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Abstract

Plasma stability plays an important role in drug discovery and development. Unstable compounds tend to have rapid clearance
and short half-life, resulting in poor in vivo performance. This paper examines the variables that affect the plasma stability assay
results, including substrate concentration, %DMSO, plasma concentration, enzyme activity upon incubation and batch variation.
The results show that plasma stability can accommodate a wide range of experimental conditions. Relatively minor differences
in results are produced with major differences in conditions. Significant batch-to-batch variations were observed for rat plasma.
We selected the following conditions: 1�M substrate concentration, 2.5% DMSO, and 50% dilution of plasma in pH 7.4 buffer.
Plasma stability can be used as a diagnostic assay when compounds are unexpectedly rapidly cleared, as a special assay when
structural classes contain groups that may be susceptible to plasma enzyme hydrolysis, or as general screen for compounds if
resources are available. Plasma stability assay has many applications in drug discovery: to alert teams to labile structural motifs,
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o prioritize compounds for in vivo studies and to screen prodrugs and antedrugs.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Stability of drug candidates in plasma is essen-
ial for maintaining acceptable drug concentration and
alf-life in order to achieve desirable pharmacolog-

cal effects. Compounds that are unstable in plasma
end to have rapid clearance, short half-life and poor in
ivo performance. Furthermore, they cause difficulties
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for pharmacokinetic (PK) studies, because the c
pounds will continue to degrade even after the b
samples were taken from the animals. The PK s
standards in plasma need to be prepared in the
ence of hydrolyase inhibitors. Circulating hydroly
metabolites complicate and slow down the drug de
opment processes. Pharmaceutical companies te
not advance compounds that rapidly degrade in pla
with the exception of prodrugs, antedrugs and sp
cases. Screening of plasma stability provides usefu
formation to prioritize compounds for in vivo stud
and to alert researchers to the potential liabilitie
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key pharmacophores, so that structural modifications
can be applied to improve stability (Borthwick et al.,
2002, 2003; Breitenlechner et al., 2004). Furthermore,
plasma stability is very useful for screening of prodrugs
and antedrugs, where rapid conversion in plasma is de-
sirable (Ettmayer et al., 2004; Sawa et al., 2002).

Several methods for plasma stability have been de-
veloped with an emphasis on improving efficiency of
sample preparation and analysis, such as direct injec-
tion of plasma samples using LC–MS–MS with re-
stricted access HPLC columns (Wang et al., 2002;
Wang and Hsieh Yunsheng, 2002), an automated col-
umn switching HPLC method (Peng et al., 1999) and
robotic sample preparation (Linget and du Vignaud,
1999). However, the literature procedures for plasma
stability are quite diverse. There is a wide range of ex-
perimental conditions that are being used among dif-
ferent laboratories (Pop et al., 1999; Rautio et al., 1998;
Kim et al., 2001; Udata et al., 1999; Nomeir et al., 1998;
Greenwald et al., 2004; Geraldine and Jordan, 1998).
For example, sample concentration in plasma varied
more than 1000-fold from 3�M to 6 mM (Pop et al.,
1999; Rautio et al., 1998; Kim et al., 2001; Udata et
al., 1999; Nomeir et al., 1998). The percent of organic
solvent varied from 0 to 5% (Kim et al., 2001; Udata
et al., 1999; Greenwald et al., 2004). Some laborato-
ries remove all the organic solvent before adding the
plasma and others add organic stock solutions directly
into plasma. For plasma concentration, some labora-
tories use 100% concentration and others dilute the
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from Aldrich and Sigma Chemical Co. (St. Louis,
MO), Fluka (Ronkonkoma, NY), and Wyeth com-
pounds were obtained from Wyeth Research (Prince-
ton, NJ). Sprague Dawley male rat plasma was hep-
arinized and filtered (Bioreclamation Inc., Hicksville,
NY).

2.2. Instrumentation and software

A Packard MultiprobeTM II EX HT (eight probes)
robot with WinPrepTM software was used for sample
preparation (PerkinElmer, Downers Grove, IL). The
HPLC system was an HP1100 with PDA detector (Ag-
ilent Technologies, Piscataway, NJ). The mass spec-
trometer was a Waters ZQ (Waters, Milford, MA). In-
struments were controlled by Masslynx software (Wa-
ters, Version 4.0).

2.3. HPLC conditions

Column: Aquasil C18, 50 mm× 2.1 mm, 5�m
(Thermo, Bellefonte, PA).
Mobile phase: A = 0.1% formic acid in water;
B = 0.1% formic acid in acetonitrile.

Time (min) Gradient

(%) A (%) B

0 100 0
2.5 10 90
4
4
5
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lasma with buffer to various concentrations (80–3
efore it is used (Rautio et al., 1998; Geraldine a
ordan, 1998). It is not clear how these drastically d
erent conditions affect the results for plasma sta
ty assays. In this study, we investigated the varia
hat affect the assay results, including substrate con
ration, %DMSO, plasma concentration, and pla
atch-to-batch variation. Possible applications of
lasma stability in drug discovery were investiga
nd are reported.

. Experimental

.1. Materials

All reagents used were of the highest grade c
ercially available. The test compounds were obta
.0 10 90

.1 100 0

.5 100 0

Flow rate: 0.8 mL/min, split 0.2 mL/min to MS,
Detection: ESI+, SIM,
Injection: 20�L,
Column temp.: ambient.

.4. Stability procedure investigation

.4.1. Effect of substrate concentration
Compounds were dissolved in DMSO to the c

entrations of 40, 80, 200, 400, 600 and 800�M
nd 100�L were added to the shallow 96-well pla
350�L, polypropylene, Corning Incorporated, Co
ng, NY). This sample stock plate was placed on
obotic deck. The robot delivered 195�L of rat plasma
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Table 1
Dilution protocol for the study of DMSO effect

Final DMSO
in assay (%)

200�M sample
stock (�L)

DMSO
(�L)

PBS pH 7.4
(�L)

0.5 25 0 975
1 25 25 950
2.5 25 100 875
5 25 225 750

10 25 475 500
20 25 975 0

and 5�L of sample stock to deep 96-well plates (1 mL
polypropylene, Corning Incorporated, Corning, NY) to
produce final compound concentrations of 1–20�M.
All the plasma was centrifuged at 3000 rpm for 10 min
at 10◦C to remove particulates before use. The plate
was sealed with a plate mat (National Scientific Com-
pany, Duluth, GA), vortexed and placed on a 37◦C
shaker (Armalab, Bethesda, MD) and shaken gently for
3 h. At the end of the incubation, 600�L of cold ace-
tonitrile were added to each well to stop the reaction.
The solution was mixed and centrifuged at 3000 rpm
for 15 min. The supernatant (400�L) was transferred to
a deep 96-well plate for LC–MS analysis. For the time
0 plate, samples were quenched with cold acetonitrile
right after mixing with plasma.

2.4.2. Effect of DMSO
Compounds were dissolved in DMSO to 200�M

and then diluted to a concentration of 5�M, according
to Table 1, with the appropriate amount of DMSO and
phosphate-buffered saline (PBS pH 7.4, isotonic, In-
vitrogen Corporation, CA). Two-hundred microlitres
of each compound solution were added to the shal-
low 96-well plate. The robot delivered 160�L of rat
plasma and 40�L of the different 5�M sample stocks
having different percentages of DMSO, to the deep 96-
well plate. The plate was sealed, vortexed and placed
on a 37◦C shaker and shaken gently for 3 h. At the
end of the incubation, 600�L of cold acetonitrile were
added to the wells to stop the reaction. The solution was
m su-
p ell
p
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to 0, 20, 40, 50, 60, 80 and 100% plasma. The robot
delivered 195�L of each of these diluted rat plasmas
and 5�L of sample stock to deep 96-well plates. The
plate was sealed, vortexed and placed on a 37◦C shaker
and shaken gently for 3 h. At the end of the incuba-
tion, 600�L of cold acetonitrile were added to the
wells to stop the reaction. The solution was mixed and
centrifuged at 3000 rpm for 15 min. The supernatant
(400�L) was transferred to a deep 96-well plate for
LC–MS analysis.

2.4.4. Effect of incubation time on plasma enzyme
activity

Male rat plasma was incubated at 37◦C for 0,
1, 3, 6, 9 and 22 h before the assay. This batch of
plasma was different than those used in the previ-
ous studies. Samples were dissolved at a concentra-
tion of 40�M in DMSO. The pre-incubated plasma
was diluted with PBS (pH 7.4) with a 1:1 ratio. The
robot delivered 195�L of each of these diluted rat
plasmas from different batches and 5�L of sample
stock to deep 96-well plates. The plate was sealed,
vortexed and placed on a 37◦C shaker and shaken
gently for 3 h. At the end of the incubation, 600�L
of cold acetonitrile were added to the wells to stop
the reaction. The solution was mixed and centrifuged
at 3000 rpm for 15 min. The supernatant (400�L)
was transferred to a deep 96-well plate for LC–MS
analysis.
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ixed and centrifuged at 3000 rpm for 15 min. The
ernatant (400�L) was transferred to a deep 96-w
late for LC–MS analysis.

.4.3. Effect of plasma concentration
Samples are dissolved at a concentration of 40�M

n DMSO. Rat plasma was diluted with PBS (pH 7
2.4.5. Batch-to-batch variation of rat plasma
Samples are dissolved at a concentration of 40�M

in DMSO. Male rat plasma of different batches fr
the same vendor was diluted with PBS (pH 7.4) w
a 1:1 ratio. The study proceeded as described in
above section on effect of incubation time on plas
enzyme activity.

3. Results and discussions

Eight commercial drugs with various plasma sta
ities were selected for method development. The s
tures of the eight test compounds are shown inFig. 1.
The compounds all contain ester or amide functio
groups that are susceptible to hydrolysis by pla
enzymes.
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Fig. 1. Structures of the eight test compounds.

3.1. Method development

The effect of substrate concentration on plasma sta-
bility was explored at the concentrations of 1, 2, 5,
10, 15 and 20�M. The results are shown inFig. 2.

There is no significant difference in % remaining for
most of the compounds over the concentration range
of 1–20�M. The results suggest that drug stability
in plasma was not sensitive to drug concentration
up to 20�M and plasma enzymes had high catalytic

Fig. 2. Effect of substrate concentration on plasma stability. Experimental conditions: DMSO, 2.5%; plasma concentration, 100%; incubation
time, 3 h.
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Fig. 3. Effect of DMSO on plasma stability. Experimental conditions: substrate concentration, 1�M; plasma concentration, 80%; incubation
time, 3 h.

capacity. This is quite different than microsomal sta-
bility, where CYP450 enzymes were easily saturated
and give a higher % remaining at higher substrate
concentration (Di et al., 2003). Saturation of plasma
enzymes was previously observed at 100�g/mL sub-
strate concentration (Nomeir et al., 1998). Two com-
pounds (piperocaine and benfluorex) showed a slight
decrease in stability with increasing substrate concen-
tration. This could potentially be due to plasma pro-
tein binding. At higher concentration, more free drug
is available for enzyme hydrolysis, resulting in lower %
remaining. In practice, the selection of substrate con-
centration should reflect in vivo drug concentration at
low �M concentration. For this reason, we selected
1�M as the assay concentration in our final method.

The effect of %DMSO on plasma stability is shown
in Fig. 3, with %DMSO varying from 0.5 to 20%.
Most compounds did not show significant changes up
to 2.5% DMSO, which is quite a contrast to CYP450
metabolism by microsomes (Di et al., 2003; Busby
et al., 1999; Chauret et al., 1998). At high %DMSO,
compounds showed higher % remaining than at low
%DMSO. This could potentially be due to denatur-
ing of the plasma enzymes resulting in a decrease in
enzyme activity. Benfluorex showed decreasing % re-
maining with increasing in %DMSO, even at 20% of
DMSO. This could potentially be due to decrease in
plasma protein binding. DMSO could release more

bound drug to increase the free drug concentration
for enzymatic hydrolysis. Diltiazem has an interest-
ing profile. The % remaining decreases with increas-
ing %DMSO up to 5% and then increases as DMSO
increases to 20%. This effect could potentially result
from the combination of decreasing protein binding and
decreasing enzyme activity with increasing %DMSO.
A %DMSO of 2.5% was selected for our final method.

The effect of plasma concentration on plasma sta-
bility is shown inFig. 4. The plasma percentages in
buffer in this study were: 100, 80, 60, 50, 40, 20 and
0%. The results showed that plasma concentration did
not significantly impact hydrolytic rate of the com-
pounds down to 40–20% plasma. This, again, suggests
that plasma enzymes have high catalytic capacity. Sev-
eral compounds showed significant degradation in the
pH 7.4 buffer controls without any enzymes (vinpoce-
tine and benfluorex). Both chemical and enzymatic hy-
drolysis must, therefore, contribute to degradation of
these compounds. It has been reported previously that
plasma pH increased to pH 8–9 during long-term stor-
age. It is advisable to dilute plasma with pH 7.4 buffer
to adjust the pH to 7.4, so that stability results are not
complicated by the pH effect (Stella, 2005). Further-
more, dilution of plasma reduces viscosity, increases
pipetting accuracy, and reduces the cost and animal
use. Therefore, 50% plasma in buffer was selected for
the method.
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Fig. 4. Effect of plasma concentration on plasma stability. Experimental conditions: substrate concentration, 1�M; DMSO, 2.5%; incubation
time, 3 h.

Fig. 5. Effect of incubation time on plasma enzyme activity to plasma stability. Experimental conditions: substrate concentration, 1�M; DMSO,
2.5%; plasma concentration, 50%; incubation time, 3 h.

The effect of incubation time on enzyme activity to
plasma stability is shown inFig. 5. There is no signif-
icant loss of enzyme activity to plasma stability even
after 22 h incubation at 37◦C. This is quite a contrast
to the CYP450 enzymes. The robustness of the plasma
enzymes allows a long incubation time to be used for
monitoring slow degradation processes.

The final assay conditions for plasma stability are
shown in Table 2 for screening in drug discovery.

Table 2
Final assay conditions for plasma stability

Assay parameters Conditions

Sample concentration 1�M
Plasma concentration 50% in pH 7.4 buffer
%DMSO 2.5%
Incubation time at 37◦C 3 h
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Fig. 6. Results of QC standards on different assay plates.

The 3-h time point is selected for screening to cover
the predicted time period used in typical drug discov-
ery settings (6 h study), since the maximum predic-
tive half-life is 6 h based on a 3-h incubation (Di et
al., 2004). The results of some QC standards for ex-
periments are shown inFig. 6, representing experi-
ments performed on different days with the same batch
of plasma. The assay is quite reproducible. Typically
three QC standards with different stabilities are used
to monitor the performance of the assay each time it
is run.

Results of batch-to-batch variation for plasma sta-
bility are shown inTable 3with five different batches
of male rat plasma. Significant batch variation was
observed and it was compound dependent. The most
pronounced effects were noted for diltiazem, pipero-
caine, vinpocetine and benfluorex with twofold to 20-
fold difference in percent remaining due to different
batches of plasma. This indicates that careful quality
control is essential in order to generate meaningful and
consistent results. Plasma batch variability could po-
tentially be due to different expression levels of hy-

Table 3
Batch-to-batch variation on plasma stability

Compounds Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

Diltiazem 28 8 22 20 10
Albendazole 86 97 97 94 90
Piperocaine 42 11 7 7 2
V
P
P
D
B

drolytic enzymes between individual animals. Certain
compounds appear to be more sensitive to the partic-
ular enzymes that have the greatest variability among
the individual animals resulting in their large variabil-
ity. This could significantly impact compound rank-
ing for discovery projects, in which assays are con-
ducted over a long period of time, and different plasma
batches are used. To minimize the effect of batch vari-
ability when switching to new plasma batch, selected
compounds from the same project are tested again
to reestablish the ranking scale. Alternatively, a large
batch of plasma can be purchased for use over a long
period of time in order to alleviate the impact of batch
variability.

3.2. Applications of plasma stability in drug
discovery

Compounds with certain functional groups are more
susceptible to hydrolysis by plasma enzymes than
others. These include esters, amides, lactones, lac-
tams, carbamides, sulfonamides and peptide mimet-
ics. The plasma stability assay is designed to focus
on these classes of compounds. It is commonly used
as a secondary assay for special structural classes and
not as a primary screening tool for all the discovery
compounds. Due to species differences, screening of
plasma stability in the most relevant animal species pro-
vides useful information for discovery teams. Plasma
stability is an important member of the stability-profile
f o-
s
i
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v eries
inpocetine 4 3 8 10 11
oldine 69 65 64 64 33
ropantheline 65 64 61 53 53
imethoxanate 69 62 64 61 63
enfluorex 23 6 3 2 1
or drug discovery (Fig. 7), which encompass micr
omal stability (Di et al., 2003, 2004), buffer stabil-
ty (Di et al., 2005) and others (Kerns and Di, 2004).
arly screening of stability and other pharmaceu
roperties provides important information for disc
ry teams to modify structures, diagnose in vitro

n vivo assay results and enhance the overall qu
f development candidates (Kerns and Di, 2003; D
nd Kerns, 2003; Kerns, 2001). The following are ex
mples of the applications of plasma stability in d
iscovery.

.2.1. Application 1: provide early alert for
lasma-labile structural motifs

In this example, a discovery team was develop
wo series (A and B inFig. 8) with almost the sam
mount of resources. The plasma stability study
ealed that Series A was stable in plasma, but S
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Fig. 7. Stability profiles in drug discovery.

B showed rapid degradation. Based on this informa-
tion, the team decided to terminate the sulfone se-
ries and focused their efforts on the sulfide series.
This example showed that plasma stability could be
used to redirect synthetic efforts to the more promising
series.

3.2.2. Application 2: prioritize compounds for in
vivo animal studies

In this example, the team needed to select 20 out of
200 compounds for in vivo animal studies. The prop-
erties of the 200 compounds were very similar, which
made selection difficult. However, the plasma stability
of the compounds was very different (Fig. 9). By using
the plasma stability information along with potency,
structural diversity and other pharmaceutical proper-
ties, the team was able to select 20 compounds for in
vivo animal studies.

Fig. 8. Application of plasma stability in selecting compound se-
ries. Compound series A is stable in rat plasma. Compound series B
r eries.

3.2.3. Application 3: screening of prodrugs
Plasma stability can be used to profile prodrugs. In

this example, the team had made many different kinds
of diester prodrugs to improve permeability and op-
timize oral bioavailability of the compound. Plasma
stability of the prodrugs was studied. The results are
shown inTable 4. Compound 1 was too stable in plasma
to be a useful prodrug. There was no conversion in 24 h.
Compound 6 was stable in gastric intestinal fluid but
rapidly converted to diacid in plasma, thus it had a fa-
vorable prodrug profile. The compound was advanced
to predevelopment.

3.2.4. Application 4: identification of hydrolytic
products

In this example, the compound contains two car-
bamides in the molecule (Fig. 10). The team wanted

Table 4
Screening of diester prodrugs

Prodrugs Diester at
3 h (%)

Monoester at
3 h (%)

Diacid at
3 h (%)

Wyeth 1 100 0 0
Wyeth 2 0.0 57.3 42.7
Wyeth 3 0.0 76.7 23.4
Wyeth 4 0.0 77.7 22.3
Wyeth 5 0.0 34.9 65.2
Wyeth 6 0.0 10.4 89.6
Wyeth 7 0.0 0.3 99.8

Percent of ester observed after a 3 h incubation in rat plasma.

apidly degrades in plasma and resulted in termination of the s
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Fig. 9. Application of plasma stability in prioritizing compounds for in vivo animal studies. Relative plasma stability varied widely for these 24
representative compounds from the set of 200.

Fig. 10. Identification of hydrolytic products for plasma stability.

to find out the hydrolytic products of the compound
so that modifications could be made to enhance sta-
bility. The degradation product of the plasma reaction
of the compound was identified using LC–MS. The
terminal carbamide was not stable, but the cyclic car-
bamide was stable. This type of information is very
helpful for the team to optimize the stability of the
compound.

4. Conclusions

Plasma stability is a very forgiving assay. It can ac-
commodate a wide range of experimental conditions.
Optimum method conditions were developed. Plasma
stability has many applications in drug discovery: to
alert teams to labile structural groups, to prioritize com-
pounds for in vivo studies and to screen prodrugs and
antedrugs.
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