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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
PAMPA sample analysis are HPLC-UV, LC/MS or more recently UV-plate reader. The LC techniques, though sturdy and accurate, are often
labor and time intensive and are not ideal for high-throughput. On the other hand, UV-plate reader technique is amenable to high-throughpu
but is not sensitive enough to detect the lower concentrations that are often encountered in early drug discovery work. This article investigate
a novel analytical method, a chip-based automated nanoelectrospray mass spectrometric method for its ability to rapidly analyze PAMP/
permeability samples. The utility and advantages of this novel analytical method is demonstrated by comparing PAMPA permeability values
obtained from nanoelectrospray to those from conventional analytical methods. Ten marketed drugs having a broad range of structural spac
physico-chemical properties and extent of intestinal absorption were selected as test compounds for this investigation. PAMPA permeability
and recovery experiments were conducted with model compounds followed by analysis by UV-plate reader, UV-HPLC as well as the
automated nanoelectrospray technique (nanoESI-MS/MS). There was a very good corrélatibf)(between the results obtained using
nanoelectrospray and the other analytical techniques tested. Moreover, the nanoelectrospray approach presented several advantages
the standard techniques such as higher sensitivity and ability to detect individual compounds in cassette studies, making it an attractiv
high-throughput analytical technique. Thus, it has been demonstrated that nanoelectrospray analysis provides a highly efficient and accura
analytical methodology to analyze PAMPA samples generated in early drug discovery.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of administration for most new chemical entities (NCES)
and marketed drugs. The oral route is preferred by virtue

Despite tremendous innovations in the field of drug deliv- of its convenience, low costs and high patient compliance
ery, the oral route still remains the most preferred route compared to alternate routes. However, compounds intended
for oral administration must have adequate aqueous solu-

Abbreviations: ADME, absorption, distribution, metabolism, elimina- bility and intestinal permeability, in order to achieve ther-
tion; DMSO, di-methyl sulphoxide; IAM, immobilized artificial membrane; ~ apeutic concentrations. Due to the remarkable progress in

LC/MS, liquid chromatography/mass spectrometry; HPLC, high pressure the field of genomics and combinatorial chemistry, synthe-
liquid chromatography; MDCK, mardin darby canine kidney cells; NCE,  sjzing a large number of potential drug candidates is no
new chemical entity; PAMPA, parallel artificial membrane permeability as- ,qar o pottleneck in the drug discovery process. Instead,
say; Pc, permeability in nm/s; P-gp, P-glycoprotein; S.D., standard deviation . . . .
¥ Corresponding author. Tel.: +1 609 252 4401; fax: +1 609 252 6802,  the task of screening compounds simultaneously for biologi-
E-mail addresspraveen.balimane@bms.com (P.V. Balimane). cal activity and biopharmaceutical properties (e.g., solubility,
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permeability/absorption, stability, etc.) has become the major reproducible data has the potential to significantly improve
challenge. This has provided a great impetus within the the throughput of these permeability assays.

pharmaceutical industry to implement appropriate screening  Nanoelectrospray was first developed by Wilm and Mann
models that are high capacity, cost-effective and highly pre- [17,18] The purpose of this study was to demonstrate the use
dictive of in vivo permeability and absorpti¢h—8] of an automated chip-based nanoelectrospray method (Nano-

Transport of drug substances across the intestinal mem-Mate 100M, Advion BioSciences) for analysis of samples
brane is a complex and dynamic process. It includes the generated from PAMPA. This technique has been used for
passage of compounds across various functional pathwaysa variety of different studie§l9], including Caco-2[20],
in parallel. Passive permeability occurs through the cell however, there is no published material demonstrating the
membrane of enterocytes (transcellular) or via the tight application of this new technology to PAMPA permeability
junctions between the enterocytes (paracellular). Carrier- measurements. The chip-based automated nanoelectrospray
mediated transport occurs by the transporter proteins presensystem includes a NanoMate robot that holds a 96-well sam-
in the lipid membranes. Various influx (peptide transporters) ple plate, a rack of 96 pipette tips and an ESI Chip. This
and efflux mechanisms (P-gp) are also known to be functional chip consists of a 18 10 array of nanoelectrospray emitters
in human intestine. To evaluate permeability/absorption of or nozzles. Sample analysis is achieved by a liquid deliv-
drug candidates during the drug candidate selection processery mandrel picking up a pipette tip, aspirating sample and
drug discovery scientists currently employ various techniques then delivering the sample to a nozzle on the ESI ®fip
[1,2,6,9,10] The need to keep up with the compounds com- The nanoelectrospray technique presents a novel analytical
ing from the combinatorial chemistry labs have resulted method that is highly suited for sample analysis in early dis-
in advancements such as in silico approaches, automationgcovery stage. It is efficient, sensitive and reproducible but at
miniaturization and other concerted attempts to increasethe same time amenable to high-throughput, making it a very
the throughput of existing models. The most pervasive pre- attractive tool for integration into the drug discovery cycle.
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 canine2. Experimental
kidney MDCK, artificial lipid based parallel artificial mem-
brane permeability assay (PAMPA or IAM); in situ methods 2.1. Materials and chemicals
(single pass perfusion); and in vivo methods (whole animal
PK studies). Recently, Kansy et §L1] pioneered the util- PAMPA Exploref™M permeability analysis kit was
ity and predictability of the PAMPA as a high-throughput obtained from pION Inc. (Woburn, MA). The 96-well filter
permeability-screening tool in early drug discovery. Coating plates, transport buffers, lipid solution and consumable were
a hydrophobic filter material with a mixture of lecithin and also supplied by plON Inc. The 10 model marketed com-
an inert organic solvent creates an artificial lipid membrane. pounds (antipyrine, ketoprofen, carbamazepine, propranolol,
The extent of permeation through the membrane is measuredanitidine, verapamil, metoprolol, hydrochlorothiazide, nor-
and compared to known extent of drug absorption in humans.floxacin and sulfasalazine) were purchased from Sigma (St.
An excellent correlation was demonstrated between the flux Louis, MO). All other chemicals and organic solvents were
across the PAMPA system and the extent of absorption of aalso obtained from Sigma and other established suppliers.
diverse set of well-characterized drugs in humans. This tech-
nique is much less labor intensive than cell culture orinvivo 2.2. Permeability studies
methods, but appears to have similar predictive power.

However, the utility of any of these methods eventually The permeability method used in these studies was car-
depends on successfully integrating it with a versatile ana- ried out in a 96-well format, a modification of the PAMPA
lytical technique that can handle the samples generated inmethod described in the literatuf#1,21-23] A 96-well
an efficient, accurate and cost-effective manner. Caco-2 andmicrotiter plate and a 96-well filter plate (Millipore, Bed-
PAMPA are, by far, the most popular techniques used for per- ford, MA, USA) were assembled into a “sandwich” such that
meability assessment and there is a very high level of automa-each composite well was separated by ad@bmicro-filter
tion incorporated in their operatigh2—14] It is not uncom- disc (0.45.m pores). The hydrophobic filter material of the
mon to have 100s and even 1000s of compounds assesse#l6-well filter plate was coated with&L of the pION lipid
every week. Even though the experimental front-end is solution and gently shaken to ensure uniform coating. Sub-
extremely streamlined, itis the analytical back-end that some- sequently, the filter plate was placed on the microtiter plate
times becomes the bottleneck. HPLC and LC/MS methods containing 20Q.L of 100.M test compound solution (con-
have been modified and made amenable to high-throughputtaining 1% DMSO), which constituted the donor compart-
butindividual runs are still often multiple minutes in duration ment. The test solution was prepared by dilutieri 00-fold)
[15,16] This leads to the loss of precious discovery time and from a 10 mM stock solution in DMSO using the pION buffer
slows down the capacity of these assays. Any advancementirsolution at pH 7.4, followed by filtration through a 0.2t
analytical techniques that can provide reliable, accurate andpolyvinylidene fluoride (PVDF) 96-well filter plate (Corning
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Costar, Corning, NY, USA). The acceptor wells (i.e. the top high permeability. Similarly, mixture 2 contained ranitidine,
of the wells) of the sandwich were hydrated with 2000f ketoprofen and verapamil. Rantidine and ketoprofen were
the specialized ionic buffer solution. The system was then known to have low/medium permeability and verapamil was
incubated at room temperature for 4h. At the end of the known to have high permeability. When present as drug mix-
incubation time, samples were removed from the receiver tures, the individual starting donor concentration of each
and donor compartment and analyzed by UV-plate reader,compound was 10@M (similar to the concentration used
HPLC-UV as well as nanoelectrospray technology. All the in the single compound study).

permeability studies were performed in triplicates (i.e. three

wells per compound). 2.4. UV-plate reader analysis
The apparent permeability?) was estimated using the _
equation: PAMPA sample analysis by UV-plate reader was per-
formed immediately at the end of the 4 h incubation. Follow-
__Vxdc ing the disassembly of the sandwich plate, exactly 150
T A X CoxdT 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
100pM test compound) was measured witha SPECTRAMax
190 microplate spectrometer (Molecular Device Corporation,
Sunnyvale, CA, USA) at absorption wavelengths spanning
190-500 nm. This was done to localize #max for the indi-

) ] vidual compounds being monitored. After the UV absorption
2.3. Single and cassette mode PAMPA studies was measured using the plate reader, the samples from the
donor, acceptor and reference wells were split into two sets

~Ten marketed compounds were selected to compare theyng ysed for analysis by HPLC-UV and nanoelectrospray.
different analytical techniques following the PAMPA exper-

iment. Great care was taken to ensure that these compoundg 5. HPLC-UV analysis

had broad structural diversity, differing physico-chemical

properties and human absorption values from levit %) PAMPA samples were analyzed using a modified ver-
to high (>90%) Table 1. PAMPA permeability studies were  sion of a generic HLPC method used for the analysis of
performed with the marketed compounds being present eitherCaco-2 samplef24]. The HPLC system consisted of the
singly (i.e. one compound per well) or in cassette mode (i.e. 2690 Waters separation module and a Waters 996 photo-
multiple compounds per well). For the single mode analysis, diode array detector (Waters, Milliford, MA). The column
the 10 test compounds were incubated at 1®Dconcen- used was YMC ODA-AQ 4.6 mmx 150 mm, 3um particle,
tration on the donor side. For cassette studies, three com-maintained at 25C and a flow rate of 1 ml/min. The mobile
pounds per well were used. Mixture 1 included sulfasalzine, phases used were: (A) 95% water, 5% acetonitrile, 0.115%
antipyrine and metoprolol. Out of the three compounds in tri-fluoroacetic acid; and (B) 5% water, 95% acetonitrile,
this set, sulfasalazine and antipyrine were known to have 0.115% tri-fluroacetic acid. The initial mobile phase com-
low/medium permeability and metoprolol was known to have position was 100% A. After injection the composition was

WhereP is the permeability in nm/sy is the volume of
the receiver compartment (0.2 mLA, is the surface area
(0.3cn?), Co is the starting concentration in the donor com-
partment innM or ng/mL (100uM), and dC/dT is the rate of
change of compound concentration piM/s or ng/mL/s, in
the receiver compartment with time.

Table 1
Marketed compounds studied
Compound Human absorption (%) MW cleg PSA Passive (P), active (A), efflux (E), Caco-2 Pc (nm/s)
paracellular (R)
Sulfasalazine 12 398.4 3 13305 P, E 16.0
Norfloxacin 35 319.3 b 7381 P 45.0
Ranitidine 55 314.4 3B 7972 P, R 35.0
Hydrochlorothiazide 76 2977 -01 13119 P 16.0
Ketoprofen 76 254.3 B 5492 P n/a
Carbamazepine 90 236.3 .72 4427 P 128.0
Propranolol 90 259.4 3 4369 P 133.0
Metoprolol 95 267.4 B 5517 P 120.0
Verapamil 95 454.6 5 6351 P, E 148.0
Antipyrine 97 188.2 3 2430 P, A n/a

MW, molecular weight; PSA, polar surface area; n/a, not available.

@ From ACD labs.

b The Caco-2 permeability values were obtained from the internal Bristol-Myers Squibb research lab studies. The studies were performed using ATCC
acquired Caco-2 cells cultured on 24-well transwell platesf2t days. Permeability studies were performed using HBSS buffer<a 3with apical pH of
6.5 and basolateral pH of 7.4 and incubation time of 2 h.
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changed to 95% A and 5% B over 1 min, followed by the iazide,m/z 295.8-268.7; norfloxacimyz 320.1-276.0; sul-
change to 5% A and 95% B over the next 6 min. The system fasalazine/z 399.0-222.9; ketoprofemyz 252.9-208.8;
was maintained at this composition for an additional 7 min, propranolol,m/z260.1-183.0.

followed by reverting back to 100% A and equilibrating for

5 min. The total analysis time wasl3 min. Standard curves

were generated by injecting concentrations 0.1x80 3. Results and discussion

2.6. Nanoelectrospray analysis For the nanoelectrospray analysis, a four-point standard
curve was prepared for each of the 10 compounds to verify
The NanoMate is an automated nanoelectrospray systenthat quantitative responses could be obtained from the dilu-
that is compatible with a variety of mass spectrometers. Thetion preparation. For each compound, the donor and receiver
combination autosampler and ionization source is shown in buffers were spiked with various concentrations of analyte.
an earlier publicatiof20]. The microchips are manufactured Representative ion current profiles are shown for propranolol
from silicon wafers using deep reactive ion etching processesin Fig. 1A. The top, middle and bottom rows ifig. 1A show
[25]. The chip consists of nozzles or spray emitters etched ion current profiles for the propranolol reference (0 h) sample,
into the planar surface. Each nozzle has an inner diameter ofreceiver (4 h) sample, and donor (4 h) sample, respectively.
7 nm, an outer diameter of 28m and a height of 6.m. On The area underneath these profiles was used to calculate per-
the planar surface, opposite to that of the nozzles, are inlets.meabilities for the samples and to construct calibration curves
A sample delivery pressure (0.1-0.3 psi) is applied to deliver for the standards. The donor curve consisted of four standards
the sample to the end of the tip, into the inlet, and through the ranging from 25 to 100 ng/ml. A representative calibration
through-chip channel. A high voltage is also applied to gen- curve obtained for the donor ranitidine samples is shown in
erate the nanoelectrospray plume. Each sample is analyzedFig. 1B. The receiver curves consisted of four standards rang-
with a dedicated pipette tip and a dedicated nozzle, so thereing from 0.5 to 50 ng/ml. The calibration curve obtained for
is no possibility of cross-contamination between samples. the receiver ranitidine samples is also showFim 1B. The
For each of the 10 model compounds studied, a four-point curves obtained for the remaining nine compounds were sim-
standard curve was prepared. The donor standards were preitar. The percent accuracy for all the standards analyzed for
pared in donor buffer at concentrations of 25, 50, 75, and both donor and receiver samples for all 10 compounds ranged
100 ng/mL. The receiver standards were prepared in receiverfrom 81.1 to 119%. If one of the four standards was a gross
buffer at concentrations of 0.5, 5, 20, and 50 ng/mL. The stan- outlier, it was eliminated. These preliminary data show that
dard curves were analyzed in parallel with the corresponding the nanoelectrospray approach provides linear, quantitative
PAMPA samples, prepared in triplicate, for a total of seven responses. Day to day repeatability and reproducibility has
donor samples and seven receiver samples per compoundnot been discussed in this paper but was demonstrated earlier
The reference samples and the cassette screening sampldsy the author$20].
were also analyzed in triplicate. The comparison of permeability values for the 10 mar-
Ten microlitres of PAMPA sample was added topd0of keted drugs using the three analytical techniques (UV-
cold acetonitrile with 0.1% formic acid. The samples were plate reader, HPLC-UV and nanoelectrospray) are shown in
first vortexed and then centrifuged at 13,000 rpm for 20 min. Table 2 The compounds were selected so as to presenta spec-
Twenty microlitres was transferred from each sample into a trum of human intestinal absorption values (sulfasalazine and
96-well plate. The samples were then analyzed using a Nano-norfloxaxin with low absorption; ranitidine, hydrochloroth-
Mate (Advion BioSciences, Ithaca, NY). Two microlitres of iazide and ketoprofen with medium absorption; and the
sample was aspirated from the 96-well plate and delivered toremaining compounds with high absorption). From the table
the ESI Chip. For donor PAMPA samples, the delivery pres- itis evident that the three analytical techniques demonstrated
sure was 0.3 psi and the spray voltage was 1.4 kV. For receiversimilar trends in permeability values for the compounds from
samples the delivery pressure was 0.3 psi and the spray voltthese absorption sets (low, medium and high). As expected,
age was 1.6 kV. The total analysis time was 49 s per sample,sulfasalazine and norfloxacin had very low permeability val-
making it amenable to high-throughput permeability studies. ues (<20 nm/s) via all analytical techniques. Amongst the
Allcompounds were analyzed in positive ionization mode, high absorption category, all compounds except antipyrine
except for ketoprofen and hydrochlorothiazide, which were had very high PAMPA permeability values (>100 nm/s) by
analyzed in negative mode. The collision energies rangedall three techniques. The reason for the under-prediction of
from 25 to 40 eV for positive ionization andll to—27 eV antipyrine permeability might be due to the tentative role of
for negative ionization. A selected reaction monitoring exper- transporters as well as the interplay between membrane com-
iment was performed on the samples with a dwell time position and fluidity, leading to its increased in vivo absorp-
of 200ms and the following transitions were monitored tion [26]. Since PAMPA lacks any active transporters and
for each: carbamazepingyz 237.1-194.0; verapamifyvz accounts just for passive permeability, antipyrine gets under-
455.3-303.1; metoprolohyz 268.1-191.0; antipyringyz predicted. Similarly, the compounds with medium human
189.0-104.0; ranitidinem/z 315.1-175.9; hydrochloroth-  absorption values (ranitidine and hydrochlorothiazide) were
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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 propranol@ (@ferenc
sample. The middle row shows ion current profile for the propranolol receiver (4 h) sample. The bottom row shows ion current profile for the prop@nolol d
(4 h) sample. (B) Shows the calibration curves for both ranitidine donor and ranitidine receiver samples. Both curves use a linear regressiweiginiihty.

The open dot represents an outlier that was excluded from the generation of the calibration curve.
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Table 2

Permeability values (meahS.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 090.8 2.0+ 0.5
Norfloxacin 35 2.6t1.0 13.0+ 8.0 75+ 1.6
Ranitidine 55 3.6t1.0 19.0+ 5.0 2.0+ 0.5
Hydrochlorothiazide 76 2805 7.0+ 8.0 2.0+ 0.5
Ketoprofen 76 13.16.8 21.0+ 0.5 15.1+ 1.8
Carbamazepine 90 283459.8 166.0+ 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 95 371.6137 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 prote[@F—30] How-
ever, as shown irFig. 2A and B, there was a very good

correlation (2> 0.9) for the permeability values obtained by g 885
o

nanoelectrospray and those obtained by UV-plate reader ancz
HPLC. This indicates a very good agreement between the £ 300 |
novel nanoelectrospray technique and the conventional ana- @ I
lytical techniques, such as UV-plate reader and HPLC, when § 250 I
dealing with samples from PAMPA experiments. g
Though similar permeability values were obtained inde- <
pendently by these unique analytical techniques, UV-plate g 150 -
reader obviously allows for much more rapid sample analysis, =
as compared to the HPLC or nanoelectrospray approaches2 1907 o 0s0s
However, as shown in th@&ble 2 the UV-plate reader was % 504 Slope = 0.48
not able to derive the permeability value for sulfasalazine. g
Very low amounts of sulfasalazine transport across the lipid € o -
bilayer and make it into the acceptor well, making it unde- & 0 200 400 600
tectable usipg the UV—pIate.r.eader. Bqth HPLC and nqnoelec—(A) Pasriiaabllity: by UV-plite reatiol (HAVS8G)
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 g 350
remaining compounds, permeability values were consistent % i
across the analytical techniques. For the four high perme- £ T _
ability compounds (carbamazepine, propranolol, metoprolol i 250 L ;
and verapamil), even though the permeability values were §
greater than 100 nm/s by all three methods, the variability was E 2001
significantly higher by the UV-plate reader method. In case § 150
of UV-plate reader, the permeability values for high absorp- &
tion compounds was 284-589 nm/s (wide dynamic range). & 100-
For the nanoelectrospray technique, the permeability values % g 9
for high absorption compounds was 114—-249 nm/s (narrower g g
dynamic range) and had much lower variability between the E 0
wells. Mass balance recovery calculations demonstrated thai g ! g ; y T ;
0 0 50 100 150 200 250 300 350
greater than 85% of the mass was recovered for all the modeI(B) Permeability by HPLC (nm/sec)

test compounds after the PAMPA study.
The recently developed PAMPA permeability model, in rig. 2. (a) Correlation of PAMPA permeability values obtained for the 10
addition to the Caco-2 model, is gaining acceptance as amarketed compounds using the nanoelectrospray vs. the UV-plate reader
tool for predicting the human absorption of test compounds technique. Permeability studies were conducted apI@oncentration at
[5,6,21,22,31] To test the predictability of the PAMPA, the 25°C for_ 4h. Each data point represents meﬁ&D of three repeats. (B)
permeability values (using the nanoelectrospray technique)Correlatlon of PAMPA permeability values obtained for th(ﬂT 10 marketed_
. " ~“/compounds using the nanoelectrospray vs. the HPLC technique. Permeabil-
obtained for the model set of compounds was correlated with ity studies were conducted at 1M concentration at 25C for 4 h. Each

their human absorption valudsig. 3demonstrates that even  data point represents me#rs.D. of three repeats.



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

120 To accelerate drug discovery pharmaceutical profiling,
Antipyrine another recent development has been the use of “cassette”
100 - ./ mode studie§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-

g ; 16 - — ture 2 contained ranitidine, ketoprofen and verapamil. When

B - present as drug mixtures, the individual starting donor con-
ermeability by nanoelectrospray (nm/sec) . .
centration of each compound was 3100 (similar to the
Fig. 3. Predictability of human absorption values from the PAMPA per- CoONcentration used in the single compound study). As is evi-
meability values obtained using the nanoelectrospray analytical technique. dent fromTable 3 when mixtures of compounds were studied
Permeability studies were conducted at §d0 concentration at 25C for together, UV-plate reader was not able to distinguish unique
4 h. Each data point represents mean permeability values of three repeats. peaks for each compound in either the reference plate (where
the three compounds were present at 1B or the accep-

for the limited set of compounds, there was good predictabil- tor plate, thus leading to an error in the results. The UV-plate
ity of human absorption from the PAMPA permeability val- reader analytical method depends on the identification of a
ues. For the high and low absorption compounds the pre-“unique” compound peak in each sample for the calculation
dictability was sturdier compared to the medium absorption of permeability values. Therefore, any time more than one
compounds, where the steepness of the slope makes the esttcompound is co-incubated the technique would generate an
mation of the human absorption more difficult. Since, Caco-2 error and be unable to provide permeability values. HPLC-
is the gold standard for cell-based permeability models for UV method, though a more sensitive method, also suffers
prediction of human absorption values, the PAMPA perme- from the same drawback. Identification of a unique peak for
ability values (obtained from the nanoelectrospray technique) each compound in any given sample is critical for the per-
were plotted against the historical Caco-2 data from our lab. meability calculations. Using the generic HPLC method used
Fig. 4 demonstrates that there was very strong agreementfor discovery profiling within the organization, we could suc-
between the permeability values obtained by the two distinct cessfully generate unique (and non co-eluting) peaks for a few
in vitro models. Correlationrf) value of 0.88 was observed  of the compounds used in cassette mode studies. Among the
between the two methodologies. compounds included in mixture 1, metoprolol and antipyrine
had co-eluting peaks (retention times 3.0 and 2.9 min, respec-
tively) with sulfasalazine having a unique peak at 4.2 min.
Similarly, among the compounds included in mixture 2, keto-
profen and verapamil had co-eluting peaks (retention times
4.0 and 3.9 min, respectively) with ranitidine having a unique
peak at 1.9 min. Ketoprofen and verapamil had some peak
overlap, but with careful software manipulation, some handle
on peak areas could be achieved for these two compounds. As
shown in theTable 3 out of the three compounds in mixture
1, only sulfasalazine permeability values could be accurately
estimated using HPLC. As in the single study, sulfasalazine
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was demonstrated to have low permeability (<20 nm/s) when

Al . studied in cassette mode. Due to the lack of unique peaks for
0 , , , ‘ . { . metoprolol and antipyrine, their permeability values could
o 50 100 150 200 250 300 350 not be estimated. Similarly, in mixture 2, ranitidine was deter-

Permeability by nanoelectrospray (nm/sec) mined to have alow permeability in cassette mode (consistent

with its permeability in single mode). Verapamil, despite
Fig. 4. Correlation of historical Caco-2 data for the 10 marketed compounds of a potentially overlapping peak with ketoprofen, could
with the PAMPA data obtained using the nanoelectrospray analytical tech- be identified as a high permeability (>100 nm/s) compound.
nique. Caco-2 studies were conducted at20concentration at 37C for o .
2 h, whereas PAMPA permeability studies were conducted apM@on- Th? perme.ablllty value for ketOprOfen could not be r?"ably
centration at 25C for 4 h. Each data point represents mez®.D. of three estimated in the cassette mode. Thus, out of the six com-

repeats (only mean for Caco-2 cells). pounds tested in cassette mode, only three could be accurately
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Table 3
Comparison of permeability values (mear$.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.& 05 Error 1504 2.0£0.5
Antipyrine 143+ 6.4 Error Error 2.6t0.5
Metoprolol 213.3+ 38 Error Error 360.222
Ranitidine 2.0+ 05 Error 9.2+11 4.1+0.8
Ketoprofen 151+ 1.8 Error Error n/a
Verapamil 244.0t 32 Error 308.143 583.9+ 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 mass spectrometer, which provided the additional benefits of
appropriate method development, HPLC might be able to selectivity. Nanoelectropsray and LC/MS/MS technique both
isolate individual unique peaks for test compounds and thus have their advantages and disadvantages. The primary disad-
be capable of handling drug mixtures. But in discovery stage vantage of the LC/MS/MS approach is the time-consuming
applications, where one might have compound mixtures with method development involved. It would be impossible to
similar physico-chemical properties, it is possible that liquid develop a single, generic LC method capable of analyzing
chromatographic separation of individual compounds might all compounds. Specific columns, solvent systems and gra-
become difficult or even impossible, making the analytical dients would need to be identified for compound classes.
method inappropriate for handling cassette studies. As with all analytical techniques, this nanoelectrospray
The nanoelectrospray mass spectrometry method offersapproach also has some disadvantages. Drawbacks to the
several benefits over HPLC-UV and UV-plate reader. Most nanoelectrospray method include cost and the need for the
importantly, mass spectrometry offers a means to measuresample to be present in a relatively simple matrix. This is
analytes based on their mass and thus has the potential t@n infusion approach and without the LC separation, com-
discriminate all analytes that are notisobaric. Thisis a signifi- plex matrices such as blood and plasma cannot be analyzed
cant advantage over the HPLC or UV-plate reader techniquesdirectly.
since it allows for identification and quantitation of the parent ~ There was very good agreement between the permeability
compound independent of its metabolites or other impurities. values obtained for the compounds by single mode versus cas-
In Caco-2 and PAMPA permeability assays, often times the sette mode (nanoelectrospray technique), with sulfasalazine
instability of the test compound could lead to multiple peaks identified as a low permeability compound and metoprolol
that would confound the analysis if it is not mass-based. This and verapamil identified as unequivocal high permeability
mass-based analysis is also, particularly, useful for PAMPA compounds by both strategies. We conducted three-in-one
screening studies, as it provides the opportunity of cassettestudies, however, it is conceivable that the nanoelectrospray
screening. Here we have demonstrated that the permeabilitymethodology might be capable of handling much higher num-
of three compounds could be determined from a single sam-ber of compounds together in the PAMPA studies. Thus, the
ple. This would not be possible with either the HPLC-UV or nanoelectrospray technique presents a highly sensitive but at
UV-plate reader approach. the same time a very versatile analytical tool that can have
Most often mass spectrometry is used in combination a real impact in handling drug discovery samples. Success-
with HPLC. HPLC/MS is the industry standard for analyzing ful integration of nanoelectrospray technique in the various
complex mixtures. However, PAMPA samples are present in screening models presents a potential to enhance the produc-
a relatively simple matrix that does not necessitate HPLC tivity and efficiency of drug discovery organizations.
separation prior to the MS analysis. A simple infusion of
samples into the mass spectrometer is all that is needed ana-
lytically; however, it is highly desirable that the infusions 4. Conclusions
be performed in an automated manner. Moreover the use
of nanoelectrospray ionization versus electrospray is desir-  This research work presents the novel nanoelectrospray
able for this PAMPA analysis due to improved ionization technique as a viable analytical tool for analyzing the experi-
efficiency and less matrix suppression, which are both advan-mental samples obtained from PAMPA permeability studies.
tages inherent to the technique of nanoelectrossay. Successful drug discovery depends on rapid selection of
Reduced matrix suppression s, particularly, desirable as dilu- potential compounds from the plethora of chemicals com-
tion and centrifugation were the only sample preparation pro- ing from combinatorial chemistry labs. Analytical methods
cedures performed. Therefore, chip-based automated nanothat can analyze large number of compounds rapidly with
electrospray mass spectrometry was the analytical techniquesuperior sensitivity and accuracy play a pivotal role in select-
selected. The Advion NanoMate provided automated nano-ing the right compounds for development. Nanoelectrospray
electrospray infusion and it was coupled to a Sciex API 3000 has been demonstrated to have the key characteristics that
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