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bstract

Matrix effects resulting in ion suppression or enhancement have been shown to be a source of variability and inaccuracy in bioanalytical mass
pectrometry. Glycerophosphocholines may cause significant matrix ionization effects during quantitative LC/MS/MS analysis and are known to
ragment to form characteristic ions (m/z 184) in electrospray mass spectrometry. This ion was used to monitor ion suppression effects in the
etermination of hydrocodone and pseudoephedrine in human plasma as a means to track and avoid these effects. The m/z 184 ion fragment was
etected in both plasma extracts and solutions of phosphatidylcholine. Post-column infusion studies showed that the ion suppression for both
rugs and internal standards correlated with the elution of phospholipids. HPLC conditions were adjusted to chromatographically resolve the
eaks of interest from the phospholipids. Upon repeated injection, the elution time of the phospholipids decreased while elution of the analyte
eaks remained unchanged. This resulted in co-elution and significantly affected peak shape and internal standard response for the analytes. It was
ecided to use the phospholipid fragment to monitor this matrix effect in validation samples. The resulting method demonstrated intra-day and
nter-day precision within 4.5 and 5.6% for hydrocodone and pseudoephedrine, respectively, and accuracy within 8.9 and 8.7% for hydrocodone,

nd pseudoephedrine, respectively. There was no statistically significant difference in the internal standard response for the determination with
nd without monitoring the phospholipid fragment ion. We found that monitoring the phospholipid fragment was useful in method development
o avoid the matrix effects, and in routine analysis to provide a practical way to ensure the avoidance of matrix effects in each individual sample.
 2007 Elsevier B.V. All rights reserved.
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. Introduction
High-performance liquid chromatography coupled with tan-
em mass spectrometry (LC/MS/MS) is the method of choice
or quantitative bioanalysis of small molecules due to its sen-
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itivity and selectivity. However, there are several endogenous
atrix components that may co-elute with the target analytes,
hich are often invisible to the MS detector at analytical method
asses but that may significantly affect the efficiency and

eproducibility of the ionization process [1]. These result in
ignal enhancement or suppression, which is termed a matrix
ffect. The exact mechanism of matrix effects is unknown but
t is likely due to competition reactions between an analyte

nd the co-eluting matrix component [2–4]. Because of the
ffects on ionization efficiency, precision, accuracy, and sen-
itivity may be affected; matrix effects should be studied and
valuated during method development. Rogatsky and Stein [5]
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tated that there are only 20% of quantitative analysis stud-
es from plasma samples that investigated matrix effects and
ess than 5% investigated matrix effects in detail. Post-column
nfusion and post-extraction addition methods are the most com-

on method for matrix effect evaluation [4]. There are few
tudies that have evaluated and minimized matrix effects by
ptimization of the sample extraction procedures, assessment
f differential suppression from multiple sources of matrix,
nd the use of isotopically labeled internal standards [3,4,6,7].
abeled internal standards may not be adequate for matrix
ffect compensation, especially if the analyte and internal stan-
ard elute near a large and sloping matrix suppression peak.

slight change in the retention time may yield different lev-
ls of matrix effects on analyte and internal standard peaks,
hich could affect the accuracy and precision of quantification

1].
Phospholipids are the main constituents of cell membranes

nd the main class of compounds that cause significant matrix
ffects [8,9]. Van Horn and Bennett [8] developed an approach
o reduce these effects by removing phospholipids from the
iological matrix by use of a specific lanthanide sorbent col-
mn. Phospholipids are composed of ester or amide derivatives
f glycerol or sphingosine with fatty acids and phosphoric
cid. The phosphate moiety is esterified with choline, serine
r ethanolamine. Glycerophosphocholines (e.g. phosphatidyl-
holine) are considered the major phospholipids in plasma and
ause significant matrix ionization effects during LC/MS/MS
nalysis [9]. Mono- and di-substituted glycerophosphocholines
nd also other phospholipids such as sphingomyelins, which
re present at lower concentrations in plasma have been
hown to fragment to form trimethylammonium-ethyl phos-
hate ions (m/z 184) in LC/MS/MS [9]. Little et al. [9]
eveloped an approach, which was referred to as in-source
ultiple reaction monitoring (IS-MRM) for detection of glyc-

rophosphocholines during LC/MS/MS analysis using only one
hannel in an MRM LC/MS/MS experiment. Complete elu-
ion of glycerophosphocholines occurred after each injection
f biological extract. They adjusted the instrumental param-
ters as required for monitoring trimethylammonium-ethyl
hosphate ions (m/z 184) without further fragmentation and
tudied various factors affecting elution of glycerophospho-
holines.

Hydrocodone (4,5�-epoxy-3-methoxy-17-methylmorphinan
6-one) is a semi-synthetic opioid analgesic, more potent anti-
ussive than codeine and more addictive. It is usually used for
elief of moderate pain [10–12]. High-performance liquid chro-
atographic (HPLC) methods [12–14] and gas chromatographic

GC) methods [15–17] have been reported for determination of
ydrocodone and its metabolites in plasma, blood, urine, human
air extracts, human liver microsomes and postmortem flu-
ds. Pseudoephedrine (benzenemethanol, �-[1-(methylamino)
thyl]-, [S-(R*, R*)]) is an active stereoisomer of ephedrine,
sed for relief of nasal congestion in cases of rhinitis and

ffective in acute asthma treatment [10,11]. Several high-
erformance liquid chromatographic (HPLC) methods [18–22],
as chromatographic (GC) methods [23,24] and capillary elec-
rophoresis [25,26] have been described for determination
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f pseudoephedrine in plasma and pharmaceutical prepara-
ions.

A simple and sensitive method for the determination of
ydrocodone and pseudoephedrine in human plasma is reported
hat utilizes the m/z 184 mass fragment of the glycerophos-
hocholines to evaluate matrix effects. The analytes were
solated using methyl tertiary butyl ether as the extraction sol-
ent. Hydrocodone-d3 and pseudoephedrine-d3 were used as
sotopically labeled internal standards for hydrocodone and
seudoephedrine, respectively. Use of the phospholipids as a
arker for the matrix components that cause suppression or

nhancement effects was done to provide a means of track-
ng and avoiding these effects in method development. We also
tudied and compared the elution of glycerophosphocholines
rom different plasma sources, and investigated the effect of
everal biological extract injections on the elution time of
lycerophosphocholines to determine the potential effect of
epeated injections on analytical performance. Monitoring phos-
holipids may provide a means to ensure the avoidance of
atrix effects in each individual sample and may provide a
ore practical tool for avoiding matrix effects than commonly

sed post-extraction addition and post-column infusion. Val-
dation data was collected with and without monitoring the
hospholipids mass transition m/z 184 > 184 to investigate the
ffect of increasing the number of mass transitions monitored
n the intensity and reproducibility of each peak of inter-
st.

. Experimental

.1. Reagents

Hydrocodone and pseudoephedrine were purchased from
lltech (State College, PA, USA), Hydrocodone-d3 was
btained from Isotech Inc. (Miamisburg, OH, USA), and
seudoephedrine-d3 was purchased from Cerriliant (Round
ock, TX, USA). Phosphatidylcholine was purchased from
vanti Polar Lipid Inc. (Alabaster, AL, USA). Blank human
lasma with K2-EDTA as an anti-coagulant was obtained
rom BioChemed Services (Winchester, VA, USA). Ace-
onitrile, methanol and methyl tertiary butyl ether (MTBE)
uitable for HPLC were obtained from Burdick and Jack-
on (Muskegon, MI, USA), Formic Acid was purchased
rom Sigma Chemical Company (St. Louis, MO, USA),
mmonium formate, was purchased from Aldrich Chemical
ompany (Milwaukee, WI, USA) and Sodium hydroxide was
btained from GFS Chemicals Inc. (McKinley, Columbus, OH,
SA).

.2. Apparatus

The HPLC system consisted of Liquid chromatograph, Shi-
adzu, System Controller, SCL-10A Vp, Pumps, LC 10AD Vp,

olvent Degasser, DGU14A, and autosampler, SIL-10AD Vp
Columbia, MD, USA). The Mass Spectrometer was Micro-
ass Quattro API Micro, Waters Corp. with a Data acquisition,
asslynx version 4.0 and 4.1 installed on IBM think center com-
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uter, Waters Corp. (Milford, MA, USA), which was operated
n the electrospray ionization (ESI) positive multiple reaction

onitoring (MRM) mode.

.3. Preparation of standards and quality control (QC)
amples

Two separate 100 �g/mL stock solutions of each analyte were
repared in methanol and stored at approximately −20 ◦C in
ilylated glassware. The solutions were prepared by diluting
00 �L of a 1.00 mg/mL standard solution of each analyte to
.0 mL with methanol. After checking responses form these
wo solutions, the two solutions were combined into one stock
olution to prepare calibration standards and quality control
QC) samples. The calibration standards were prepared by
dding appropriate amounts of the stock solution into pooled
lank plasma. The nominal concentrations were 0.2, 0.45,
.75, 5.0, 25.0, 50.0 and 100 ng/mL for hydrocodone and 50.0,
00.0, 250.0, 500.0, 750.0, 900.0 and 1000 ng/mL for pseu-
oephedrine. QC samples at concentrations of 0.5, 4.0 and
0.0 ng/mL for hydrocodone and 150, 400 and 800 ng/mL
or pseudoephedrine were prepared. Dilution QC samples
t 300 and 3000 ng/mL and LOQ QC samples at 0.2 and
0.0 ng/mL of hydrocodone and pseudoephedrine, respectively,
ere also prepared. Standards and controls were sub-aliquoted

nto 13 mm × 100 mm polypropylene tubes and stored at approx-
mately −20 ◦C.

.4. Sample preparation

Human plasma samples were thawed at room tempera-
ure and vortex mixed. A 500 �L aliquot of each sample
as placed into a silanized 13 mm × 100 mm screw cap cul-

ure tube, 25 �L of freshly prepared working internal standard
combined solution of 3.00 �g/mL of pseudoephedrine-d3 and
00 ng/mL hydrocodone-d3), was added and mixed briefly,
0 �L of 0.1N sodium hydroxide, was added and mixed
riefly, the mixed samples were extracted by addition of
.0 mL of methyl tertiary butyl ether (MTBE) followed
y rotation for approximately 5 min. After centrifugation
t approximately 3000 rpm for 10 min, the samples were
laced in the freeze bath at −40 ◦C, then the organic

ayer was transferred to a silanized 16 mm × 100 mm screw
ap conical tube and evaporated in the TurboVap® under

nitrogen stream at approximately 40 ◦C to dryness, the
esidue was reconstituted with 50 �L of reconstitution solu-

t
o
e
T

able 1
ultiple reaction monitoring (MRM) parameters for hydrocodone, pseudoephedrine,

ompound name Nominal parent (m/z) Nominal daughter (m

ydrocodone 300.0 199.0
seudoephedrine 166.0 148.0
ydrocodone-d3 303.0 199.0
seudoephedrine-d3 169.0 151.0
hospholipids 184.0 184.0
togr. B  859 (2007) 84–93

ion, [20:80] 2.0 mM ammonium format in methanol:acetonitrile
/v, vortexed, and transferred to sample vials with silanized
nserts. A 10 �L of the resulting solution was injected into
C/MS/MS.

.5. Monitoring phospholipids

Optimized parameters for monitoring m/z 184 as a com-
on ion fragment for glycerophosphocholines without further

ragmentation were used [9]. These ions were detected in both
lasma extracts and solutions of the phosphatidylcholine iso-
ated from chicken eggs.

.6. Post-column infusion

Post-column infusion experiments were conducted in which
100 ng/mL solution of hydrocodone, pseudoephedrine,

ydrocodone-d3, and pseudoephedrine-d3 in the reconstitution
olution was constantly infused (10 �L/min) into the MS. A
00 �L aliquot of human plasma was extracted as described
nder Section 2.4, and the matrix extract injected pre-column.
or the isolated phospholipids solutions, a 250 �g/mL phos-
hatidylcholine solution was prepared in the reconstitution
olution and was injected pre-column.

.7. Isocratic method for the analysis of hydrocodone and
seudoephedrine

The samples were analyzed using a Betasil Diol-100,
0 mm × 2.1 mm, 5 �m particle size analytical column, Thermo
lectron Corp. (Bellefonte, PA, USA), Frit SS Nat 2 �m
.094 × 0.65 × 0.2485 × 10 pk, A-100X, Upchurch Scientific,
nc. (Oak Harbor, WA, USA). Mobile phase A consisted
f 2 mM ammonium formate in methanol, and mobile
hase B was acetonitrile. An isocratic method using [20:80]
mM ammonium formate in methanol:acetonitrile v/v mobile
hase with 0.35 mL/min flow rate was performed. The
utosampler utilized a rinse solution comprised of 95:5
ethanol:2% formic acid, with a run time of 10–12 min,

inse volume (500 �L) pre- and post-injection and injec-
ion loop volume (20 �L). The MS/MS System parameters
ere: capillary (3.00 kvolts), extractor (2.00 volts), source
emperature (120 ◦C), desolvation temperature (400 ◦C), des-
lvation gas flow (300 L/h), collision gas (Argon), collision
nergy, mass transitions and MRM parameters as shown in
able 1.

hydrocodone-d3, pseudoephedrine-d3 and glycerophosphocholines

/z) Dwell (s) Cone (volts) Collision energy (eV)

0.250 40.0 30.0
0.150 20.0 12.0
0.150 40.0 30.0
0.150 20.0 12.0
0.05 90.0 7.0
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phospholipids peaks were monitored as described under Sec-
Fig. 1. Chemical structures of glycerophosphocholines, pseudoeph

.8. Validation

.8.1. Post-extraction addition
Post-extraction addition experiments were conducted in

hich human blank plasma (n = 3) was aliquoted and extracted
s described under Section 2.4, reconstituted with a standard
olution of hydrocodone, pseudoephedrine, hydrocodone-d3 and
seudoephedrine-d3, vortex mixed transferred to sample vials
ith silanized inserts and injected (10 �L) onto the LC/MS/MS.
olutions containing an equivalent amount of hydrocodone,
seudoephedrine, hydrocodone-d3 and pseudoephedrine-d3 in
he reconstitution solution (n = 3) were injected as described
nder Section 2.4.
.8.2. Determination of hydrocodone and pseudoephedrine
hile monitoring phospholipids

Validation runs were analyzed with and without monitoring
he phospholipids mass transition m/z 184 > 184. Human plasma

t
D
i
p

e, pseudoephedrine-d3, hydrocodone and hydrocodone-d3 [9,28].

amples were aliquoted and extracted as described under Sec-
ion 2.4. The relative abundance for the internal standard was
ompared for the two analyses using a t-test [27].

.8.3. Monitoring phospholipids in different plasma sources
Fifteen sources of human plasma were extracted as described

nder Section 2.4, the phospholipid peaks were monitored as
escribed under Section 2.7.

.8.4. Effect of repeated injections on the elution of
hospholipids

Quality control samples of hydrocodone and pseu-
oephedrine were extracted as described under Section 2.4. The
ion 2.7 for approximately 350 injections using two Betasil
iol-100, 50 mm × 2.1 mm, 5 �m particle size columns to

nvestigate the effect of repeated injections on the elution of
hospholipids.
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Fig. 2. (A) LC/MS/MS chromatograms of 250 �g/mL phosphatidylcholine solution, m/z 184 → 184 and matrix ionization effects with post-column infusion
(100 ng/mL, 10 �L/min) of (B) hydrocodone-d3, m/z 303 → 199; (C) hydrocodone, m/z 300 → 199; (D) pseudoephedrine-d3, m/z 169 → 155; (E) pseudoephedrine,
m/z 166 → 148.

F
h

ig. 3. (A) LC/MS/MS analysis of extracted plasma, m/z 184 → 184 and matrix i
ydrocodone-d3, m/z 303 → 199; (C) hydrocodone, m/z 300 → 199; (D) pseudoephe
onization effects with post-column infusion (100 ng/mL, 10 �L/min) of (B)
drine-d3, m/z 169 → 155; (E) pseudoephedrine, m/z 166 → 148.
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. Results and discussion

.1. Monitoring phospholipids

A wide variety of glycerophosphocholines can be mon-
tored using one mass transition at m/z 184. Mono- and
i-substituted glycerophosphocholines and also other phospho-
ipids, such as sphingomyelins, which are present at lower
oncentrations in plasma, have been shown to fragment to
orm trimethylammonium-ethyl phosphate ions (m/z 184) in
C/MS/MS [9]. The trimethylammonium-ethyl phosphate ion

ragment (m/z 184) was detected in both plasma extract after
iquid–liquid extraction and in standard solutions of phos-
hatidylcholine using a cone voltage at 90 V, collision energy
t 7 V, with the dwell time at 0.05 s and an interscan delay time
f 0.05 s (Fig. 1).

.2. Post-column infusion

Post-column infusion experiments were carried out to deter-
ine ionization effects on the analytes from phospholipids

uring LC/MS/MS analysis with both blank plasma extracts and
standard solution of phosphatidylcholine. The ion suppression
bserved at the beginning of the chromatograms (0.5–0.8 min)
ay be due to the presence of salts and highly polar non-retained

ompounds [9]. By comparing the post-column infusion using
hosphatidylcholine solutions (Fig. 2) with the extracted matrix
Fig. 3), it can be concluded that the 250 �g/mL phosphatidyl-
holine solution yielded a suppression window at essentially
he same time in the chromatogram. The response of the phos-
hatidylcholine solution was approximately the same as that of
he endogenous phospholipid related peaks in the matrix, accord-
ng to peak height intensities. The post-column infusion studies
howed that, the ion suppression noted for the drugs and internal
tandards correlated in time with the elution of the phospholipids
Figs. 2 and 3).

.3. Method development for the analysis of hydrocodone
nd pseudoephedrine

Five extraction solvents (ether, MTBE, ethyl acetate:n-
exane (1:1), (1:9) and (9:1) were evaluated for hydrocodone
nd pseudoephedrine extraction (n = 2) for of extraction recovery
nd matrix effects (Fig. 4). Methyl tertiary butyl ether (MTBE)
rovided the highest recoveries for both compounds using
ydrocodone-d3 and pseudoephedrine-d3 as labeled internal
tandards for hydrocodone and pseudoephedrine, respectively.
sing the phospholipids as an indicator of matrix effects, HPLC

onditions were adjusted to resolve the peaks of interest from
he phospholipids (Fig. 5). An isocratic mobile phase using
20:80] 2.0 mM ammonium formate in methanol:acetonitrile
/v at a 0.35 mL/min flow rate was found to yield opti-
al retention and good peak shape for all compounds. A

obile phase containing methanol provided 50% of the

ydrocodone and 30% of the pseudoephedrine response as
ompared to acetonitrile. Both analytes also demonstrated
hort retention times and poor peak shape for hydrocodone

d
e
w
c

00 ng/mL pseudoephedrine samples after liquid–liquid extraction using 3 mL
f (1) ether, (2) ethyl acetate:n-hexane (1:1) v/v, (3) ethyl acetate:n-hexane (1:9)
/v, (4) ethyl acetate:n-hexane (9:1) v/v and (5) MTBE.

hen methanol was used in the mobile phase. These results
upport monitoring phospholipids as a marker for matrix com-
onents during method development since this was helpful to
aintain resolution of the peaks of interest from the phospho-

ipids.

.4. Post-extraction addition experiment

A post-extraction addition experiment was conducted
o determine the degree of matrix effects that occurred
uring LC/MS/MS analysis. By comparing responses of
ample extracts with the same concentrations of the ana-
ytes of interest added post-extraction from neat solution,
he degree of matrix effects were evaluated. Matrix effects
ere reduced from 0.55 to 0.92 for hydrocodone and from
.59 to 0.90 for pseudoephedrine by adjusting the HPLC
onditions to resolve the peaks of interest from the phospho-
ipids.

.5. Determination of hydrocodone and pseudoephedrine
ith monitoring phospholipids

Increasing the number of mass transitions can potentially

ecrease the signal intensity and the signal to noise ratio for
ach peak of interest. A validation run was analyzed with and
ithout monitoring the phospholipids to investigate this. The

alibration parameters, slope, intercept and correlation coeffi-
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Fig. 5. Chromatograms of the resolved peaks, using an isocratic mobile phase of [20:80] 2.0 mM ammonium formate in methanol:acetonitrile v/v at a 0.35 mL/min
flow rate. (A) Glycerophosphocholines, m/z 184 → 184, (B) 25 ng/mL hydrocodone-d3, m/z 303 → 199, (C) 4 ng/mL hydrocodone, m/z 300 → 199, (D) 150 ng/mL
pseudoephedrine-d3, m/z 169 → 155 and (E) 400 ng/mL pseudoephedrine, m/z 166 → 148.
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ient, for hydrocodone were 0.0416, 0.00025 and 0.996 with
onitoring the 184 mass transition and were 0.0375, −0.000017

nd 0.990 without monitoring the phospholipids mass transition.
he calibration parameters, slope, intercept and correlation coef-
cient, for pseudoephedrine were 0.0696, 0.0665 and 0.986 with
onitoring the phospholipids mass transition m/z 184 > 184 and
ere 0.0633, 0.0689 and 0.993 without monitoring the phospho-

ipids mass transition m/z 184 > 184. The higher slope without
onitoring the m/z 184 was unexpected and could have been

ue to day to day signal fluctuations of the mass spectrom-
ter. In order to evaluate this, the relative abundance for the
nternal standards (n = 25) was compared for the two analytes
sing a t-test [27], The t-test results show that the mean response
ithout monitoring m/z 184 is higher than that with monitoring
/z 184, but the difference is statistically non-significant. The

dditional mass transition for phospholipids therefore had no sta-
istically significant impact on the sensitivity of the other mass
ransitions.

In order to investigate the effect of the additional mass tran-
ition on measurement at the LLOQ for both analytes, LLOQ
amples (n = 3) were analyzed in the previous run with and
ithout monitoring phospholipids. The intra-assay precision
as 4.26% and 7.84% for hydrocodone and pseudoephedrine

espectively, and the intra-assay accuracy was 5.0 and 5.36%

or hydrocodone and pseudoephedrine, respectively. The results
howed that there was no significant impact of the additional
ass transition on the measurement at the LLOQ for both ana-

ytes.

m
t
t
p

.6. Monitoring phospholipids in different blank plasma
ources

The m/z 184 > 184 mass transition was monitored in fifteen
ifferent sources of human plasma, phospholipid signals were
etected in all human plasma sources using the isocratic method,
he retention times of the phospholipid peaks ranged from 3.7 to
.2 min, the relative abundance of phospholipids ranged from
.41 × 107 to 6.25 × 107 peak height intensity and the peak
idth ranged from 1.6 to 3.6 min. The intensity of the peak
eight and the peak width of the m/z 184 > 184 mass transi-
ion varied from one plasma source to another and may have
een due to different levels and different types of phospholipids
n each source. This observation further supports the need to

onitor phospholipids during quantitative bioanalytical mass
pectrometry.

.7. Effect of repeated injections on the elution of
hospholipids

The effect of multiple biological extract injections on the elu-
ion time of glycerophosphocholines was investigated using two
etasil Diol-100, 50 mm × 2.1 mm, 5 �m particle size columns

I and II) to determine the potential effect on analytical perfor-

ance and matrix effects. It was found upon repeated injection

hat peaks associated with the phospholipids eluted faster while
he elution of the analyte peaks remained unchanged. Phos-
holipids may have accumulated on the column upon repeated
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Fig. 6. The effect of repeated injection on the elution of the phospholipids using
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olumn (I). The arrow indicates a point at which the run was stopped and the
olumn was left in the mobile phase overnight before starting the next batch of
njections.

njection and the column may have been saturated with phospho-
ipids causing the phospholipids to elute faster, which indicates
hat phospholipids and the analytes may not competitively bind
o the same sites on the stationary phase. Various organic sol-
ents (acetonitrile, methanol, methylene chloride, isopropanol,
hloroform, n-hexane) were used for column washing although
hese did not remove the accumulated phospholipids. As shown
n Fig. 6 after 350 injections using column I, the phospholipids
eaks co-eluted with the pseudoephedrine peak and very closely
o the hydrocodone peak. Using column II as shown in Fig. 7 the
hospholipid peaks co-eluted with hydrocodone after approx-

mately 350 injections. The chromatograms in Figs. 5 and 8
how the resolved and the co-eluting peaks, respectively. Fig. 8
hows the effect of co-elution on the peak shape of the analytes.
hese results show inconsistent retention of the phospholipids.

i
p
t
o

ig. 8. Chromatograms of unresolved peaks, using an isocratic mobile phase of [20:
ow rate. (A) Glycerophosphocholines, m/z 184 → 184, (B) 25 ng/mL hydrocodone-
seudoephedrine-d3, m/z 169 → 155 and (E) 400 ng/mL pseudoephedrine, m/z 166 →
ig. 7. Effect of repeated injection on the elution of the phospholipids using
olumn II (used for approximately 300 injections before starting monitoring
etention time of phospholipids).

he signal to noise S/N ratio for hydrocodone was 101.3 and
6.8 for resolved and co-eluting peaks, respectively, and for
seudoephedrine, it was 342.33 and 304.25 for resolved and
o-eluting peaks, respectively. The relative abundance for the
nternal standards was compared for the resolved and the co-
luting peaks (n = 12) using a t-test [27]. The t-test results
how that the difference between the mean response in case of
esolved and co-eluting peaks is statistically significant. Elution
f phospholipids at different retention times result in inaccu-
ate results due to the presence of an inconsistent degree of

on suppression on the analyte, This suggests that monitoring
hospholipids in routine samples may be beneficial to ensure
hat co-elution resulting in ion suppression effects does not
ccur.

80] 2.0 mM ammonium formate in methanol:acetonitrile v/v at a 0.35 mL/min
d3, m/z 303 → 199, (C) 4 ng/mL hydrocodone, m/z 300 → 199, (D) 150 ng/mL

148.
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Table 2
Precision and accuracy calculated from quality control (QC) samples

QC sample (ng/mL) Inter-day (n = 15) Intra-day (n = 6)

Mean (ng/mL) S.D. %R.S.D. %DFN Mean (ng/mL) S.D. %R.S.D. %DFN

Hydrocodone
0.5 0.5 0.02 4.42 −0.57 0.5 0.02 3.46 −0.33
4.0 3.99 0.12 3.09 −0.20 3.97 0.06 1.58 −0.71

80.0 84.09 3.63 4.32 5.11 87.11 0.72 0.83 8.89

Pseudoephedrine
150.0 162.91 8.98 5.51 8.61 156.66 7.28 4.65 4.44
4
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00.0 420.86 12.67 3.01
00.0 797.15 43.77 5.49

.8. Validation

The resulting method using the m/z 184 fragment to monitor
o-elution was validated. The total run time was based on the
lution of phospholipids. Before starting each run, the analyte
etention times and responses were checked and 10 extracted
lank plasma samples were injected. The baseline resolution
f analytes and phospholipids was visually checked before and
fter each run to ensure the absence of co-elution in each sample.
he results were accepted only if the phospholipid peaks were
ompletely resolved from the analyte and the internal standard
eaks. The estimated column lifetime (n = 2) was approximately
wo hundreds injections without co-elution of phospholipids
ith the analyte or internal standard peaks. Loss of resolution is

n indicator for changing the column.
The lower limit of quantitation (LLOQ) was 0.2 ng/mL for

ydrocodone and 50 ng/mL for pseudoephedrine, linearity was
btained over the concentration range of 0.2–100 ng/mL for
ydrocodone and 50–1000 ng/mL for pseudoephedrine using
inear regression weighted by inverse concentration squared.
he means of the calibration parameters, slope ± standard devia-

ion (S.D.), intercept ± standard deviation (S.D.) and correlation
oefficient, were 0.0427 ± 0.0049, −0.000038 ± 0.0003 and
.9964 for hydrocodone and 0.00766 ± 0.0007, 0.102 ± 0.0760
nd 0.9927 for pseudoephedrine, respectively. The percent rela-
ive standard deviation (%R.S.D.) of back calculated standards
as less than 8.4 and 6.3% for all standards of hydrocodone

nd pseudoephedrine, respectively. The percent difference from
ominal concentration (%DFN) was less than 2.0 and 7.3% for
ll standards of hydrocodone and pseudoephedrine, respectively.
ix blank plasma samples from different individuals were ana-

yzed for interference at the retention times of the analytes. All
atrix samples were free from interferences (less than 20% of

he mean response at the limit of quantification prepared in
ooled plasma) at the retention times for hydrocodone, pseu-
oephedrine and their internal standards.

Inter- and intra-assay precision and accuracy were calculated
rom quality controls samples at three concentration levels over
our validation days as summarized in Table 2. The overall inter-

ssay precision (measured as percent relative standard deviation,
R.S.D.) was less than 4.5 and 5.6% for hydrocodone and

seudoephedrine, respectively, and the intra-assay precision was
ess than 3.5 and 4.7% for hydrocodone and pseudoephedrine,

t
p
n
w

5.21 417.62 7.27 1.74 4.40
0.36 777.89 15.84 2.04 −2.76

espectively. The inter-assay accuracy (measured as percent dif-
erence from nominal, %DFN) was less than 5.2 and 8.7% for
ydrocodone and pseudoephedrine, respectively, and the intra-
ssay accuracy was less than 8.9 and 4.5% for hydrocodone and
seudoephedrine, respectively.

The inter-assay precision at the lower limit of quan-
itation (LLOQ) was 3.8 and 8.2% for hydrocodone and
seudoephedrine, respectively. The intra-assay precision of
he (LLOQ) was 2.05 and 6.39% for hydrocodone and pseu-
oephedrine, respectively. The inter-assay accuracy of the
LLOQ) was −2.33 and 3.32% for hydrocodone and pseu-
oephedrine, respectively. The intra-assay accuracy of the
LLOQ) was −0.83 and 6.18% for hydrocodone and pseu-
oephedrine, respectively.

The extraction recoveries of hydrocodone at 0.2, 5.00 and
00 ng/mL were 67.0, 75.3 and 79.5%, respectively, and the
xtraction recoveries of pseudoephedrine at 50.0, 500.0 and
000 ng/mL were 61.0, 61.8 and 62.1%, respectively.

Freeze/Thaw stability was evaluated over four Freeze/Thaw
ycles from −20 ◦C to room temperature, using quality control
QC) samples (n = 3) with concentrations of 0.500, 4.00, and
0.0 ng/mL for hydrocodone and 150.0, 400.0, and 800.0 ng/mL
or pseudoephedrine. Samples for cycle one were frozen for
t least 24 h then each consecutive cycle was frozen for at
east 12 h before thawing at room temperature, bench stabil-
ty was investigated by removing (QC) samples (n = 3) from

20 ◦C storage, thawing to room temperature and incubat-
ng for 4 h before starting analysis. Post-preparative stability
as determined by storing the samples after preparation in the

utosampler at approximately 4 ◦C for 24 h. Samples were stable
or 75 days in long-term storage stability experiments at −20 ◦C;
tability was tested by comparison with freshly prepared QC
amples.

. Conclusion

A sensitive and selective LC/MS/MS method for determi-
ation of hydrocodone and pseudoephedrine in human plasma
onitoring phospholipids was developed and validated. The
otal run time is determined according to the elution of phos-
holipids and was 10–12 min in this work. The ion suppression
oted for both drugs and internal standards correlates in time
ith the elution of phospholipids that were monitored using
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he m/z 184 > 184 mass transition. We found that monitoring
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ion for phospholipids did not significantly affect quantitative
easurements when monitored in sample analysis. It was found

pon repeated injection that peaks associated with the phos-
holipids eluted faster while the elution of the analyte peaks
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as a statistically significant difference in the internal standard
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