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Determination of theophylline in rabbit plasma
by triple quadrupole LC/MS
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Aim and Background: A simple, sensitive and rapid method was developed for
quantitation of theophylline in rabbit plasma utilizing Triple Quadrupole LC/MS. Materials
and Methods: An aliquot of 0.1 mL of plasma sample was extracted with ethyl acetate using
Heidolph Vortex. The chromatographic separation was performed by using HyPURITY
ADVANCE™ C18 Column (3 x 50 mm) with a mobile phase of 80% methanol and 20%
2 mM ammonium acetate buffer followed by MS/MS detection. The analyte was quantitated
in positive ionization mode. Multiple reaction monitoring (MRM) using the transition m/z
181.1—124.2 and m/z 180.2—110.1 was performed to quantify theophylline with internal
standard (IS, Phenacetin), respectively. The method had a total chromatographic runtime
of 3 min and linear calibration curves over the concentration range of 50.418-5062.063 ng/
mL. The lower limit of quantification (LLOQ) was 50.418 ng/mL Sodium heparin (3.50%)
used as an anticoagulant to prepare rabbit plasma and samples were maintained at 10°C in
the auto sampler during the assay period. Inter and intraday batch precision and accuracy
of the method were determined by using six quality control samples. Results: Average
accuracies for the assay were 89 to 106%, inter and intra-day coefficients variation (CV) of
<9% and the recovery is 39.30% for theophylline and 57.00% for Phenacetin. Conclusion:
Currently we are extensively using this method in our laboratory for quantitative analysis
of theophylline in rabbit plasma samples and proved to be simple, accurate and precise.

Key words: Phenacetin, rabbit plasma, sodium heparin, theophylline, triple
quadrupole LCMS

INTRODUCTION

Theophylline is a bronchodilator used in the treatment of acute, chronic asthma
and patients with a chronic obstructive pulmonary disease. It has been shown
to be extensively metabolized in vivo and eliminated almost exclusively by
cytochrome P-450-mediated hepatic oxidation, predominantly by 8-hydroxylation
to 1, 3-dimethyluric acid. The latter pathway accounts for almost half of the
total theophylline clearance.l'! In addition, theophylline is converted from
N-demethylated to 1-methylxanthine and 3-methylxanthine. The former is further
oxidized by xanthine oxidase to 1-methyluric acid, which is the only theophylline
1-demethylation product seen in human plasma and urine. Asthmatic patients
receive a variety of theophylline dosage forms (oral, intravenous, rectal) in
different dose schedules. Serum theophylline shows considerable individual
variations in patients, presumably due to wide variations in the extent of
metabolism. It seems that theophylline levels, required for optimal bronchodilator
effect, range between 8 and 20 pg/mL.™

In recent years, a number of laboratories have reported for determination of
theophylline in biological fluids by many methods such as UV, HPLC, HPTLC,
GC,GC-MS, fluorescence immunoassay, fluorescence polarized immunoassay,
radio immunoassay, capillary electrophoresis and reflectance photometry assay.!’!
Most of these methods are insensitive to concentrations obtained after single
dose administration of this drug or otherwise time consuming and/or expensive.
So we therefore developed a simple, rapid, sensitive, specific, robust and novel
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assay method that makes it an attractive procedure
in high throughput for quantification of this drug in
rabbit plasma. The results indicate the suitability of
this method in bioavailability studies.

EXPERIMENTAL PROCEDURE

Reagents

The pure substances of theophylline with Phenacetin
(internal standard; IS) were obtained from Cipla
and Sigma Aldrich India, respectively. Chemical
structures are presented in Figure 1. Stock solutions
of theophylline (1 mg/mL) and IS (1 mg/mL) were
separately prepared in 5 mL volumetric flasks with
methanol. HPLC grade methanol from JT Baker,
t-butyl methyl ether and ammonium acetate were
from Merck (Worli, Mumbai, India), HPLC type 1
water from Milli Q System (Millipore, Bedford. MA
USA) was used and blank rabbit plasma from healthy
rabbits was obtained from Bioneeds, Bangalore India.

Apparatus/instrumentation

Chromatographic analysis was performed using
Agilent 1200 Series LC System (Agilent technologies,
INC; VBA) equipped with G1312B Binary pump,
G1315C DAD detector, G1316B thermostatic column
compartment, G1329B auto sampler equipped with
a G1330B thermostat. Mass spectrometric detection
was performed in Triple Quadrupole LC/MS 6410
instrument with Agilent technologies, USA, using
MRM. A turbo electro-spray interface in positive
ionization mode was used. Mass data acquisitions with
integration were controlled by Agilent MassHunter
ChemStation (B.01.03) software.

LC-MS/MS conditions
Chromatography was performed on HyPURITY
ADVANCE C18 Column (3 x 50 mm), maintained
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Figure 1: Chemical structures of Theophylline (I) and internal standard
Phenacetin (ll)
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at 40°C. The mobile phase composition was 2 mM
ammonium acetate buffer: methanol 20:80 v/v (Binary
Flow), which was pumped at flow rate of 0.2 mL/min
without splitter. The auto sampler temperature was
set at 10°C. The main working parameters of the mass
spectrometer are summarized in Table 1.

Preparation of standard and quality control (QC)
samples

Stock solutions of theophylline at a concentration of
1 mg/mL were prepared by dissolving the accurately
weighed reference substance in methanol. The stock
solution was then serially diluted with methanol
water (50:50 v/v) to give working solutions at the
following concentrations: 50.418, 100.836, 252.091,
504.181, 1214.859, 2429.790, 4049.650 and 5062.063
ng/mL. The other stock solution was independently
diluted in a similar way to achieve quality control
solution at concentrations of 0.5128 (LLOQ), 2.5128
(low), 24.4176 (medium) and 40.3597 ng/mL (high).
Internal standard working solution (0.5 pg/mL) was
prepared by diluting the 1 mg/mL stock solution of
Phenacetin with methanol water (50:50 v/v). All the
solutions were kept at 4-8°C and were brought to
room temperature before use.

Both the calibration standard and quality control
samples used for validation and pharmacokinetic
study were prepared by spiking 100 pL sodium
heparin plasma with 50 uL internal standard
correspondingly.

Extraction procedure for plasma samples

A 0.1 mL of plasma sample was mixed with 50 uL
of internal work solution. The mixture was vortexed
for 30 s, and 0.5 mL aliquot of extraction solvent
(ethyl acetate) was added. The analyte and IS were
extracted from plasma by vortexing for 10 min using
Heidolph Vibramax 110 (Germany). Then sample was
centrifuged using micro centrifuge (5415R Eppendorf)

Table 1: Tandem mass spectrometer main
working parameters

Source temperature (°C) 350
Dwell time per transition (milliseconds) 200

Gas flow/Drying gas (L/min) 6
Nebulizer gas (psi) 25
Fragmentor (V) 200
Collision energy (V) 10

lon spray voltage (V) 4000
Mode of analysis Positive
lon transition for theophylline m/z 181.1-124.2
lon transition for phenacetin m/z 180.2—110.1
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for 5 min at 10000 rpm. Following centrifugation, the
supernatant was transferred to clean glass test tubes
and then evaporated to dryness using TurboVap
LV Evaporator (Zymark, Hopkinton, MA, USA) at
40°C under a stream of nitrogen. The residues were
reconstituted with 100 uL of mobile phase and aliquots
of 5 uL were injected into the chromatographic system.

Bioanalytical method validation

Selectivity and lower limit of quantification

To investigate the method selectivity, rabbit plasma
blank samples from six different lots were pretreated
and analyzed at LLOQ.

Calibration curve: A calibration curve was constructed
from a blank sample (blank plasma processed without
an IS), a zero sample (plasma processed with IS)
and eight non-zero samples covering the total range
(50.418-5062.063 ng/mL), including LLOQ. Eight
samples of each concentration were measured and
the curves were fitted by a linear weighted (1/x?) least
squares regression method through the measurement
of peak-area ratio of analyte to IS. The calibration curve
had to have a correlation coefficient (#?) of 0.999 or
better. The acceptance criterion for each back-calculated
standard concentration was 15% deviation from the
nominal value except LLOQ, which was set at 20%.

Recovery

Recovery of theophylline was evaluated by comparing
the mean peak areas of control samples (1 =6) extracted
low (256.385 ng/mL), medium (2441.761 ng/mL)
and high (4035.969 ng/mL) concentration levels
compared with reference solutions (unprocessed).
Recovery of IS was evaluated by comparing between
Blank + IS samples (1 = 6) against reference solutions
(unprocessed) of the same concentration.

Precision and accuracy

To evaluate the precision and accuracy of theophylline
quantification method, QC samples at four
concentration levels (51.277, 256.385, 2441.761 and
4035.969 ng/mL) were analyzed in six replicates.
The whole experiment was reproduced for accuracy
checking in three consecutive days (data not shown).
The assay precision was calculated by using relative
standard deviation (RSD) method, and accuracy was
expressed as relative error (RE %), i.e. (measured
concentration - nominal concentration)/(nominal
concentration) x 100.

Stability
Stability of stock solutions and working solutions of
theophylline and IS, which were stored at 4-8°C for
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15 days and at room temperature (25°C) for 5 h, were
tested by comparing the instrument response with
that of freshly prepared solutions. The analyte were
considered stable when the intensities ranged between
85 and 115% of the initial solutions. The stability
of theophylline in rabbit plasma was evaluated by
analyzing replicates (1 = 6) of plasma samples that were
exposed to different conditions (time and temperature)
at two concentrations (256.385 and 4035.969 ng/mL).
These results were compared with results obtained
from freshly prepared plasma samples. The analyte
was considered to be stable in biological matrix and
an acceptance criterion is +15%. The long term stability
was determined after exposure of the spiked samples
at -20°C for 10 days. The freeze-thaw stability was
evaluated after complete three freeze thaw cycles
(-20°C to -25°C) on consecutive days.

Matrix effects

The matrix effects (MEs) were determined based
on Matuszewski et al.,'¥ whether the potential ion
suppression or enhancement owing to the co-eluting
matrix components existed in the present experiment.
The corresponding peak areas of theophylline from
spike-after-extraction samples at one concentration
level (256.385 ng/mL) were compared in respective
unprocessed or aqueous standard. MEs of IS were
investigated at concentration level (0.5 pg/mL) in
similar way.

RESULTS AND DISCUSSION

LC-MS/MS optimization

Electrospray MS-MS was used to analyze the
compound theophylline. Positive ionization was
selected to quantify the analyte because positive ion
mass spectrometry gave a protonated molecular ion
without adduct formation over negative ionization.
The combination of chromatographic separation by
HPLC and successive mass filtrations by monitoring
the transition of protonated ion to product ion
provided excellent specificity for theophylline and
internal standard. The positive ion electro-spray
mass spectrum of analyte and IS gave a protonated
molecular ions at m/z 124.2, m/z 110.1 and product
ions at m/z 181.1 m/z 180.2, respectively.

Thus, MRM technique was chosen for the assay
development. The MRM state file parameters were
optimized to maximize the response for analyte. The
approach applied to development of this method
was based on literature survey done on theophylline,
which form adducts for the quantization by LC-
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MS/MS.591 Therefore, sensitivity, robustness and
ruggedness of the method are questionable. There
is a need of rugged method in high-throughput
bioanalysis. This method is robust, simple and rapid,
which makes it an attractive procedure in high-
throughput bioanalysis.

Selection of mobile phase and internal standard
Different mobile phases were evaluated to improve
HPLC separation and enhance sensitivity in MS. A
binary system using a mobile phase of 80% methanol
and 20% 2 mM of ammonium acetate buffer was
optional for analyte with respect to peak shape
and mass spectral response. Under this condition,
the retention times of both analyte and IS were
approximately 1.730 and 1.852 min, respectively. The
total run time for each sample was 3 min. The use
of an internal standard was required in the LC-MS/
MS assay for two reasons: To compensate for loses
during extraction and to compensate for the variable
detection sensitivity of MS. We chose Phenacetin
as an internal standard based on its similarity
with theophylline properties such as pKa, solubility
along with chromatographic and extraction
properties. It was expected to give similar recovery
on liquid-liquid extraction and MS/MS response in
the positive ion mode.

Calibration curves

Calibration curve was linear over the concentration
range of 50.418-5062.063 ng/mL for the analyte.
The eight-point calibration curve gave acceptable
results for analyte and was used for all calculations.
The mean correlation coefficient of weighted (1/x?)
calibration curve generated during the validation was
0.999 for analyte [Figure 2]. Table 2 summarizes the
calibration curve results for the analyte. The precision

and accuracy for analyte covering the concentration
of 50.418-5062.063 ng/mL ranged from 1.17 to 9.49
and 90.42 to 105.85%, respectively. The calibration
curve obtained as described above was suitable for
generation of acceptable data for concentrations
of analyte in the samples during validations for
theophylline in rabbit plasma.

Specificity

The method specificity was examined by analyzing
blank plasma extract [Figure 3] and spiked only with
internal standard [Figure 4]. As shown in Figure 3,
no significant interference in blank plasma traces
was seen from endogenous substances in drug-
free rabbit plasma at the retention time of analyte.
Figure 4 shows the absence of interference from the
internal standard to MRM channels of the analyte.
Figure 5 depicts a representative ion chromatogram
for the LLOQ (50.418 ng/mL) of the calibration
curve. Excellent sensitivity was observed for 5 pL
injection volume corresponding to 50.418 ng/mL
on-column.

Recovery

Table 2: Precision and accuracy data of back-
calculated concentrations of calibration samples
for theophylline in rabbit plasma

Nominal n Precision Accuracy
concentration (%) (%)
(ng/ml)

50.418 5 9.49 90.42
100.836 5 1.65 102.98
252.091 5 3.79 100.70
504.181 5 117 105.85
1214.859 5 2.24 103.43
2429.790 5 4.44 101.33
4049.650 5 8.16 93.98
5062.063 5 7.07 95.87

Theophylline - 8 Levels, 8 Levels Used, 8 Points, 8 Points Used, 24 QCs
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Figure 2: Calibration curve for extracted theophylline from rabbit plasma
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Figure 3: LC-MRM ion-chromatograms resulting from the analysis of blank (drug and internal standard free) rabbit plasma for theophylline (I)
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Figure 4: LC-MRM ion-chromatograms resulting from the analysis of blank (drug-free spiked with IS) Rabbit plasma for theophylline (1) and IS (II)
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Figure 5: Representative LC-MRM ion-chromatograms resulting from the analysis of 50.418 ng/ml (LLOQ) of theophylline (1) spiked with the IS

(1) 0.5 pg/mL per sample)

The extraction recovery of theophylline was
39.30% on average and the recovery of IS was 57%
at concentration used in the assay (0.5 pg/mL).
Recovery of analyte and IS were consistent, precise
and reproducible.

Lowest concentration
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The LLOQ of theophylline in rabbit plasma assay
was 50.418 ng/mL. Although peaks were detected at
the concentration of 25 ng/mL with a signal-to-noise
ratio above 5, the precision and accuracy did not meet
the acceptance criteria (<+20%). The between-batch
precision at the LLOQ expressed as RSD was 2.40%.
The between-batch accuracy expressed as relative
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Table 3: Precision and accuracy data from
between-batch experiment for theophylline in
Rabbit plasma

Nominal concentration (ng/ml) n Precision Accuracy
(%) (%)
LLOQ (51.277) 24 5.56 89.04
Low concentration (256.385) 24 5.29 91.07
Medium concentration (2441.761) 24 7.02 96.50
High concentration (4035.969) 24 2.18 99.17

Table 4: Stability of rabbit plasma samples of

theophylline
Spiked concentration (ng/ml) n Precision Accuracy
(%) (%)
Freeze thaw stability
Low concentration (256.385) 6 4.58 98.70
High concentration (4035.969) 6 3.22 95.29
Long-term frozen storage stability
Low concentration (256.385) 6 3.99 103.21
High concentration (4035.969) 6 2.55 97.63

error (RE) was 107.98% [Table 3]. The within batch
precision was 9.5% and the accuracy was 106.2% for
theophylline.

Precision and accuracy

All the values are summarized in Table 3. The middle
and upper quantitation levels of theophylline ranged
from 256.385 to 4035.969 ng/mL in rabbit plasma. For
the between-batch experiment, the precision ranged
from 2.18 to 7.02%. For within-batch experiment, the
precision and accuracy for analyte met the acceptance
criteria (<+15%) and precision was below 5.56% at all
concentrations tested.

Freeze-thaw stability

The freeze-thaw stability of the analyte was determined
by measuring the assay precision and accuracy for
samples, which underwent three freeze-thaw cycles.
The stability data were used to support repeat
analysis. The frozen plasma samples containing
analyte was thawed at room temperature for 2-3 h,
refrozen for 12-24 h, repeated this cycle three times
and then analyzed. The results showed that the analyte
was stable in rabbit plasma through three freeze-thaw
cycles. The precision ranged from 3.22 to 4.58% and
the accuracy ranged from 95.29 to 98.70% [Table 4].
The results demonstrated that rabbit plasma samples
could be thawed and refrozen without compromising
the integrity of the samples.

Long-term storage stability
The sample long-term storage stability at -20°C was
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evaluated to establish acceptable storage conditions
for pharmacokinetic samples. Aliquots of rabbit
plasma samples spiked with analyte at concentrations
of 256.385 to 4035.969 ng/mL were analyzed on day 1.
Then samples from the same pools were analyzed
against calibration curves from freshly prepared
standards after storage at —20°C for 10 days. The
precision and accuracy for the analyte on day 10 ranged
from 2.55 to 3.989 and 97.63 to 103.21%, respectively.

CONCLUSIONS

In summary, theophylline is quantified in heparinized
rabbit plasma by Triple Quadrupole LC/MS positive
ionization mode without adduct formation using
MRM. The method described is simple, rapid,
sensitive, specific and fully validated as per FDA
guidelines. The cost effectiveness, simplicity and speed
of liquid-liquid extraction and sample total runtime of
3 min per sample make it an attractive procedure. The
validated method allows quantization of theophylline
in 50.418-5062.063 ng/mL concentration range.
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