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Abstract

A rapid and sensitive ultra-high-performance liquid chromatography–quadrupole-time-of-flight mass

spectrometric (UHPLC–Q-TOF-MS)methodwas developed for quantification of imipramine, one of the

most widely used tricyclic antidepressants, and desipramine, an active metabolite of imipramine,

in mouse serum. The developed method included a simple protein precipitation with acetonitrile in

50 μL of serum and analyte separation on an Acquity UPLC BEH C18 column using a gradient elution

of acetonitrile with 0.1% formic acid and 20 mM ammonium formate. As a result, the entire analysis

timewas <20 min including the sample preparation and the LC–MSanalysis. The limit of quantification

was 5.0 ng mL−1 for both imipramine and desipramine, and calibration curveswere linearover the con-

centration range of 5.0–1,000.0 and 5.0–250.0 ng mL−1 for imipramine and desipramine, respectively.

Intraday precisions at three levels were 2.2–3.6 and 1.7–4.2% for imipramine and desipramine,

respectively, whereas interday precisions were 2.6–5.0 and 2.0–8.4% for imipramine and desipramine,

respectively. Accuracy ranged between 93.6 and 106.6% for imipramine and 94.1 and 106.4% for de-

sipramine. Absolute recoverywas 96.0–97.6% for imipramine and 87.0–99.5% for desipramine. Finally,

the describedmethod was applied to mice administered with imipramine, demonstrating the suitabil-

ity for quantification of imipramine and desipramine for therapeutic drug monitoring or bioequiva-

lence studies.

Introduction

Tricyclic antidepressants (TCAs) have been widely used for the treat-
ment of adults and children with major depressive disorders as well
as anxiety, eating disorders, neuropathic pain, enuresis and attention
deficit hyperactivity disorder (1–4). Therapeutic drug monitoring
(TDM), which is required to maintain plasma, serum or blood drug
concentrations within a targeted therapeutic range (5), is very important

for individualization of drug dosage. Because of the relatively narrow
therapeutic/toxic index of TCAs, patients are usually monitored to
avoid unwanted side-effects, nonresponsiveness and noncompliance
(6–8). TCAs are rapidly absorbed from the gastrointestinal tract and un-
dergo first-pass metabolism (9). Since they are highly protein-bound
and have a large volume of distribution, they exhibit a long half-life
of elimination (3).
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Imipramine remains one of the most popularly used TCA drugs
(10). Imipramine is metabolized in the liver primarily to desipramine,
which also has antidepressant activity (11) by inhibiting the reuptake
of norepinephrine and serotonin (12). TDM of imipramine and de-
sipramine is essential due to wide interindividual variability in phar-
macokinetics, production of active metabolites and a high risk of
drug–drug interactions (13).

A series of methods have been investigated for quantification of
TCAs, including imipramine and desipramine, in various biological
samples including serum, plasma, urine and oral fluids (Supplementa-
ry Table SI) (2, 11, 14–20). Although liquid chromatography coupled
with ultraviolet detection (LC–UV) methods can offer an economic
advantage, the majority of bioanalytical methods are based on LC–
tandem mass spectrometry (LC–MS-MS), because the mass spectro-
metric detection enables more specific, sensitive, rapid and flexible
quantification of analytes of interest in complex matrices compared
with the UV detection. LC coupled withMS detection (LC–MS)-based
bioanalytical methods involve sample clean-up and/or extraction pro-
cedures that are performed primarily using protein precipitation,
liquid–liquid extraction (LLE) or solid-phase extraction. In particular,
a triple quadrupole (QQQ)–MS operated in selective reaction moni-
toring mode has been employed as the gold standard for quantitative
bioanalytical assays (21, 22). However, recent years have witnessed a
significant shift in the bioanalysis field toward employing high-
resolution MS systems, such as time-of-flight (TOF) detectors, espe-
cially quadrupole-TOF (Q-TOF) systems (23, 24). Q-TOF provides
high mass accuracy for both precursor and productions as well as
speed and resolving power with full scan sensitivity. In the meanwhile,
ultra-high-performance liquid chromatography (UHPLC) allows for
increased resolution and sensitivity as well as excellent reproducibility
compared with HPLC. As a result, the hyphenation between UHPLC
and Q-TOF-MS has been introduced as an excellent analytical plat-
form for qualitative and quantitative tasks (25–27). Indeed,
UHPLC–Q-TOF-MS is now considered as a good alternative to
HPLC–MS-MS for quantitative assays (28). Although UHPLC–
Q-TOF-MS is prevalently used for targeted and nontargeted analysis
of a variety of compounds in foods (27, 29), plants (30, 31), biological
fluids (32, 33) and tissues (31, 34), there are still limited applications
of UHPLC–Q-TOF-MS for bioanalysis of drug molecules (35, 36).
The aim of the present study was to develop a novel, reliable and effi-
cient UHPLC–Q-TOF-MS method for quantification of imipramine
and desipramine in biological fluids while making the method as sim-
ple as possible so that the method could be readily applied.

Experimental

Chemicals

Imipramine, desipramine, amitriptyline, ammonium formate, hexane,
ethyl acetate (EtOAc) and tert-butyl methyl ether (TBME) were of an-
alytical grade and purchased from Sigma-Aldrich (St Louis, MO,
USA). LC-grade formic acid (FA) was obtained from Sigma-Aldrich
and LC-grade acetonitrile (ACN) and water were from J.T. Baker
(Center Valley, PA, USA). Doubly distilled water was obtained using
a Milli-Q water purification system from Millipore (Bedford, MA,
USA).

Animals

Eight-week-old male ICR mice were obtained from Koatech Co., Ltd
(Seoul, Korea). All animal care procedures were conducted in accor-
dance with the US National Institutes of Health (NIH) Guide for the

Care and Use of Laboratory Animals and were approved by the Insti-
tutional Animal Care and Use Committee of School of Pharmacy,
Sungkyunkwan University (Approval No. SKKUP-2014-06).

Standard solutions

Separate stock solutions (1.0 mg mL−1) of imipramine, desipramine
and amitriptyline (internal standard, IS) were prepared by dissolving
accurately weighed amounts of each reference compound in methanol.
All stock solutions were stored at −20°C and were stable for at least 3
months. Working solutions were prepared by serial dilution of the
stock solutions in methanol.

Sample preparation

Simple protein precipitation in ACNwas used for sample preparation.
Briefly, 50 µL of working solution or methanol was added to 50 µL of
mouse serum. Next, 50 µL of IS (100 ng mL−1) was added to the mix-
ture. A total of 850 µL of ACN as an extraction solvent was added to
the mixture and vortexed for 3 min. After centrifugation at 12,300 g
for 5 min using a centrifuge from Gyrozen (Incheon, Korea), the su-
pernatant was removed and dried under a stream of pure nitrogen.
The extract was reconstituted in 100 µL of an ACN–H2O mixture
(1 : 1) and passed through a 0.2-µm filter (Whatman, Piscataway,
NJ, USA) prior to injection.

Instruments and conditions

Chromatography was performed on an Acquity UPLC system (Waters
Co., Milford, MA, USA) equipped with a binary solvent delivery sys-
tem, a cooling autosampler and a thermostatically controlled column
compartment. Separation was achieved on an Acquity UPLC BEH
C18 column (50 × 2.1 mm, 1.7 µm) from Waters (Milford, MA,
USA) maintained at 45°C. The mobile phase consisted of 0.1% FA
in 20 mM ammonium formate buffer (A) and 0.1% FA in ACN (B).
The gradient program was as follows: 0–5 min, 20–60% B; 5–6 min,
60–90%B, 6–7 min, 90%B, followed by allowing the system to equil-
ibrate for an additional 3 min at the initial conditions. The flow rate
was set at 0.3 mL min−1. The autosampler was maintained at 4°C
and the injection volume was 5 µL using a partial loop mode.

Mass spectrometry was conducted with a Waters Acquity Xevo
G2 Q-TOF tandem mass spectrometer (Waters Corp., Manchester,
UK) equipped with an electrospray ionization interface in positive
ion mode. The optimized parameters were set as follows: capillary
voltage, 3.0 kV; sample cone, 30 V; extraction cone, 4.0 V; source
temperature, 120°C; desolvation temperature, 300°C; desolvation
gas (nitrogen), 600 L h−1 and cone gas, 0 L h−1. The instrument was
controlled by MassLynx software (version 4.1, Waters Co., Milford,
MA, USA) and calibrated by direct infusion of a sodium formate sol-
ution (5 mM). Data were acquired fromm/z 100 to 1,500 Da and cor-
rected during acquisition using an external reference (lock spray)
composed of a solution of 2 μg mL−1 leucine enkephalin (m/z
556.2771) infused at a flow rate of 20 μL min−1 to guarantee accuracy
and reproducibility of data acquisition. AnMSE scan function was ap-
plied for simultaneous detection of precursor ions and fragment ions
at high and low collision energies in a single injection run, i.e. the col-
lision energy was switched between a low and high level in alternate
scans. The high collision energy ramp ranged from 20 to 45 V. All the
data for the validation study and the real sample analysis were ob-
tained using the MSE scan function. Raw data were acquired and pro-
cessed using the MassLynx software. TargetLynx software (version
4.1, Waters Co., Milford, MA, USA) calculates the peak area from
each run. It was used for post-acquisition data processing. Extracted
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Table I. MS Data for Imipramine and Desipramine

Analyte Molecular formula Exact mass ([M+H]+) Measured mass Mass error (ppm/mDa) Mass fragment

Imipramine C19H24N2 281.2018 281.2017 −0.4/−0.1 236.1442, 208.1126, 193.0891
Desipramine C18H22N2 267.1861 267.1871 3.7/1.0 236.1404, 208.1133, 193.0903

Figure 1. Chromatograms obtained from a control mouse. EICs were obtained by the analysis of blank serum (A) and serum spiked with imipramine and

desipramine at the LOQ for each compound (B).
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ion chromatograms (EICs) of narrowmass range (<0.05 Da) were em-
ployed for the quantification.

Method validation

Method validation was carried out as follows according to the United
States Food and Drug Administration’s bioanalytical method valida-
tion procedures.

Linearity and sensitivity
Calibration curves were established by plotting the peak area ratio of an-
alyte to IS against the analyte concentration using mouse serum spiked at
various concentrations. The spiked concentrations for imipramine were
5.0, 12.5, 25.0, 50.0, 125.0, 250.0, 500.0 and 1,000 ng mL−1 and 5.0,
12.5, 25.0, 50.0, 125.0 and 250.0 ng mL−1 for desipramine. The result-
ing ratios were fitted to a linear regression model using 1/χ as aweighting
factor.

The limit of quantification (LOQ) was measured as the lowest con-
centration at which imipramine or desipramine could be quantified
with acceptable accuracy (nominal ± 20%) and precision (<20%
CV). The LOQwas included as the lowest concentration in the calibra-
tion curves.

Precision and accuracy
Precision and accuracy were determined using mouse sera spiked at
three concentrations (low, intermediate and high levels). Precision
was measured as the % RSD of peak areas from replicate analyses,
and accuracy was determined as the ratio of back-calculated standard
concentration to the nominal value. Intraday assay precision and ac-
curacy were assessed from five replicates at each concentration level on

the same day. Interday precision and accuracy were evaluated by an-
alyzing three replicates at each concentration level on 3 separate days.

Recovery
Absolute recovery was evaluated at three concentration levels using
the following equation: absolute recovery (% ) = (peak area of analyte
in spiked serum extract/peak area of standard in neat solution) × 100.

Stability
Stability of the analytes in spiked serum extracts was monitored at
three concentrations (5.0, 50.0 and 500.0 ng mL−1 for imipramine
and 5.0, 50.0 and 250.0 ng mL−1 for desipramine) at different time in-
tervals. Fifty microliters of spiked serum extract at each concentration
was prepared (n = 9), and three serum samples for each concentration
were analyzed immediately (t = 0 h), whereas the remaining samples
were kept in an autosampler at 4°C and analyzed after 24 h (n = 3)
and 48 h (n = 3). The relative difference of the back-calculated concen-
tration after 24 or 48 h to t = 0 h was used as an estimate of stability.

Results

Optimization of sample preparation method

Based on literature and for simplicity, ACN and methanol were tested
for protein precipitation (37–42), whereas hexane, EtOAc and TBME
were compared for LLE (43–47). Effectiveness was evaluated based on
the peak areas from triplicate injections of samples prepared from
spiked mouse sera containing the analytes at a concentration of
250 ng mL−1. Our results showed that protein precipitation using
ACN was the most effective among the different methods tested (Sup-
plementary Figure S1). In addition to a higher response, ACN-based
protein precipitation was much simpler and more rapid than LLE.
Accordingly, protein precipitation with ACN was selected as the sam-
ple preparation method. After deproteination, the extract was dried
and reconstituted prior to injection to the UHPLC system. It was
found that a minimum of 100 µL of 50% ACN was needed to
completely reconstitute the dried residues, which produced a volume
of reconstituted extract enough for filtration. Conditions for UHPLC
and Q-TOF-MS analysis were carefully optimized as described in the
Experimental section. MS data for imipramine and desipramine are
displayed in Table I. The total chromatography time was 10 min;

Table II. Calibration Parameters and LOQ of the Developed Method

Analytes Calibration curve r2 Linear range (ng mL−1) LOQ (ng mL−1)

Imipramine y = 0.01453x− 0.03326 0.9993 5.0–1000.0 5.0
Desipramine y = 0.01039x− 0.00408 0.9990 5.0–250.0 5.0

Table III. Intra- and Interday Assay Accuracies and Precisions of the Developed Method

Analyte Concentration (ng mL−1) Intraday assay (n = 5) Interday assay (n = 9)

Accuracy (%) Precision (% RSD) Accuracy Precision (% RSD)

Imipramine 5.0 104.4 3.6 106.6 3.9
50.0 94.4 2.2 98.8 2.6

500.0 93.6 2.6 97.0 5.0
Desipramine 5.0 106.4 4.2 95.5 8.4

50.0 94.1 1.7 100.4 2.0
250.0 95.6 2.7 104.9 5.3

Table IV. Absolute Recovery of the Developed Method

Analyte Concentration (ng mL−1) Recovery (%, n = 6) % RSD

Imipramine 5.0 97.2 2.1
50.0 96.0 4.0

500.0 97.6 3.0
Desipramine 5.0 87.1 12.1

50.0 92.3 7.7
250.0 99.5 2.0

564 Zhao et al.

http://chromsci.oxfordjournals.org/lookup/suppl/doi:10.1093/chromsci/bmv187/-/DC1
http://chromsci.oxfordjournals.org/lookup/suppl/doi:10.1093/chromsci/bmv187/-/DC1


imipramine and desipraminewere eluted within 3 min, after which the
column was washed and re-equilibrated to the initial condition.
Representative chromatograms of spiked serum samples are shown
in Figure 1. The resulting method required <20 min for the entire
analysis including the sample preparation and the chromatographic
analysis. This method was validated as described below.

Validation of the established method

Linearity and sensitivity
Linearity of the calibration curves was verified using spiked mouse sera.
The determined parameters for calibration curves are summarized in
Table II. Correlation coefficients (r2) were above 0.999 for the range
of 5.0–1,000.0 ng mL−1 for imipramine and 5.0–250.0 ng mL−1 for de-
sipramine. The LOQ value as a measure of sensitivity was 5.0 ng mL−1

for both compounds. The signal-to-noise ratios at the LOQ were 12.0
and 10.3 for imipramine and desipramine, respectively.

Accuracy and precision
The intraday accuracy and precision for imipramine were 96.0–97.9
and 2.8–4.6%, respectively (Table III). The interday accuracy varied

between 97.0 and 106.6% and the precision ranged from 2.6 to
5.0%. In the case of desipramine, the intraday accuracy ranged be-
tween 87.9 and 102.0%, whereas the precision ranged between 3.1
and 5.8%. The interday accuracy and precision were 95.5–104.9
and 2.0–8.4%, respectively.

Absolute recovery and stability
The absolute mean recoveries ranged from 96.0 to 97.6% for imipra-
mine and from 87.0 to 99.5% for desipramine (Table IV). Results for
the stability of spiked serum extract containing imipramine and de-
sipramine are summarized in Table V. Imipramine and desipramine
were relatively stable in the reconstituted extract at 4°C for at least
48 h. After 48 h, the concentration of imipramine decreased between
3.9 and 8.0% compared with the corresponding fresh sample concen-
trations. For desipramine, the decrease in concentration ranged from
3.6 to 8.3%.

Application of method to analysis of real samples

The developed method was applied to real serum samples from three
different 8-week-old male ICR mice after imipramine administration

Table V. Sample Stability for Imipramine and Desipramine

Storage time 0 h 24 h 48 h

Analyte Concentration (ng mL−1) Concentration (ng mL−1) % Change Concentration (ng mL−1) % Change

Imipramine 4.9 4.6 −5.6 4.5 −8.0
50.6 48.3 −4.7 47.3 −6.6

498.9 489.6 −1.9 479.5 −3.9
Desipramine 5.0 4.9 −3.2 4.6 −8.3

49.5 48.3 −2.5 46.5 −6.1
248.1 241.0 −2.9 239.1 −3.6

Figure 2. Chromatograms obtained from a mouse treated with imipramine. EICs were obtained by the analysis of real serum samples taken 6 h after drug

administration.
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at a dose of 10 mg kg−1 by intraperitoneal injection. Imipramine and its
primary metabolite, desipramine, were clearly detected at 2.94 and
2.84 min, respectively, from the serum sample taken 6 h after drug
administration (Figure 2). The determined serum concentrations were
51.4–64.0 and 10.5–17.8 ng mL−1 for imipramine and desipramine,
respectively (Table VI). The therapeutic range of imipramine is
45–150 ng mL−1, and 75–250 ng mL−1 for desipramine (15).

Discussion

Sample preparation is required for sample clean-up and/or preconcen-
tration in drug analysis in biological matrices. Particularly in LC–
MS-based techniques, protein precipitation and LLE are probably
the two most commonly employed methods, because they are relative-
ly simple and require no special equipment. In the present study, pro-
tein precipitation using ACN was selected as the sample preparation
method based on which it yielded a high response and it was much
simpler and more rapid than LLE. The sample preparation procedures
could be completed within 10 min. The mass spectrometric detection
using Q-TOF-MS enabled highly selective and sensitive determination
of imipramine and desipramine using a low volume of serum. In fact,
the sample volume (50 µL) in this study was generally low compared
with previous LC–MS methods (Supplementary Table SI). The opti-
mized analytical conditions for sample preparation and chromatogra-
phy were very simple and efficient. Imipramine and desipramine were
eluted within 3 min. The entire analysis time was <20 min, requiring
∼9 min for sample preparation and 10 min for LC–MS analysis. Exact
mass qualitative and quantitative experiments could be performed in
one injection cycle using MSE scan function. The narrow mass range
(<0.05 Da) helped improve selectivity for the target compounds.

Method validation parameters were evaluated for linearity, LOQ,
precision, accuracy, absolute recovery and stability. On the basis of the
LOQ value (5.0 ng mL−1), the current method exhibited comparable
sensitivity to previous reports (Supplementary Table SI). The good
intra- and interassay precisions and accuracies indicated that our
method was reliable for analysis of the two compounds. The absolute
recovery of our method is generally higher than that of previous re-
ports (14, 17–19). The high absolute recovery values with low %
RSD values throughout a wide range of concentrations indicated
that the established sample preparation procedure was suitable for
negligible matrix effects, reasonable repeatability and good extraction
efficiency. Stability tests showed that the prepared samples were stable
for 2 days at 4°C before LC–MS analysis, which suggests that a large
number of samples can be analyzed in a batchwithout concerning deg-
radation of the analytes. Using the developed method, real serum sam-
ples from several mice administered with imipraminewere successfully
analyzed.

In summary, accurate quantification was possible using a small
volume of serum (50 µL), allowing for efficient use of limited blood
samples. The developed method is highly likely to be applicable to

human serum samples for imipramine/desipramine and even other an-
tidepressants. These results indicated that the developed method can
serve as a simple, rapid and reliable method, and therefore, it can be
readily applicable for preclinical or clinical studies such as TDM or
bioequivalence studies of imipramine and desipramine. In addition,
the current method could be applied to the quantitative analysis of
other popular antidepressants by using EICs at relevantm/z values be-
cause EICs of narrow mass ranges can possibly ensure selectivity for
the new target compounds.

Conclusion

A UHPLC–Q-TOF-MS method for simultaneous quantification of
imipramine and desipramine in serum was developed with high sensi-
tivity and good recovery. The current study is the first report of a reli-
able, simple, rapid and efficient method using UHPLC–Q-TOF-MS
for quantification of imipramine and desipramine. More broadly,
these results suggest that UHPLC–Q-TOF-MS methods can be a valu-
able approach for the quantitation of pharmaceuticals and their me-
tabolites for applications requiring routine bioanalysis such as TDM.

Supplementary Material

Supplementary materials are available at Journal of Chromatographic
Science (http://chromsci.oxfordjournals.org).
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