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a b s t r a c t

An LC–MS/MS method was developed and validated to quantify endogenous cyclic guanosine 3′,5′-
monophosphate (cGMP) in human plasma. The LC–MS/MS and competitive enzyme immunoassay (EIA)
assays were compared. cGMP concentrations of 20 human plasma samples were measured by both meth-
ods. For the MS-based assay, plasma samples were subjected to a simple protein precipitation procedure
by acetonitrile prior to analysis by electrospray ionization LC–MS/MS. De-protonated analytes gener-
ated in negative ionization mode were monitored through multiple reaction monitoring (MRM). A stable
isotope-labeled internal standard, 13C10,15N5-cGMP, which was biosynthesized in-house, was used in the
LC–MS/MS method. The competitive EIA was validated using a commercially available cGMP fluorescence
assay kit. The intra-assay accuracy and precision for MS-based assay for cGMP were 6–10.1% CV and −3.6%
to 7.3% relative error (RE), respectively, while inter-assay precision and accuracy were 5.6–8.1% CV and
−2.1% to 6.3% RE, respectively. The intra-assay accuracy and precision for EIA were 17.9–27.1% CV and
−4.9% to 24.5% RE, respectively, while inter-assay precision and accuracy were 15.1–39.5% CV and −30.8%
to 4.37% RE, respectively. Near the lower limits of detection, there was little correlation between the
cGMP concentration values in human plasma generated by these two methods (R2 = 0.197, P = 0.05). Over-

all, the MS-based assay offered better selectivity, recovery, precision and accuracy over a linear range of
0.5–20 ng/mL. The LC–MS/MS method provides an effective tool for the quantitation of cGMP to support
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clinical mechanistic studi

. Introduction

The nucleotide cyclic guanosine 3′,5′-monophosphate (cGMP) is
n intracellular second messenger that plays a key role in mediat-
ng cellular responses to various hormones and neurotransmitters
1–3]. Levels of cGMP are tightly regulated at the level of both its
ynthesis by guanylate cyclase (GC) and its degradation by cyclic
ucleotide phosphodiesterases (PDEs). PDEs consist of 11 families
ith over 60 isoforms [4,5], and they are regarded as potential tar-
ets for new drug development opportunities spanning multiple
ndications. Inhibition of the PDE isoenzymes causes an increase in
ntracellular cGMP concentration, which could be potentially linked
o therapeutic effects. Hence, cGMP could serve as a mechanistic

∗ Corresponding authors. Tel.: +1 860 686 9301; fax: +1 860 686 1060.
∗∗ Corresponding authors.

E-mail address: jenny.y.zhang@Pfizer.com (Y. Zhang).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2008.12.063
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biomarker for the pharmacological inhibition of PDEs by specific
chemical entities [6,7], and the accurate measurement of its con-
centration could help to understand the underlying mechanisms
and possibility of therapeutic interventions.

For a clinical biomarker study, the goal is to apply an analyt-
ical method that is capable of generating precise and accurate
data for critical decision-making [8,9]. When multiple assays or
platforms are available, a suitable bioanalytical method must be
identified and selected before clinical studies are undertaken. The
method of choice is dependent upon whether it adequately per-
forms with respect to sensitivity, accuracy, precision, selectivity,
dynamic range, robustness, and sample integrity in the biological
matrix [9]. Based upon our in-house preclinical data, the window of

cGMP modulation by PDE inhibitors is known to be narrow, yet sta-
tistically significant. Therefore, in order to confidently distinguish
cGMP levels between those of a control population and various
drug-treated populations, the use of an analytical technique that
provides high precision and accuracy is essential.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jenny.y.zhang@Pfizer.com
dx.doi.org/10.1016/j.jchromb.2008.12.063
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A number of analytical methods, including radioimmunoassay
RIA) [10], non-isotopic immunoassays based on the enzyme-
inked immunosorbent assay (ELISA) [11–13], fluorescent detection
14,15], HPLC [16], and mass spectrometry [17,18], have been
eported for the measurement of cGMP in various biological
atrices. Among them, the ELISA assay in a competitive enzyme

mmunoassay (EIA) format is the most commonly used quantita-
ive procedure for measurement of cGMP. The method is based
n the competition of endogenous cGMP and horseradish peroxi-
ase (HRP)-conjugated cGMP for binding to an anti-cGMP antibody
oated onto microtiter plates. EIA methods have demonstrated
igh sensitivity and throughput capacity for the quantification of
ellular antigens with minimum sample handling [12,19]. How-
ver, there are limitations associated with them. The cost of an
IA kit is relatively high, making large-scale clinical sample analy-
es expensive, especially if further extraction or dilution steps are
nvolved in the sample preparation procedures. Furthermore, some
IA kits or methods lack sufficient specificity. Considering that other
tructurally similar nucleotides exist in human plasma, EIAs may
ot provide specificity sufficient for the determination of cGMP if

mmunological cross-reactions occur. Additionally, our preclinical
ata have demonstrated that EIAs are subject to matrix interference,

eading to lower precision and accuracy when measuring cGMP in
everal biological samples.

Liquid chromatography–tandem mass spectrometry (LC–
S/MS) is a viable technology for the determination of cGMP due

o its specificity, reproducibility and sensitivity. LC–MS/MS is highly
pecific, thus minimizing interferences from other nucleotides. The
reater specificity of LC–MS/MS is derived from analyte specific
recursor to product ion mass-to-charge (m/z) values and/or
nalyte specific retention time. Additionally, the precision and
ccuracy of the LC–MS/MS assay can be significantly improved if
synthetic stable isotope-labeled internal standard is utilized for

he sample preparation procedure [7,20–22]. LC–MS/MS methods
ave been previously reported to measure cGMP levels in various
iological samples [17,18,23]. Sample pre-treatments performed
sing these methods, however, were excessive compared to
he assay described here. The use of tetrabutylammonium bro-

ide as an ion-pairing agent in these methods is less favorable
ue to its high background contribution and potential source
ontamination.

The aim of the present study was to develop and validate a
apid, simple, reliable and reproducible LC–MS/MS assay for the

etermination of cGMP in human plasma, and this method was
ompared with a commercially available EIA assay that is in rou-
ine use for preclinical studies. Endogenous cGMP concentrations
n plasma samples of 20 healthy subjects were then analyzed using
oth methods. The LC–MS/MS method offered better precision and

Fig. 1. Biosynthesis of 1
. B 877 (2009) 513–520

accuracy when compared to the EIA method, making it a better
choice for use in clinical settings.

2. Experimental

2.1. Chemicals and reagents

HPLC-grade water, methanol, acetonitrile and formic acid
were obtained from Mallinckrodt (Paris, KY). cGMP, dithiothre-
itol (DTT), HEPES, MgCl2 and bovine serum albumin (BSA) were
purchased from Sigma–Aldrich Chemical Co. (St. Louis, MO). Sta-
ble isotope-labeled guanosine-13C10,15N5 5-triphosphate (GTP) was
obtained from Isotec (St. Louis, MO). 3-Ethyl-3-(ethylaminoethyl)-
1-hydroxy-2-oxo-1-triazene (NOC12) was obtained from Cal-
biochem (San Diego, CA). CatchPointTM Cyclic-cGMP Fluorescent
Assay Kits for the EIA method were purchased from Molecular
Devices (Sunnyvale, CA). All other solvents were ordered from com-
mercial sources with the highest purity grades available, and used
without further processing. Human EDTA plasma was acquired
from randomly in-house donors. All subjects were non-smokers
and were taking no medications.

2.2. Biosynthesis of 13C10,15N5-cGMP

Stable isotope-labeled internal standard cGMP was biosynthet-
ically prepared from stable isotope-labeled GTP (13C10,15N5-GTP)
using soluble guanylate cyclase (sGC) activated by NOC12, a nitric
oxide (NO) donor. The synthesis mechanism is shown in Fig. 1. The
reaction was performed at 37 ◦C in a 1.5 mL Eppendorf microcen-
trifuge tube. Incubated mixtures contained 0.1 M DTT, 1 M HEPES,
0.1 M MgCl2 (pH 7.4), 100 mM 13C10,15N5-GTP, 20 �L sGC and water.
His-tagged sGC was purified from BIIC cells in house (Pfizer Inc.,
St. Louis). The reactions were initiated by the addition of 20 mM
NOC12, followed by brief shaking. After an 8-h incubation, the reac-
tion was terminated by addition of 1 M NaPO4 (pH 4.0). A 15 �L
aliquot was taken every hour in order to determine the reaction
progress, and the volume taken was replaced with 15 �L of 20 mM
NOC12 to maintain enzyme activity.

2.3. HPLC methods for determination and purification of
13C10,15N5-cGMP

13C10,15N5-GTP and 13C10,15N5-cGMP concentrations were mon-

itored by analytical HPLC analysis. The HPLC used was an Agilent
HP1100 system consisting of an autosampler, a pump system
and a UV detector (Agilent Technologies, Palo Alto, CA). Analytes
were separated on a Restek (Bellefonte, PA) Ultra IBD column
(4.6 mm × 100 mm, 3 �m particle), using a gradient solvent system

3C10,15N5-cGMP.
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standard curve, blank (water), blank spiked with internal standard,
matrix blank (QC matrix sample without internal standard), QCs
and unknown samples. All the standard and QC samples of 100 �L
were transferred into individual wells of a 96-well polypropylene
plate. Samples were precipitated with 300 �L of cold acetonitrile

Table 1
Summary of QC preparation for LC–MS/MS and EIA assays.
Y. Zhang et al. / J. Chrom

onsisting of solvent A (0.1 M NaPO4/methanol, pH 4.3, 90:10, v/v)
nd solvent B (methanol). The percentage of solvent B was increased
rom 10% to 60% over 5 min with the flow rate set at 1.0 mL/min.
fter 5 min, the percentage of solvent B was increased to 80%
ithin 2 min, before re-equilibrating with the initial mobile phase.
liquots (10–40 �L) of the reconstituted samples were directly

njected onto the column. The wavelength of UV detection was set
s 254 nm.

The 13C10,15N5-cGMP was collected and purified using a prepar-
tive HPLC analysis method. The HPLC system consisted of an
gilent HP 1100 system equipped with a UV detector. The UV
avelength was set at both 215 and 254 nm. The chromato-

raphic separation was achieved using a Restek Ultra IBD column
10 mm × 250 mm, 5 �m). The mobile phases consisted of sol-
ent A (0.1 M NaPO4/methanol, pH 4.3, 90:10, v/v) and solvent B
methanol/water, 50:50, v/v). A linear gradient was used to increase
B from 0% to 50% in 12 min. The flow rate was set at 5.0 mL/min.

o identify the 13C10,15N5-cGMP peak and determine the yield,
ractions were collected and analyzed using the analytical HPLC

ethod described above. The phosphate salt was converted to a
FA-modified salt by running samples through a Vydac C18 col-
mn (Hesperia, CA), 10 mm × 250 mm, at a flow rate of 4 mL/min.
he mobile phase composition used for desalting was 0.05% TFA
nd acetonitrile. The separation was achieved using a gradient of
–5% acetonitrile over 12 min. Relevant fractions were pooled and

yophilized to dryness.

.4. Instrumentation

The LC–MS/MS system consisted of a Shimadzu HPLC system
Columbia, MD) and a Sciex API 4000 triple quadropole mass spec-
rometer (Applied Biosystems, Toronto, Canada). The HPLC system
onsisted of two Shimadzu LC-10ADvp pumps equipped with a SCL-
0Avp controller and an HTS PAL autosampler (LEAP Technologies,
arrboro, NC). Chromatographic separation was achieved using a
etasil AQ C18 column (Varian, Palo Alto, CA), 100 mm × 2.1 mm,
�m particle size. Gradient elution with solvent A (0.1% formic
cid) and solvent B (100% acetonitrile) at a flow rate of 0.2 mL/min
as applied. The initial conditions were 100% A, and a linear

radient was performed with solvent B increasing from 0% to
0% within 1.7 min. This condition was maintained for 2.3 min to
emove late-eluting substances from the column (column wash),
ollowed by returning the system to its initial conditions with a
-min equilibration period. The total analysis time including col-
mn wash and equilibration was 7 min. Sample storage in the
utosampler and the separation both took place at room tempera-
ure.

Quantification of the analytes was performed using electro-
pray LC–MS/MS technique in multiple reaction monitoring (MRM)
ode. A Sciex API 4000 triple quadropole mass spectrometer was

perated in negative ionization mode, with Analyst version 1.4
ontroller software. The source conditions were set as follows:
onspray voltage −4.0 kV, ion source temperature 450 ◦C, nebu-
izer gas 45 psi, turbo gas 45 psi, and curtain gas 25 psi. The dwell
ime for both cGMP and 13C10,15N5-cGMP was 200 ms. For analytes
f interest, precursor-to-product ion transitions were established
hrough direct infusion of neat standard of each compound into
he ion source. The following ion transitions were obtained: cGMP
/z 344 → 150 and 13C10,15N5-cGMP m/z 359 → 160. Sensitivity
as optimized for individual compounds by manipulating values
f entrance potential (EP), declustering potential (DP), collision

nergy (CE) and collision exit potential (CXP) in order to achieve the
est signals. For this analysis, EP, DP, CE and CXP were as follows:
10 V, −80 V, −35 eV, and −12 V.

The EIA for cGMP measurement was performed using 96-well
late format kits. Plates were read on a Molecular Devices Spec-
B 877 (2009) 513–520 515

traMax GeminiXS Plate Reader (Molecular Devices, Sunnyvale, CA).
SoftMax Pro software was used to control the spectrophotometer
and to analyze the absorbance data.

2.5. Standard curve and internal standard preparation

2.5.1. LC–MS/MS
A cGMP stock solution, containing 1 mg/mL cGMP in 50%

methanol, was prepared and then serially diluted in water to gen-
erate an 8-point standard curve ranging from 0.5 to 20 ng/mL. A
25 ng/mL 13C10,15N5-cGMP (internal standard) working solution
was prepared in acetonitrile.

2.5.2. EIA
For the EIA assay, cGMP standards were prepared from a stock

solution of 30 �M cGMP in assay buffer (PBS containing 50 mg/mL
BSA) and diluted with the assay buffer to generate standard cGMP
solutions with concentrations of 0.05, 0.14, 0.41, 1.28, 3.8, 11.4 and
1150 ng/mL. A 0 ng/mL standard (buffer or extracted BSA buffer
only) was also used in the generation of the standard curve as an
anchor point. A 40 �L aliquot of each of these eight standards was
added in duplicate to the EIA plate in order to obtain an 8-point
standard curve.

2.6. QC preparation

Human plasma samples in EDTA from 20 subjects were collected
and analyzed to determine the endogenous basal level of cGMP.
Equal volumes of plasma samples from seven subjects who had the
lowest levels of cGMP were pooled together and used as the QC
matrix. For comparison purposes, the same QC matrix was used
for both LC–MS/MS and EIA assays. The mean value of endoge-
nous basal levels of pooled samples was used in the calculations
for the preparation of each QC level. QC samples at four concentra-
tions ((lower limit quality control (LLQC), low quality control (LQC),
medium quality control (MQC), and high quality control (HQC)),
which covered the full range of the intended calibration range,
were prepared by spiking this pooled matrix with appropriate
amounts of cGMP standard solution to yield final concentrations as
described herein: (1) for the LC–MS/MS assay, 2-fold water-diluted
matrix (LLQC), matrix + 0 ng/mL (LQC), matrix + 5 ng/mL (MQC), and
matrix + 15 ng/mL (HQC); and (2) for the EIA assay, 1.5-fold water-
diluted matrix (LLQC), matrix + 0 ng/mL (LQC), matrix + 5.18 ng/mL
(MQC), and matrix + 15.5 ng/mL (HQC). In order to successfully com-
pare the two methods, the QC levels for LC–MS/MS and EIA assays
were selected to be close to one another. Table 1 summarizes the
QC preparations for LC–MS/MS and EIA assays.

2.7. Sample preparation

2.7.1. LC–MS/MS
A typical quantitative assay for cGMP consisted of an 8-point
Sample ID LC–MS/MS EIA

LLQC 2-Fold water-diluted matrix 1.5-Fold water-diluted matrix
LQC Unspiked matrix Unspiked matrix
MQC Matrix + 5 ng/mL Matrix + 5.18 ng/mL
HQC Matrix + 15 ng/mL Matrix + 15.5 ng/mL



5 atogr

c
f
a
w
3
w
L

2

n
i
1
w
4
a
p
f
s
p
a
o
c
A
p
w
r
o
a
s
t
p
e

3

3

3

i
o
H

F
m
i

16 Y. Zhang et al. / J. Chrom

ontaining 25 ng/mL 13C10,15N5-cGMP. The samples were shaken
or 10 min and then centrifuged at 4000 rpm for 15 min. A 300 �L
liquot of the supernatant was then transferred to a second 96-
ell plate and dried for approximately 15 min under nitrogen at

7 ◦C. Samples were reconstituted by adding 75 �L of water to each
ell. The samples were shaken for 5 min and then analyzed by

C–MS/MS.

.7.2. EIA
To remove interfering substances that could cause a significant

umber of false-positive results, a simple extraction procedure was
nitially performed. A 300 �L aliquot of acetonitrile was added to
00 �L of unknown samples, standards and controls in a deep 96-
ell plate. The plate was vortexed for 5 min and then centrifuged at
500 rpm for 5 min. A 250 �L aliquot of supernatant was removed
nd evaporated to dryness using a SpeedVac. The lyophilized sam-
les were then resuspended with 125 �L of assay buffer. Then,
ollowing the EIA protocol, 40 �L aliquots of unknown samples,
tandards, and QCs were transferred into individual wells of the EIA
late, followed by adding 40 �L of reconstituted rabbit-anti-cGMP
ntibody to each of the wells. The microplate was gently agitated
n a plate shaker for 5 min, and 40 �L of reconstituted HRP-cGMP
onjugate solution was then added to all wells of the microplate.
fter gently mixing, the plate was incubated for 2 h at room tem-
erature. Upon completion of the incubation period, the plate was
ashed four times with 300 �L of wash buffer to remove the mate-

ial that was not bound to the antibody on the plate, and 100 �L
f Stoplight Red substrate solution was then added to every well
s quickly as possible. The microplate was covered with adhesive
eal (protected from light). After a 2-h incubation at room tempera-
ure, sample concentrations were determined using a fluorescence
late reader at the fluorescence intensity settings of 530–25 nm for
xcitation and 590–20 nm for emission.

. Results and discussion

.1. LC–MS/MS assay development and validation
.1.1. Biosynthesis of a stable isotope-labeled internal standard
It is well known that MS-based assays can be affected by matrix-

nduced ion suppression from biological samples. Ion suppression
ccurs when an endogenous matrix component eluted from the
PLC column influences the ionization of a coeluting analyte.

ig. 2. MRM chromatograms obtained after injecting extracts from unspiked human plas
ode. The channel for internal standard (13C10,15N5-cGMP) in positive ionization mode h

nterfering components.
. B 877 (2009) 513–520

When developing a biomarker assay, it is especially important to
take ion suppression into consideration because the matrices used
for standard curve preparation and unknown samples are differ-
ent (see Section 3.1.3 for details). One approach, known as the
isotope-dilution LC–MS/MS method, has been extensively reported
to compensate for ion suppression and ensure acceptable recov-
ery and precision of the targeted analyte. In this procedure, a
stable isotope-labeled analog, with identical physical and chem-
ical properties as the analyte, is used as an internal standard
[7,20–22]. Stable isotope-labeled internal standards enable a more
effective reduction of ion suppression compared to a structure
analog internal standard, a requirement for bioanalytical meth-
ods used in a GLP environment [20,24]. Therefore, the first step
in developing a reliable biomarker method is the identification
and selection of a suitable stable isotope-labeled internal stan-
dard [20]. Considerations should include chemical and isotopic
purity, stability, interference with the unlabeled analyte, interfer-
ence from the unknown matrix, availability, and cost [20]. The stable
isotope-labeled internal standard for cGMP was not commercially
available and therefore, was synthesized in-house using an iso-
topically labeled precursor, 13C10,15N5-GTP, through a biosynthetic
pathway, as shown in Fig. 1. The purity of 13C10,15N5-cGMP was
determined by HPLC–UV and LC–MS analysis; the product showed
99% chemical and isotopic purity.

3.1.2. LC–MS/MS optimization
Stock solutions of cGMP and 13C10,15N5-cGMP were infused into

the ion source of the mass spectrometer set in both positive and
negative ionization modes. Although positive ion detection yielded
higher signal-to-noise ratios for the pseudomolecuar ions of both
compounds, it also allowed the introduction of interference from
human plasma extracts in the MRM channel for the stable isotope-
labeled cGMP (+15 m/z cGMP) used in this study. In contrast, the
channel for 13C10,15N5-cGMP in negative ionization mode was free
of interfering components (Fig. 2). Therefore, the optimization of
LC conditions was carried out by the monitoring ion current repre-
senting [M−H]− pseudomolecular ions at m/z 344 (cGMP) and 359
(13C10,15N5-cGMP). The best ionization response was found using a

mixture of acetonitrile and 0.1% formic acid buffer (50:50, v/v).

The column selection for the retention of cGMP, due to its
hydrophilic nature (CLOGP = −3.36), was challenging. To achieve
optimized chromatographic resolution, a variety of LC columns
packed with different packing materials, including C18, phenol,

ma sample without internal standard in positive (left) or negative (right) ionization
as interfering components, while the channel in negative ionization mode is free of
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from nine individually processed samples was determined to be in
the range of 89.7–104%, suggesting that the recovery was plasma
matrix-independent. The selectivity of the assay was confirmed by
these high recovery data, suggesting no other endogenous inter-
fering components exist in the human plasma and which can be
Y. Zhang et al. / J. Chrom

mide, and HILIC columns, were evaluated. In general, the reten-
ion time of cGMP on C18 columns was greater compared to the
henol and amide columns, due to its hydrophilic end-capping
roups. The separation performance of a Varian Metasil AQ (5 �M,
00 mm × 2.0 mm) column was similar to that of a Waters Atlantis
ILIC Silica (3 �M, 100 mm × 2.1 mm) normal phase column. The

etention time of cGMP when using a Varian Metasil AQ column
as approximately 10% longer than that obtained using an Atlantis
ILIC Silica column under optimized LC gradient conditions with a
ow rate of 0.2 mL/min. While both columns were capable of sepa-
ating analytes from the solvent front, the Varian Metasil AQ was the
olumn of choice since it provided a slightly longer retention time
nd larger capacity factor with acceptable peak shape. For quan-
itative endogenous analysis, greater matrix interference is often
ncountered when compared to PK drug analysis [8], which can
e partially addressed through longer chromatographic retention
f analytes. The greater capacity factor decreases the likelihood of
atrix or ion suppression effects and optimizes elution conditions,

acilitating the achievement of excellent and sufficient sensitivity
n the mass spectrometer [25].

.1.3. Selection of the standard curve matrix
Developing biomarker assays and validating them are generally

ore complicated than those for most PK drug assays [8,9]. Since
o blank matrix sample exists that is free of endogenous analyte,
he choice of the standard curve matrix for the analysis is challeng-
ng [8,26]. Several approaches have been reported to prepare an
nalyte-free standard curve matrix, such as applying either non-
pecific or affinity removal of the analyte, using a heterologous
atrix from a different species, using a non-matrix buffer solu-

ion, or using a surrogate analyte [8,20,21]. The approach taken in
ur laboratory was to combine an analyte-free substitute matrix
nd matrix-based QC samples to evaluate performance of the assay
27]. In order to select a suitable standard curve matrix, the stan-
ard curve for the cGMP assay was initially prepared and evaluated

n three different potential substitute matrices: charcoal stripped
uman plasma, 10 �g/mL BSA and water. Because trace levels of
GMP were detected in the charcoal stripped human plasma, the
alibration curve prepared in this substitute matrix demonstrated
oor linearity. The recovery of cGMP from 10 �g/mL BSA was lower
han that from water. Water, a non-matrix solution, demonstrated
ood linearity and recovery and was therefore selected as the
tandard curve matrix. Ultimately, the assay was transferred to a
ontract research organization that can support multiple clinical
tudies with over 4000 clinical samples in multiple batches over the
ourse of more than two years. The robustness of the assay, using
ater as a substitute matrix, was confirmed for these studies.

.1.4. Selectivity and recovery
The high intrinsic selectivity and specificity of the LC–MS/MS

ethod was achieved using a combination of different techniques
hat include protein precipitation, HPLC separation, and mass selec-
ive detection [27]. For a typical drug, an exogenous analyte, the
ssay selectivity is evaluated in several independent sources of
lank matrix to demonstrate that no significant level of the tar-
eted analyte is detected [20,27]. For a biomarker, such as an
ndogenous analyte, assay matrices are complicated due to the
resence of often unexpected interference from other endogenous
nalytes that may be different in different matrices [8]; there-
ore, the selectivity of the assay was assessed with additional rigor,
ncluding evaluating instrument cross-talk, performing precursor

on scans, and examining analyte recovery in the matrix from mul-
iple independent sources [27]. The specificity of this LC–MS/MS

ethod was first evaluated by monitoring ion currents of cGMP in
he MRM channel following the injection of five plausibly inter-
ering endogenous analytes. Using the HPLC method described
B 877 (2009) 513–520 517

above, the Varian Metasil AQ column was observed to retain
endogenous nucleotide analogues of cGMP, 3′,5′-cyclic adeno-
sine monophosphate (cAMP), 3′,5′-cyclic inosine monophosphate
(cIMP), adenosine 5′-phosphate (AMP), guanosine 5′-phosphate
(GMP), and inosine 5′-phosphate (IMP), but not 3′,5′-cyclic cyti-
dine monophosphate (cCMP), and cytidine 5′-phosphate (CMP).
Therefore, cCMP and CMP were less likely to introduce interfer-
ence caused by analyte cross-talk when compared to cAMP, cIMP,
AMP, GMP, and IMP. A cross-talk experiment was performed on
these nucleotides to verify the absence of interference with cGMP.
A mixture of the nucleotides cAMP, cIMP, AMP, IMP, and GMP, at a
concentration of 0.1 mg/mL for each analyte, was monitored with
the MRM channel m/z 344 → 150 open (the specific cGMP tran-
sition). The channel for cGMP was clear of any interference from
other endogenous nucleotides, as indicated by the selected ion
chromatogram shown in Fig. 3. It is important to emphasize that
no significant interference was observed from cAMP at the selected
channel since cAMP and cGMP share the same modulation pathway
in humans; furthermore, the level of cAMP can also be modu-
lated by PDE inhibitors. Additionally, potential cross-talk between
cGMP and 13C10,15N5-cGMP was negligible within the concentra-
tion range of the assay, as seen in Fig. 4A and D. The Q1 full scan
from 200 to 500 m/z was performed for selected blank, standard,
and human plasma samples, and the precursor ion of the cGMP was
confirmed in the human plasma sample. The recovery in the sam-
ple preparation process was also evaluated by comparing the peak
response in non-authentic or substitute matrix (water) with that
of the authentic matrix (plasma). Nine unique EDTA human plasma
samples were prepared in three replicates at three different con-
centration levels (unspiked matrix, and matrix spiked with 1 and
5 ng/mL cGMP, respectively). Recovery was assessed as the ratio
of the measured concentration of spiked sample to the expected
concentration of spiked sample (endogenous baseline plus spiked
nominal standard concentration) [27]. The mean recovery of cGMP
Fig. 3. MRM chromatograms obtained after injecting a mixture of cAMP, cIMP, AMP,
GMP, and IMP (excluding cGMP) at a concentration of 0.1 mg/mL for each analyte
using the validated LC–MS/MS conditions. MRM transitions and corresponding ion
counts are displayed for each analyte. The channel m/z 344 → 150 (cGMP, top chro-
matogram) is free of any interfering components.
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potential source for variable results between subjects [27]. This
lso demonstrated that the assay performed in a similar manner
n a non-authentic matrix (water) as it did in an authentic sam-
le matrix (plasma). Table 2 shows the recovery data for cGMP in
ine independent sources of matrix measured using the LC–MS/MS
ethod.

.1.5. Linearity and LLOQ
The limit of detection for this assay was 0.1 ng/mL where a sig-

al/noise ratio of 3 was achieved. The LLOQ was 0.5 ng/mL using
amples extracted from human plasma. Linearity of the assay was
onfirmed for the validated range of 0.5–20 ng/mL with a correla-
ion coefficient (R2) of 0.999. The mean inter-assay accuracy and
recision at 0.5 ng/mL were 1% relative error (RE) and 5.4% CV,
espectively (n = 6). The mean inter-assay accuracy and precision
or the rest of the calibration standards were between −3.3% and
.4% RE and between 1.3% and 6.3% CV, respectively. The assay range
as confirmed as appropriate for the measurement of cGMP in

uman plasma samples collected from multiple clinical studies.
ig. 4B shows a representative chromatogram for the LLOQ stan-
ard.

able 2
ssessment of cGMP recovery in nine independent matrices obtained from
C–MS/MS and EIA methods.

LC–MS/MS EIA

EB + 1 ng/mL EB + 5 ng/mL EB + 2 ng/mL EB + 10 ng/mL

ource 1 101 96.2 70.7 70.9
ource 2 104 97.1 78.7 77.2
ource 3 101 97.9 77.2 70.0
ource 4 90.0 89.7 93.9 81.6
ource 5 97.3 90.7 82.4 76.5
ource 6 102 98.3 78.3 69.8
ource 7 98.2 91.0 89.1 73.7
ource 8 90.0 94.5 113 60.6
ource 9 95.9 95.4 100 73.9

ean 97.7 94.5 87.0 72.7
D 5.1 3.3 12.7 5.9

B, endogneous basel level.
. B 877 (2009) 513–520

3.1.6. Precision and accuracy
For a clinical biomarker study, the goal is to find a repro-

ducible assay to generate reliable data that are suitable for strategic
decision-making for a drug development program [8,9]. The ana-
lytical method must provide the ability to differentiate between
normal and disease samples, as well as to evaluate the progres-
sion from one state to another [8,9]. In general, assay variability
is inversely proportional to differentiation. Most importantly, our
experimental results based on preclinical studies indicate that the
modulation window for the cGMP by PDE inhibitors is narrow
(1- to 2-fold increase), and hence requires an analytical method
with the best precision in order to achieve greater differentiation
power. The intra-assay precision and accuracy were evaluated using
matrix-based QC samples prepared with six replicates at four dif-
ferent concentration levels (LLQC = 0.94 ng/mL, LQC = 1.88 ng/mL,
MQC = 6.88 ng/mL, HQC = 16.9 ng/mL), while the inter-assay preci-
sion and accuracy were evaluated with three consecutive assay
runs. Endogenous cGMP levels in the unspiked undiluted blank
plasma QC (LQC) were determined by calculating the mean con-
centration of all LQCs (n = 18) as measured in the three validation
batch runs. This value (1.88 ng/mL) was used to calculate the nom-
inal concentrations of the spiked and diluted QCs. The analysis of
the plasma-based QC samples demonstrated acceptable precision
and accuracy based on validation criteria (±20% CV and RE for LLQC
and ±15% CV and RE for the rest of the QCs). The intra-run preci-
sion and accuracy were between 6% and 10.1% CV and −3.6% to 7.3%
RE, respectively. Inter-run precision and accuracy were in the range
of 5.6% and 8.1% CV, and −2.1% and 6.3% RE, respectively. There-
fore, the assay was demonstrated to be robust and reproducible. The
data also suggest that a water-based standard curve can accurately
and precisely quantify the analyte in a biological matrix-based QC
sample. Table 3 shows the detailed QC accuracy and precision data.
Fig. 4C shows the representative MRM chromatographs obtained
from EDTA human plasma LLQC samples (1.08 ng/mL).

3.1.7. Dilution linearity
Due to the relatively high endogenous basal level of cGMP in

human plasma matrix (1.88 ng/mL), LLQC samples were prepared
by diluting the blank matrix with water. This would allow use of the
lower end of the calibration curve if samples were incurred in that
concentration range. Such dilution resulted in a difference in the
biological matrix content between QC samples and unknown sam-
ples. Therefore, an assessment of possible variations in extraction
recovery and ionization efficiency at the mass spectrometer source
caused by changes in the matrix content, which could affect assay
accuracy, was necessary. This was accomplished by determining
the dilution linearity of cGMP at concentrations across the range of
dilution factors used for the QC samples. Three different sources of
EDTA human plasma were diluted with HPLC water, each prepared
in four replicates at two concentration levels (0- or 2-fold dilu-
tion). Our results demonstrated that the dilution of human plasma
was concentration and matrix-independent; the accuracy of the
back-calculated concentration was 8.9–10.8% RE, with precision of
4.74–9.15% CV, respectively. Thus, the impact on analyte ionization
from sample matrix effects, caused by their differences in biological
content, was insignificant for cGMP.

3.1.8. Stability assessment
The stability of cGMP in stock solution, in the biological matrix,

and in the final extract was evaluated individually. When prepared
in the stock solution at the concentration of 1 mg/mL, the cGMP neat

standard was determined to be stable for up to six hours at room
temperature for at least one month at −20 ◦C. The analyte after sam-
ple processing was verified as being stable for up to 24 h in a 96-well
polypropylene plate stored at room temperature. This was demon-
strated by performing a statistical comparison of results generated
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Fig. 5. Standard curve for cGMP in EIA (n = 3).

from the initial injection and subsequent re-injection of one batch
in the validation assay. In pooled human plasma, cGMP was con-
firmed to be stable at room temperature for up to six hours, as well
as after three freeze-thaw cycles. Long-term stability of cGMP in
human plasma was confirmed at −70 ◦C for at least 6 months.

3.2. EIA assay validation

For the EIA assay, the limit of quantitation was determined to
be 0.05 ng/mL. The calibration curve for cGMP using the EIA is
shown in Fig. 5. The calibration curve prepared in the assay buffer
was linear, covering the concentration range from 0 to 11.4 ng/mL,
where the R2 value is 0.999 for a 4-parameter curve fit. The mean
recovery of cGMP from nine individually processed samples was
determined to be between 66.6% and 113%, suggesting that the
recovery was plasma matrix-dependent. The intra-assay precision
and accuracy was between 17.9% and 27.1% (CV%) and −4.9% to
−24.5% (RE%), respectively, while inter-assay precision and accu-
racy were between 15.1% and 39.5% (CV%), and −30.8% and 4.37%
(RE%), respectively. These data suggest that performance of the EIA
method was not acceptable across the range 0.05–20 ng/mL based
on validation criteria (±20% CV and RE for QCs). Table 2 shows
the recovery data for the EIA assay, and Table 3 demonstrates the
detailed QC accuracy and precision data for the EIA assay.

3.3. Comparison of performance of LC–MS/MS and EIA methods

Twenty human plasma samples were collected and measured
using LC–MS/MS and EIA methods. The mean values of cGMP levels
generated from the LC–MS/MS were 1.95 ± 0.81 ng/mL, while cGMP
levels for the EIA methods were 0.93 ± 0.41 ng/mL. As can be seen,
the EIA produced lower values than the LC–MS/MS method, and
there was little correlation between the values produced by these
assays in the human plasma samples (R2 = 0.197, P = 0.05, Fig. 6A).
Using another way of graphical representation that helps under-
stand assay concordance, a plot of the difference in concentration
values between the methods against the mean concentration val-
ues from two methods, we can demonstrate that there was lack
of agreement between these two methods for the measurement of
cGMP (Fig. 6B) [28]. The differences between these two assays for
most samples (18 out of 20) were not significant, while two sam-

ples at higher concentrations demonstrated greater disagreement.
Overall, the EIA assay appeared to underestimate the cGMP lev-
els, which may partly be explained by the following reasons. First,
because the matrix dependence of the isotope-dilution LC–MS/MS
assay can be ruled out, it seems that the results produced by the EIA
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Fig. 6. Comparison of the LC–MS/MS method and EIA for the cGMP measurement
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g/mL) against mean for the two methods.

ere matrix-dependent. This disadvantage of the EIA has also been
eported by Schulze et al. [22] in their publications describing the
alidation of ELISAs for the measurement of endogenous biomark-
rs. When the two techniques were compared, the LC–MS/MS assay
rovided better recovery over the EIA assay, which was evaluated

n nine individual human samples at three different concentration
evels (unspiked, spiked with 1 and 5 ng/mL cGMP, respectively)
Table 2). The variability in extraction efficiency from different
uman sample matrices resulting in variable ionization response in
he mass spectrometer was corrected in the LC–MS/MS assay using
he stable-labeled internal standard, while this was not the case
n the EIA assay. Additionally, the calibration for the EIA assay was
erformed with buffer solution (the supplied calibration samples),
hich was different from plasma sample. The matrix composition
ifferences between the calibration matrix and plasma samples
ay cause the offsets of calibration curve. Again this was corrected

n the LC–MS/MS assay, which used a water matrix for the calibra-
ion curve, with the help of the stable-labeled internal standard.
econd, potential non-specific binding of the analyte to the anti-
odies in the EIA assay can cause low recovery as well; however,
he specificity of the EIA assay was demonstrated to be high with
ittle cross-reactivity. Third, this cGMP-EIA kit has been success-
ully applied to support numerous preclinical cell-based studies
ith acceptable precision and accuracy. However, in our hands,
he reproducibility of the cGMP-EIA kit was poor for the human
lasma matrix. The lower reproducibility of the EIA assay suggests
hat there can be considerable variation in repeated measurements
n the same subject [28]. If one method is unable to be continu-
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ously repeated, the agreement between the two methods is bound
to be poor [28].

Our data also demonstrated that the EIA method had a lower
limit of detection (0.05 ng/mL) compared to that of the LC–MS/MS
method. However, the LC–MS/MS assay was confirmed to have suf-
ficient sensitivity to support clinical studies, because: (1) analysis
of human plasma samples showed the endogenous basal levels of
cGMP were above 1 ng/mL; and (2) the modulation of cGMP by PDE
inhibitors was expected to be positive.

4. Conclusions

An LC–MS/MS assay was developed for the quantification of
cGMP in human plasma, and compared with a commercially
available EIA assay. In this assessment, the MS-based assay was
determined to be well-suited for the purpose of analyzing clinical
samples with better precision, accuracy and recovery, as compared
to the EIA assay. For the MS-based assay, the use of an in-house
biosynthesized stable isotope-label internal standard was critical to
achieving higher precision. In addition to its selectivity and repro-
ducibility, the LC–MS/MS assay can simultaneously monitor the
level of cAMP, an alternative biomarker for PDE programs, in the
same sample. It is also feasible to measure drug concentrations
simultaneously with cyclic nucleotides using this technology. The
correlation between these two assays in human plasma appeared
to be poor at low, but biological relevant concentrations of cGMP.
In conclusion, the LC–MS/MS assay is suitable for clinical investiga-
tions in which groups of samples are compared and the endpoint
is the shift of the cGMP concentrations in response to an inter-
vention. Currently, this method is being used to support clinical
efforts, and has demonstrated its simplicity, robustness and relia-
bility.
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