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We have developed and validated an accurate, sensitive, and robust LC-MS/MS method that determines
the concentration of CRx-102 (the combination of prednisolone and dipyridamole) in human plasma.
In this method, prednisolone, dipyridamole, and the combined internal standards (IS) prednisolone-dg
(IS for prednisolone) and dipyridamole-dy (IS for dipyridamole) were extracted from 100 L human
EDTA plasma using methylbutyl ether. Calibration curves were linear over a concentration range of
0.4-200 ng/mL for prednisolone and 5-3000 ng/mL for dipyridamole. The analytes were quantitatively
determined using tandem mass spectrometry operated in positive electrospray ionization in a mul-
tiple reaction monitoring (MRM) mode. This validated method has been used successfully in clinical
pharmacokinetic studies of CRx-102 in healthy volunteers.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

CRx-102 is a synergistic combination drug candidate being eval-
uated by CombinatoRx, Incorporated, comprising a very low dose of
the glucocorticoid prednisolone (3 mg) and the cardiovascular drug
dipyridamole (200 mg). The prednisolone contained in CRx-102 is
at the low end of the recommended daily maintenance dose that
is usually used to treat inflammatory conditions (2.5-15 mg) and is
generally considered to be “sub-therapeutic.” CRx-102 is thought
to act through a novel mechanism of action in which dipyridamole
selectively and synergistically enhances the anti-inflammatory and
immuno-modulatory effects of prednisolone without amplifying
the associated side effects [1]. This co-administration provides a
combination science approach to a dissociated glucocorticoid pro-
file. CRx-102 is currently under development for the treatment
of rheumatoid arthritis and osteoarthritis. A robust bioanalytical
assay that can simultaneously determine the concentrations of both
prednisolone and dipyridamole in human plasma is essential in
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supporting the clinical development of CRx-102 to understand the
safety and efficacy of the drug.

Earlier methods developed for the detection for prednisolone
have often been based on gas chromatography (GC) [2,3], or
GC coupled with mass spectrometry (MS) [4,5], which allows
for distinction of prednisolone from endogenous corticosteroids;
since the derivatization step prior to GC-MS analysis is cum-
bersome, it has limited application. Other methods including
high-performance liquid chromatography (HPLC) and radioim-
munoassay have been widely used for the determination of
prednisolone in biological fluids [6-11]. However, these methods
do not meet the modern drug discovery and development needs in
terms of short run time, high sensitivity, and highly efficient sam-
ple preparation procedures. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) has become a method of the choice for
quantitative analysis of prednisolone concentrations in biological
samples [12-16] with a lower limit of quantitation (LLOQ) ranging
from 3.6 to 30 ng/mL. With online solid-phase extraction (SPE) cou-
pled with MS [14], a detection limit (LOD) of 10 ng/mL was achieved
for prednisolone, and an even lower LLOQ was achieved using a
more complicated sample preparation step of protein precipitation
(PPT), followed by liquid-liquid extraction (LLE) [16].

Several HPLC methods have been described for the determina-
tion of dipyridamole concentration in biological matrix [17-19].
These methods are limited in that they are both relatively insen-
sitive and have a slow turnaround time. Few LC-MS and LC-MS/MS
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methods have been published for the determination of dipyri-
damole concentration in human plasma [20,21] and require the use
of high plasma volume (0.5 mL) to achieve a 5ng/mL or higher of
LLOQ. Moreover, none of the methods reported for prednisolone
and dipyridamole determination are high-throughput in nature.

The objective of the work described here was to develop and
validate a sensitive, simple, and robust high-throughput, 96-well
format LLE, LC-MS/MS method that could be used easily for
the simultaneous determination of both prednisolone and dipyri-
damole in human plasma. The LLE sample preparation process is
one of the preferred techniques used in assay development because
it is both cost-effective and provides higher purity extracts than
either SPE or PPT. The steps in the LLE process, including the mix-
ing of sample and extraction solvent, transferring of samples into
the 96-well plate, and removal of the extracts to another 96-well
plate have typically been performed manually. The introduction
of the 96-well format and robotic liquid transfer has significantly
improved the throughput of the LLE assays [22-27].

A 96-well LLE extraction method was used for the LC-MS/MS
analysis of prednisolone and dipyridamole in human plasma sam-
ples. In this method, a liquid handling device (Tomtec, Hamden,
CT, USA) was used for the mixing step for all samples and for
reagent transfer. The reconstitution step for LC-MS/MS injection
may be performed manually or using the liquid handling device.
Deuterated prednisolone (prednisolone-dg) and deuterated dipyri-
damole (dipyridamole-d,) were used as internal standards (Fig. 1).
Since the dose of dipyridamole in CRx-102 (combination of pred-
nisolone +dipyridamole) for clinical studies is much higher than
that of prednisolone, differences in the concentrations of each ana-
lyte in human plasma samples are expected. Therefore, an extra
dilution step was developed to further dilute samples for the anal-
ysis of dipyridamole. To the best of our knowledge, studies on
LC-MS/MS for the simultaneous determination of prednisolone
and dipyridamole in biological samples have not been previously
described. The current validated method exhibited higher sensitiv-
ity than LC-MS/MS methods previously described for quantitation
of prednisolone or dipyridamole alone in a biological matrix. This
assay utilizes small sample volume and simple preparation steps.
After successful development and validation of this automated
method, it was utilized in sample analysis for a clinical pharma-
cokinetic study of the oral administration of prednisolone alone or
CRx-102 in healthy volunteers. The assay demonstrated accuracy,
reproducibility, and rigor in a high-throughput analysis of samples
in two separate dynamic ranges.

2. Experimental

2.1. Chemicals and reagents

HPLC-grade acetonitrile, HPLC-grade methanol, HPLC-grade
concentrated ammonium hydroxide, ammonium acetate, methyl-
tert butyl ether (MTBE), and ACS grade glacial acetic acid were
purchased from Fisher (Pittsburgh, PA, USA). Formic acid (96%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The reference
standards of prednisolone (>99%) and dipyridamole (>98%) were
from Sigma-Aldrich (St. Louis, MO, USA). Deuterated internal stan-
dards of prednisolone-dg and dipyridamole-d,g were produced at
CDN Isotopes (Pointe Claire, Quebec, Canada) and Covance (Madi-
son, Wisconsin, USA), respectively. Normal human plasma with
K,EDTA as an anticoagulant was purchased from Bioreclamation
(Hicksville, NY, USA).

2.2. Instrumentation

The HPLC system utilized a Shimadzu (Kyoto, Japan) LC-
10ADvp HPLC pump and a Shimadzu SIL-HTc system controller and

autosampler. To deliver backwash solvent for pre-column regen-
eration, an 1100 series Agilent Technologies (Palo Alto, CA, USA)
HPLC pump and degasser system was used. The API 4000 mass
spectrometer controlled by Analyst™ software was from Applied
Biosystems/MDS Sciex (Concord, ON, Canada). Analyst™ version
1.4 was used as the data acquisition software. The analytical col-
umn used was a Genesis C18, 50 mm x 4.6 mm, 3 m particle size,
from Grace Vydac (Chicago, IL, USA). The column heater model CTO-
10ASVP was from Shimadzu (Kyoto, Japan). The pre-column inline
filter was from Supelco (Atlanta, GA, USA).

2.3. Preparation of standard and QC samples

Standards and QC samples were prepared from two sepa-
rate stock solutions in parallel. The stock standard solutions of
prednisolone (1 mg/mL) [SO1] and dipyridamole (1 mg/mL) [S02]
were prepared by dissolving each of the accurately weighted
reference compounds in methanol. The intermediate standard
solutions of 8/120, 10/125, 1/12.5 and 0.1/1.25 p.g/mL for pred-
nisolone/dipyridamole were prepared by serial dilutions of stock
standard solutions SO1 and S02 with methanol:water (50:50, v/v).
The stock standard solutions of IS were prepared by dissolving
appropriate amounts of deuterated standards in methanol to give
a final concentration of prednisolone-dg (250 wg/mL) [I01] and
dipyridamole-d;q (250 g/mL) [102]. The intermediate IS solutions
of 200 ng/mL of prednisolone-dg and 500 ng/mL of dipyridamole-
dyo [103] were prepared by adding 40 pL of the prednisolone-dg
IS stock solution [I01] and 100 L of the dipyridamole-d;q IS stock
solution [102] to a 50 mL glass volumetric flask, then diluting to the
volume with methanol:water (50:50, v/v).

The calibration curves with eight non-zero standard levels con-
tain prednisolone/dipyridamole (200/3000, 180/2700, 100/1500,
20/250, 4/50, 2/25, 0.8/10, 0.4/5mg/mL) in the concentration
range of 0.4-200ng/mL for prednisolone, and 5-3000 ng/mL for
dipyridamole. These curves were prepared by adding appropriate
volumes of intermediate standard solutions into volumetric flasks
and diluting with pooled normal human plasma with K;EDTA. The
QC samples were prepared using the same method at three differ-
ent concentration levels, the low QC [LQC (1.2/15 ng/mL)], medium
QC [MQC (40/500 ng/mL)], and high QC [HQC (150/2250 ng/mL)],
for prednisolone and dipyridamole, respectively. The standards and
QCs were aliquoted into polypropylene tubes and stored frozen
at approximately —60 to —80°C. Additional QCs were stored at
approximately —10 to —30 °C for the purpose of stability evaluation.

2.4. Sample extraction

Samples were thawed at room temperature, protected from
light, and vortexed to ensure homogeneity. Each plasma sam-
ple tube was manually uncapped and 100 p.L were transferred by
a manual pipette into the appropriate wells of a 96-well plate.
Then, 50 uL of the intermediate IS solution [I03] (200 ng/mL of
prednisolone-dg and 500 ng/mL of dipyridamole-d;p) and 25 L
of concentrated ammonium hydroxide were added to each sam-
ple by Eppendorf repeating pipette, followed by a brief vortex to
ensure mixing. The liquid handling device was used to add 1000 pL
of extraction solvent solution of MTBE to each sample and mix
the samples 40 times. Once mixed, 800 L of the organic phase
layer were transferred into an Axygen 96-well collection plate
(Plate A). A slow draw rate for the Tomtec program was used.
The transfer height with a water/MTBE test plate was tested to
ensure no aqueous layer was being transferred before running
the program on the actual batch. The wells were dried with SPE
Dry-96 at 30°C under a nitrogen stream and reconstituted with
300 L of the reconstitution solution of 0.5% acetic acid in 10 mM
ammonium acetate:acetonitrile (70:30, v/v) using an Eppendorf
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Fig. 1. Structures of (A) dipyridamole, (C) prednisolone, and their internal standards (B) dipyridamole-dy, and (D) prednisolone-ds respectively.

repeating pipette or liquid handling device. Using the liquid han-
dling device, 25 L of the reconstituted samples were transferred
to an Axygen 96-well collection plate (Plate B) that contained
475 p.L of reconstitution solution (0.5% acetic acid in 10 mM ammo-
nium acetate:acetonitrile [70:30, v/v]). The samples were mixed
40 times. From Plate A, 30 uL of the reconstituted samples were
injected into the LC-MS/MS system for prednisolone analysis. From
Plate B, 10 L of the reconstituted samples were injected into the
LC-MS/MS system for dipyridamole analysis. Since the concentra-
tions of dipyridamole were significantly greater in Plate A than Plate
B, Plate B was injected prior to Plate A.

2.5. Chromatographic conditions

A gradient HPLC method was utilized for the separation and the
analytical column was kept at 45 °C during the analysis. A flow rate
of 1000 p.L/min was used. The mobile phase A consisted of 0.1%
formic acid in water and the mobile phase B consisted of 0.1% formic
acid in acetonitrile. The same gradient was used for the analysis of
both analytes.

2.6. MS/MS detection

LC-MS/MS detection was performed using a Sciex API 4000
triple quadrupole mass spectrometer with a Turbo lonspray®
ionization source operated in the positive ion mode. The mass spec-
trometer was operated under the Analyst™ software version 1.4.

The ion spray voltage was 4500V and the source temperature was
600°C. The CAD gas setting was 8 and curtain gas setting was
25. The nebulizing gas and auxiliary gas settings were 70 and 65,
respectively. Other parameters were optimized by infusing the ana-
lytes to the mass spectrometer. The collision energy (CE) differed
depending on the ions monitored. For the prednisolone and its
internal standard, the CE was 16 and 18 eV, respectively, and for
dipyridamole and its internal standard the CE was 85 eV. The selec-
tive reaction monitoring (SRM) detection channel for prednisolone
was m/z 361 — 325 amu and m/z 367 — 331 amu for prednisolone-
dg (IS). The SRM detection channel for dipyridamole was m/z
505 — 429 amu and m/z 526 — 449 amu for dipyridamole-d,q (IS).
The dwell time for each ion monitored was 50 ms.

2.7. Quantitation

The peak areas of both analytes and their ISs were determined
using Analyst™ software version 1.4. For each analytical batch, a
calibration curve was derived from the peak area ratios (analyte: IS)
using weighted linear least squares regression of the area ratio ver-
sus the concentration of the standards. A weighting of 1/x2 (where
x is the concentration of a given standard) was used for curve fit-
ting. The regression equation for the calibration curve was used to
back-calculate the measured concentration for each standard and
QC. The results were compared to the theoretical concentration to
obtain the accuracy, expressed as a percentage of the theoretical
value, for each standard and QC measured.
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2.8. Pharmacokinetic study in healthy volunteers

In this pharmacokinetic study, 18 healthy subjects received CRx-
102 (prednisolone +dipyridamole) in two oral doses, 5h apart, at
8a.m. and 1 p.m., respectively. Serial venous blood samples were
collected into K,EDTA tubes before administration and at time
points 0.25,0.5,0.75,1,2,3,4,5,6,7,8, 12, 24 and 48 h after admin-
istration. Plasma was separated from blood by centrifugation and
stored at —20°C prior to analysis. All pharmacokinetic parameters
were estimated by using Pharsight WinNonLin 4.0 software.

3. Results and discussion
3.1. Sample extraction

PPT was initially developed with methanol and acetonitrile, but
this technique resulted in strong interferences from the sample
matrix. LLE was developed because it cleans and concentrates the
samples. Analytes that were acidic or basic required adjustment
to neutral pH prior to extraction. Dipyridamole, as a basic ana-
lyte with multiple amine groups, required the addition of base to
the aqueous sample to promote equilibrium to the unionized form
for extraction. Before extraction, 25 L of concentrated ammonium
hydroxide was used to adjust the pH of dipyridamole at least two
units greater than the pKj, of the analyte. As prednisolone is a neutral
analyte not affected by pH adjustment, it was extracted with dipyri-
damole into the organic phase. The standards, QCs, and plasma
samples were manually transferred from the polypropylene tubes
to a 2.2 mL 96-well plate. ISs and buffer were added and mixed,
followed by the addition and mixing of the organic extraction
solvent. In order to have an assay concentration range compat-
ible with clinical samples, the LLOQ value for prednisolone was
0.4ng/mL, and 5 ng/mL for dipyridamole. The reconstituted solu-
tion from Plate A was diluted 20 times further to create Plate B for
the analysis of dipyridamole. Plates A and B were injected separately
to accommodate the difference in curve ranges and instrument
responses between prednisolone and dipyridamole. The liquid han-
dling device was used for aspirating and dispensing during the
organic extraction step.

3.2. LC-MS/MS detection

MS and tandem MS were obtained by the infusion of dipyri-
damole and prednisolone solutions via a tee connection between
the LC column and mass spectrometer inlet. The protonated peak
m/z 361 is the main molecular ion of prednisolone. The MS/MS
spectra of prednisolone give two major product ions at m/z 343
and 325. Although the product ion of 325 has less intensity com-
pared to 343, the final ion precursor — product ion combination
of m/z 361 — 325 was chosen for detection of prednisolone since
there is low background effect from the matrix under this condi-
tion. There are eight nitrogen atoms in the dipyridamole structure
that are potentially good sites for protonation. However, the full
scan ES mass spectrum is composed of only one major peak at
m/z 505 for [M+H]*, which may be caused by the first protonation
drastically decreasing the basicity of all nitrogen atoms [28]. Iso-
topically labeled ISs for both prednisolone and dipyridamole give
molecular ions and product ions at 20 and 6 mass-to-charge units
difference, respectively (spectra not shown). Although there are sig-
nificant differences in chemical properties between dipyridamole
and prednisolone, the chromatographic method was developed
to have adequate retention for both analytes. As shown in Fig. 2,
the retention time is approximately 1.7 min for prednisolone and
1.4 min for dipyridamole, with retention times of 1.7 and 1.4 min
for the ISs of prednisolone and dipyridamole, respectively.

3.3. Assay validation

Validation experiments were designed with reference to the
Guidance for Industry-Bioanalytical Method Validation recom-
mended by the Food and Drug Administration (FDA) of the United
States [25]. The experimental design and results of important cri-
teria of method validation are presented in the following sections.

3.4. Linearity, LLOQ, and ULOQ, dilution

The linearity of the calibration curve was evaluated from three
consecutively prepared batches. The linear dynamic range was
between 0.4 and 200 ng/mL for prednisolone and between 5 and
3000 ng/mL for dipyridamole. The calibration curve coefficient of
determination (r2) was at least 0.99 for both prednisolone and
dipyridamole. The mean back-calculated concentrations of the
standards were between 92.8% and 106% of the theoretical concen-
trations (Table 1) for prednisolone and between 94.7% and 104.8%
of theoretical for dipyridamole.

Twelve replicates of LLOQ samples were used to evaluate the
precision and accuracy at the low end of the assay range from
three separate runs. For prednisolone, the coefficient of variation
(CV) was 9.9% and the accuracy, expressed as percent theoretical,
was 105%. For dipyridamole, the CV was 8.3% and the accuracy was
102.6%. Representative LC-MS/MS chromatograms of LLOQ samples
are shown in Fig. 2.

The suitability of study samples being diluted with drug-free
plasma on the day of assay without undergoing an additional
freeze-thaw cycle was evaluated as part of the validation. A QC level
used specifically for dilutions was prepared with the concentrations
of both analytes above the ULOQs during validation at 600 ng/mL
for prednisolone and 10,000 ng/mL for dipyridamole. To achieve a
10-fold dilution, 10 pLof dilution QC and 90 p.L of blank matrix were
combined in the 96-well plate and extracted as normal. Results for
dilution QCs gave a mean accuracy of 94.2% for prednisolone and
104% for dipyridamole. Corresponding CVs were 3.2% and 1.6% for
prednisolone and dipyridamole, respectively.

3.5. Precision and accuracy

Eighteen replicates of QC samples from three consecutive runs
were used to evaluate precision and accuracy at each concentra-
tion level. For prednisolone QC at concentrations of 1.2, 40, and
150 ng/mL, the intra-assay CV was between 1.3% and 4.9%, and the
inter-assay CV was between 2.8% and 5.4%. The inter-assay mean
accuracies, expressed as percents of theoretical, were between
97.3% and 106.3%. For dipyridamole QC at concentrations of 15,
500, and 2250 ng/mL, the intra-assay CV was between 0.8% and
3.6%, and the inter-assay CV was between 1.8% and 3.6%. The inter-
assay mean accuracies, expressed as percents of theoretical, were
between 98.7% and 106.2% (Table 2).

3.6. Selectivity

Selectivity was evaluated by extracting blank human K,;EDTA
plasma from six different lots of matrix and comparing the MS/MS
response at the retention times of prednisolone and dipyridamole
to the responses of the LLOQ. In five of six cases, the prednisolone,
dipyridamole, prednisolone-dg and dipyridamole-d;, regions were
free from significant interference, which means that the peak areas
were <20% of the mean utilized LLOQs or <5% of IS response in
the control zero sample. No significant peaks were observed in
any of the blank plasma samples for either prednisolone or dipyri-
damole.
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Fig. 2. (a) Representative chromatograms of: prednisolone (A), prednisolone-dg (B), dipyridamole (C) and dipyridamole-d,o (D) in human blank plasma. (b) Representative
chromatograms of LLOQ of 0.4 ng/mL prednisolone (A) in human plasma and 50 ng/mL dipyridamole (C) in human plasma, with prednisolone-dg (B) and dipyridamole-dy

(D) as IS for prednisolone and dipyridamole, respectively.



1246 M. Chen et al. / Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 1241-1249

Table 1

Statistical calculation of human plasma calibration standards for assay linearity validation for the analyte.

Analysis Theoretical concentration (ng/mL) (n=3)

Group 04 0.8 2.0 4.0 20.0 100.0 180.0 200.0

Prednisolone
003 04 0.8 2.1 4.3 20.1 104.0 169.0 186.0
004 0.4 0.8 2.0 4.2 214 105.0 168.0 183.0
005 04 0.8 2.2 4.2 20.0 102.0 163.0 189.0
Mean 04 0.8 2.1 4.2 20.5 104.0 167.0 186.0
S.D. 0.008 0.03 0.1 0.1 0.8 1.5 3.2 3.0
R.S.D. (%) 2.1 3.7 4.7 14 3.8 1.5 1.9 1.6
Accuracy (%) 98.8 99.8 103.5 106.0 102.5 104.0 92.8 93.0

Analysis Theoretical concentration (ng/mL) (n=3)

Group 5.0 10.0 25.0 50.0 250.0 1500.0 2700.0 3000.0

Dipyridamole
003 4.9 10.2 252 51.4 265.0 1510.0 2540.0 2870.0
004 5.0 10.1 24.7 52.8 262.0 1560.0 2560.0 2760.0
005 4.9 10.4 24.1 52.7 259.0 1500.0 2600.0 2900.0
Mean 49 10.2 24.7 52.3 262.0 1520.0 2570.0 2840.0
S.D. 0.02 0.2 0.6 0.8 3.0 321 30.6 73.7
R.S.D. (%) 0.4 1.5 22 15 1.1 2.1 1.2 2.6
Accuracy (%) 98.8 102.0 98.8 104.6 104.8 101.3 95.2 94.7

3.7. Matrix effect

The effect of the plasma matrix on concentration determina-
tion was determined by preparing QC samples spiked in human
K,EDTA plasma with six different individual lots of matrix, using
the following equation:

matrix effect (%)

(mean post extraction peak area — mean pure solution peak area)

3.8. Extraction recovery

In order to determine extraction recovery, six replicates of the
mean peak area of recovery control samples, at three concentration
levels (LQC, MQC, and HQC) for each analyte, were compared to six
replicates of mean peak area of the LQC, MQC, and HQC plasma
samples post-extraction. The recovery control samples were

x 100

(mean pure solution peak area)

positive value indicates percent enhancement, negative value indicates percent suppression.

The concentrations of the QCs were evaluated using a calibration
curve generated from the same standards used for the determina-
tion of linearity, precision, and accuracy. Quantitated by this curve,
the matrix effects for prednisolone at 40 ng/mL and dipyridamole
at 500 ng/mL were between 3.1-5.2% and 1.2-3.2%, respectively,
demonstrating that the measured concentrations of both the ana-
lyte and metabolite are independent of the sample matrix (Table 3).

Table 2

prepared in the reconstitution solvent at the known concentrations.
The plasma samples were extracted with IS and, after drying, were
reconstituted as normal. The peak area ratio of analyte/IS for the
recovery controls (RC) and extracted QC samples were determined.
Extraction recovery was calculated by dividing the area ratios of
individual extracted QCs plasma samples by the mean area ratio
of the recovery control QCs samples at the corresponding concen-

Statistical calculation of human plasma QC samples for assay accuracy and precision validation.

Group Analysis Theoretical concentration (ng/mL)
Prednisolone (n=6) Dipyridamole (n=6)
1.2 40.0 150.0 15.0 500.0 2250.0
1 Within-group mean 1.3 42.2 148.0 15.2 540.0 2240.0
S.D. 0.1 1.6 5.2 0.5 43 394
R.S.D. (%) 4.9 3.7 3.5 3.6 0.8 1.8
Accuracy (%) 104.2 105.5 98.7 101.3 108.0 99.6
2 Within-group mean 1.2 42.0 145.0 15.5 533.0 2210.0
SD 0.04 0.9 44 0.5 9.2 31.0
RSD (%) 3.2 22 3.0 3.1 1.7 14
Accuracy (%) 100.8 105.0 96.7 103.3 106.6 98.2
3 Within-group mean 1.3 435 146.0 14.9 521.0 2220.0
S.D. 0.05 0.6 24 0.5 11.0 48.9
R.S.D. (%) 3.9 13 1.7 3.1 2.1 22
Accuracy (%) 110.0 108.8 97.3 99.3 104.2 98.7
Overall mean (n=18) 1.3 425 146.0 15.2 531.0 2220.0
S.D. 0.07 1.23 4.1 0.5 11.6 39.5
R.S.D. (%) 5.4 29 2.8 3.6 2.2 1.8
Accuracy (%) 105.0 106.3 97.3 101.3 106.2 98.7
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Table 3
Summary of matrix effect QC sample evaluation.
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Analysis Theoretical concentration (ng/mL) Prednisolone IS

Group Post-extraction spike Pure solution Post-extraction spike Pure solution
Peak area Peak area Peak area Peak area

005 40.0

n 6 3 6 3

Mean 174503.8 165934.1 174392.3 169192.6

S.D. 8399.8 1664.4 5078.4 1262.7

R.S.D. (%) 4.8 1.0 29 0.7

Matrix effect (%) 5.2 3.1

Analysis Theoretical concentration (ng/mL) Dipyridamole IS

Group Post-extraction spike Pure solution Post-extraction spike Pure solution
Peak area Peak area Peak area Peak area

005 500.0

n 6 3 6 3

Mean 289512.8 286096.7 53342.3 51680.8

S.D. 11598.0 7890.7 2789.0 8224

R.S.D. (%) 4.0 2.8 52 1.6

Matrix effect (%) 1.2 3.2

tration. Evaluated at prednisolone concentration levels of 1.2, 40,
and 150 ng/mL, the mean extraction recoveries were in the range
of 97-104.3% with %CV <4.8%, and the extraction recovery of its
IS was 99.1%. Evaluated at dipyridamole concentration levels of 15,
500 and 2250 ng/mL, the mean extraction recoveries were in the
range of 92.2-104% with %CV <3.8%, and the extraction recovery
of its IS was 100.7%. These results demonstrate that the extraction
recovery is adequate to achieve accurate, precise, and reproducible
results at the LLOQ.

3.9. Stability

Stability of standard stock solutions of prednisolone, dipyri-
damole, prednisolone-dg, and dipyridamole-d,g in methanol used
in the preparation of standards and QCs was established at both
ambient temperatures and at —10 to —30°C as part of the valida-
tion. Results for the determination of stock solution stability were
calculated by comparing mean response ratios (area of response
per unit of concentration) of stability solutions to mean response
ratios of freshly prepared control solutions. Room temperature sta-
bility of all four stock solutions was established for at least 6 h. In
addition, the stability of stock standard solutions of prednisolone
and dipyridamole was tested by comparing freshly prepared stock
standard solutions with solutions that were stored in a freezer
set to maintain between —10 and —30°C for 69 days. Results
showed that the difference between the stored solutions was <5%,
thereby indicating acceptable stability for these durations of stor-
age.

The stability of samples subjected to three freeze/thaw cycles
with a corresponding storage period at room temperature was stud-
ied at two concentration levels (low and high QC) in six replicates
(Table 4). Frozen storage stability of prednisolone and dipyridamole
in matrix was evaluated by preparing six sets of stability QC at
three concentration levels (low, medium, and high QC) and stor-
ing them at —60 to —80°C. The mean concentration of each QC
level was compared to each mean concentration determined in the
initial testing. The stability of processed samples in reconstitution
solution was determined by extracting a calibration curve and six
replicates of low, medium, and high QC samples, which were pro-
cessed and stored refrigerated at 2-8°C for 95h (prednisolone)
or 91 h (dipyridamole) before analysis by LC-MS/MS. The results
show that each analyte had an acceptable stability under the test
conditions (Table 4).

3.10. Assay application for clinical studies

The assay described here was applied to a clinical pharma-
cokinetics study in 18 human subjects after daily administration
of CRx-102 (prednisolone +dipyridamole) at 8 a.m. and 1 p.m. The
Day 1 mean plasma concentration-time profiles of prednisolone
and dipyridamole are shown in Fig. 3. The concentration-time
data were analyzed by non-compartmental method using WinNon-
lin (4.0). Following the dose of prednisolone as part of CRx-102,
the maximum mean plasma concentration (Cpax) was 85.1 ng/mL
(%CV=23.9), and the area under the plasma concentration-time
curve from 0-24 h (AUCy_p41,) was 491 ng/mL x h (%CV =15.1). The
time to reach Cnax (Tmax ) Was in a range between 0.5 and 2 h with a
median Tax of 0.8 h. The elimination half-life was 2.6 h (5CV =12.5)
for prednisolone as part of CRx-102. The apparent systemic clear-
ance (CL/F) was 101 mL/min (%CV =15.8), and the apparent volume
of distribution (V4 /F) was 22.7 L(%CV = 11.9) for prednisolone as part
of CRx-102. The pharmacokinetic parameters obtained in this study
were comparable with previous data reported for prednisolone
administered as a single agent [29,30].

Following the dose of dipyridamole as part of CRx-102, it was
rapidly absorbed from the gut, with a Ty range between 0.5
and 6h and a median Tpax of 3.5h. The Cpax was 2081 ng/mL
(%CV=35.8) and the AUCy_p41, was 11,864 ng/mL x h (%CV=31.5).
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Fig. 3. Mean plasma concentration curves of prednisolone and dipyridamole over
time in 18 healthy subjects administered CRx-102 (prednisolone +dipyridamole).
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Table 4

=6).

Stability of prednisolone and dipyridamole in human plasma (n

Sample condition

Theoretical

Drug

concentration (ng/mL)

Frozen matrix stability (174 days)?

Frozen matrix stability (104 days)d

Freeze—-thaw stability® Processed-sample stability©

Bench top stability?

RS.D. (%)
9.9
35

Accuracy (%)
100.8

RS.D. (%)

7.1

Accuracy (%)

103.3

RS.D. (%)
6.9
48

Accuracy (%)

105.8
110.5

RS.D. (%)
2.9

Accuracy (%)
104.2

RS.D. (%)

6.1

Accuracy (%)
102.5

1.2

40.0
150.0

98.8

33
23

99.3

Prednisolone
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4.1

94.7

98.0

3.1

98.7

44

98.0

2.7

96.7

2.7 88.0 2.1
103.4

94.7

2.7

102.7
108.0

15.0 100.0 23 100.0 3.1

500.0
2250.0

3.0
3.0

33
23

93.6

2.1

Dipyridamole

99.1

95.6

1.1 99.6 13

98.2

1.1

100.4

2 Room temperature for 24 h.
b Freeze-thaw in three cycles.

¢ Refrigerated (2-8°C) for 95 h.

d Stored at —60 to —80°C.

The elimination half-life was 8.5h (%CV=22.1) for dipyridamole
as part of CRx-102. The apparent systemic clearance (CL/F) was
240 + mL/min (%CV=371) and Vy4/F was 177L (%CV=32.2) for
dipyridamole as part of CRx-102. The pharmacokinetic parameters
obtained in this study were generally comparable with previous
data reported for dipyridamole [31-32].

4. Conclusions

The high-throughput 96-well format LLE LC-MS/MS method
was effective for the simultaneous quantitative analysis of pred-
nisolone and dipyridamole in human plasma. The utilization of a
liquid handling device simplified the extraction procedure, mini-
mized the time of sample preparation, and reduced the likelihood
of human error. The analytical method was proven to be consistent
and reproducible for both analytes from human plasma with min-
imum interference and short chromatographic run time (3.5 min).
The method is sensitive, with a LLOQ of 0.4 ng/mL for prednisolone
and 5ng/mL for dipyridamole, using a small sample volume of
100 L. The success of the validated method allowed for its appli-
cation in a pharmacokinetic study, providing efficient and timely
support of further clinical studies.
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