 3. Predictability of human absorption values from the PAMPA per-
meability values obtained using the nanoelectrospray analytical technique.
Permeability studies were conducted at 100�M concentration at 25◦C for
4 h. Each data point represents mean permeability values of three repeats.

for the limited set of compounds, there was good predictabil-
ity of human absorption from the PAMPA permeability val-
ues. For the high and low absorption compounds the pre-
dictability was sturdier compared to the medium absorption
compounds, where the steepness of the slope makes the esti-
mation of the human absorption more difficult. Since, Caco-2
is the gold standard for cell-based permeability models for
prediction of human absorption values, the PAMPA perme-
ability values (obtained from the nanoelectrospray technique)
were plotted against the historical Caco-2 data from our lab.
Fig. 4 demonstrates that there was very strong agreement
between the permeability values obtained by the two distinct
in vitro models. Correlation (r2) value of 0.88 was observed
between the two methodologies.
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w tech-
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r

To accelerate drug discovery pharmaceutical profiling,
another recent development has been the use of “cassette”
mode studies[32–34]. This involves the co-incubation of
multiple compounds in a study, either at the experimental
end or the analytical end, so as to increase the through-
put of an assay. PAMPA model, by it very nature (a pure
passive transcellular permeability model devoid of any trans-
porter proteins or paracellular pores), presents an ideal sys-
tem for cassette mode permeability studies. Cassette mode
studies were performed using a three-in-one strategy (i.e.
three compounds per well). Mixture 1 included a mixture
of sulfasalazine, antipyrine and metoprolol. Similarly, mix-
ture 2 contained ranitidine, ketoprofen and verapamil. When
present as drug mixtures, the individual starting donor con-
centration of each compound was 100�M (similar to the
concentration used in the single compound study). As is evi-
dent fromTable 3, when mixtures of compounds were studied
together, UV-plate reader was not able to distinguish unique
peaks for each compound in either the reference plate (where
the three compounds were present at 100�M) or the accep-
tor plate, thus leading to an error in the results. The UV-plate
reader analytical method depends on the identification of a
“unique” compound peak in each sample for the calculation
of permeability values. Therefore, any time more than one
compound is co-incubated the technique would generate an
error and be unable to provide permeability values. HPLC-
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ig. 4. Correlation of historical Caco-2 data for the 10 marketed compo
ith the PAMPA data obtained using the nanoelectrospray analytical
ique. Caco-2 studies were conducted at 200�M concentration at 37◦C for
h, whereas PAMPA permeability studies were conducted at 100�M con-
entration at 25◦C for 4 h. Each data point represents mean± S.D. of three
epeats (only mean for Caco-2 cells).
V method, though a more sensitive method, also su
rom the same drawback. Identification of a unique pea
ach compound in any given sample is critical for the
eability calculations. Using the generic HPLC method u

or discovery profiling within the organization, we could s
essfully generate unique (and non co-eluting) peaks for
f the compounds used in cassette mode studies. Amon
ompounds included in mixture 1, metoprolol and antipy
ad co-eluting peaks (retention times 3.0 and 2.9 min, re

ively) with sulfasalazine having a unique peak at 4.2 m
imilarly, among the compounds included in mixture 2, k
rofen and verapamil had co-eluting peaks (retention t
.0 and 3.9 min, respectively) with ranitidine having a uni
eak at 1.9 min. Ketoprofen and verapamil had some
verlap, but with careful software manipulation, some ha
n peak areas could be achieved for these two compoun
hown in theTable 3, out of the three compounds in mixtu
, only sulfasalazine permeability values could be accur
stimated using HPLC. As in the single study, sulfasala
as demonstrated to have low permeability (<20 nm/s) w
tudied in cassette mode. Due to the lack of unique pea
etoprolol and antipyrine, their permeability values co
ot be estimated. Similarly, in mixture 2, ranitidine was de
ined to have a low permeability in cassette mode (cons
ith its permeability in single mode). Verapamil, desp
f a potentially overlapping peak with ketoprofen, co
e identified as a high permeability (>100 nm/s) compo
he permeability value for ketoprofen could not be relia
stimated in the cassette mode. Thus, out of the six
ounds tested in cassette mode, only three could be accu
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Table 3
Comparison of permeability values (mean± S.D.) obtained from single vs. cassette mode studies

Compound Single mode Cassette mode

Permeability by nanoelectrospray Permeability by UV-plate reader Permeability by HPLC-UV Permeability by nanoelectrospray

Sulfasalazine 2.0± 0.5 Error 1.5± 0.4 2.0± 0.5
Antipyrine 14.3± 6.4 Error Error 2.0± 0.5
Metoprolol 213.3± 38 Error Error 360.2± 22
Ranitidine 2.0± 0.5 Error 9.2± 1.1 4.1± 0.8
Ketoprofen 15.1± 1.8 Error Error n/a
Verapamil 244.0± 32 Error 308.1± 43 583.9± 151

n/a, not available due to sample requirement for negative ionization mode. Cassette mode samples were analyzed in positive ionization mode only.

predicted using HPLC-UV. It is entirely possible that with
appropriate method development, HPLC might be able to
isolate individual unique peaks for test compounds and thus
be capable of handling drug mixtures. But in discovery stage
applications, where one might have compound mixtures with
similar physico-chemical properties, it is possible that liquid
chromatographic separation of individual compounds might
become difficult or even impossible, making the analytical
method inappropriate for handling cassette studies.

The nanoelectrospray mass spectrometry method offers
several benefits over HPLC-UV and UV-plate reader. Most
importantly, mass spectrometry offers a means to measure
analytes based on their mass and thus has the potential to
discriminate all analytes that are not isobaric. This is a signifi-
cant advantage over the HPLC or UV-plate reader techniques,
since it allows for identification and quantitation of the parent
compound independent of its metabolites or other impurities.
In Caco-2 and PAMPA permeability assays, often times the
instability of the test compound could lead to multiple peaks
that would confound the analysis if it is not mass-based. This
mass-based analysis is also, particularly, useful for PAMPA
screening studies, as it provides the opportunity of cassette
screening. Here we have demonstrated that the permeability
of three compounds could be determined from a single sam-
ple. This would not be possible with either the HPLC-UV or
UV-plate reader approach.

tion
w ing
c nt in
a PLC
s of
s d ana
l ns
b use
o esir-
a ion
e van-
t
R dilu-
t pro-
c nano-
e nique
s ano-
e 000

mass spectrometer, which provided the additional benefits of
selectivity. Nanoelectropsray and LC/MS/MS technique both
have their advantages and disadvantages. The primary disad-
vantage of the LC/MS/MS approach is the time-consuming
method development involved. It would be impossible to
develop a single, generic LC method capable of analyzing
all compounds. Specific columns, solvent systems and gra-
dients would need to be identified for compound classes.

As with all analytical techniques, this nanoelectrospray
approach also has some disadvantages. Drawbacks to the
nanoelectrospray method include cost and the need for the
sample to be present in a relatively simple matrix. This is
an infusion approach and without the LC separation, com-
plex matrices such as blood and plasma cannot be analyzed
directly.

There was very good agreement between the permeability
values obtained for the compounds by single mode versus cas-
sette mode (nanoelectrospray technique), with sulfasalazine
identified as a low permeability compound and metoprolol
and verapamil identified as unequivocal high permeability
compounds by both strategies. We conducted three-in-one
studies, however, it is conceivable that the nanoelectrospray
methodology might be capable of handling much higher num-
ber of compounds together in the PAMPA studies. Thus, the
nanoelectrospray technique presents a highly sensitive but at
the same time a very versatile analytical tool that can have
a cess-
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Most often mass spectrometry is used in combina
ith HPLC. HPLC/MS is the industry standard for analyz
omplex mixtures. However, PAMPA samples are prese
relatively simple matrix that does not necessitate H

eparation prior to the MS analysis. A simple infusion
amples into the mass spectrometer is all that is neede
ytically; however, it is highly desirable that the infusio
e performed in an automated manner. Moreover the
f nanoelectrospray ionization versus electrospray is d
ble for this PAMPA analysis due to improved ionizat
fficiency and less matrix suppression, which are both ad

ages inherent to the technique of nanoelectrospray[35].
educed matrix suppression is, particularly, desirable as

ion and centrifugation were the only sample preparation
edures performed. Therefore, chip-based automated
lectrospray mass spectrometry was the analytical tech
elected. The Advion NanoMate provided automated n
lectrospray infusion and it was coupled to a Sciex API 3
-

real impact in handling drug discovery samples. Suc
ul integration of nanoelectrospray technique in the var
creening models presents a potential to enhance the pr
ivity and efficiency of drug discovery organizations.

. Conclusions

This research work presents the novel nanoelectros
echnique as a viable analytical tool for analyzing the exp
ental samples obtained from PAMPA permeability stud
uccessful drug discovery depends on rapid selectio
otential compounds from the plethora of chemicals c

ng from combinatorial chemistry labs. Analytical meth
hat can analyze large number of compounds rapidly
uperior sensitivity and accuracy play a pivotal role in se
ng the right compounds for development. Nanoelectros
as been demonstrated to have the key characteristic
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an analytical method needs to have at the drug discovery
stage: efficient, reproducible, accurate and most importantly
amenable to high-throughput. Successful integration of such
an analytical tool can improve the chances of better drug dis-
covery in the future.
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