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bstract

A selective, rapid and sensitive ultra performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) method was developed
or the quantitative determination of azithromycin in human plasma and its application in a pharmacokinetic study. With roxithromycin as internal
tandard, sample pretreatment involved a one-step extraction with diethyl ether of 0.5 mL plasma. The analysis was carried out on an ACQUITY
PLCTM BEH C18 column (50 mm × 2.1 mm, i.d., 1.7 �m) with gradient elution at flow rate of 0.35 mL/min. The mobile phase was 50 mM

mmonium acetate and acetonitrile. The detection was performed on a triple-quadrupole tandem mass spectrometer by multiple reaction monitoring

MRM) mode via electrospray ionization (ESI). Linear calibration curves were obtained in the concentration range of 1–1000 ng/mL, with a lower
imit of quantification of 1 ng/mL. The intra- and inter-day precision (RSD) values were below 15% and accuracy (RE) was −1.3% to 5.7% at all
C levels. The method was applicable to clinical pharmacokinetic study of azithromycin in healthy volunteers following oral administration.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Azithromycin is a semisynthetic macrolide antibiotic of
he erythromycin group with a 15-membered azalactone ring.
zithromycin is derived from erythromycin, however, it dif-

ers chemically from erythromycin in that a methyl-substituted
itrogen atom is incorporated into the lactone ring (Fig. 1).

Azithromycin appears to bind to the same receptor as ery-
hromycin and has a very high tissue-to-blood concentration
atio with a half-life of 2–4 days in most tissues, which may
artly explain its outstanding antibiotic performance [1,2].
zithromycin has been shown to be effective in patients with

cute bronchitis, pneumonia, sinusitis, pharyngitis, tonsillitis
nd otitis media. It is very effective against upper and lower

espiratory tract infections, sexually transmitted disease, skin
nd soft tissue infections.

∗ Corresponding author. Tel.: +86 24 2398 6289; fax: +86 24 2398 6289.
E-mail address: fameili@163.com (F. Li).
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Several microbiological assays have been used in bioavail-
bility study of azithromycin [3–6]. However, these assays
ended to lack specificity. Several HPLC methods have also
een described for the determination of azithromycin in human
lasma using various methods of detection, such as UV detection
7,8], electrochemical detection [9–17], and fluorescence detec-
ion after derivatization [18–22]. However, azithromycin does
ot have a specific UV chromophore, therefore, UV detection
s only of low sensitivity for determination of azithromycin in
iological matrix. Fluorescence detection requires complicated
ample pretreatment involving pre-column derivatization of the
nalyte. Thus, LC–MS [23] and LC–MS/MS [24,25] were used
n the determination of azithromycin with lower limit of quan-
ification (LLOQ) of around 2 ng/mL [23–25,28]. The reported
ethods required either a complicated extraction [23] and/or

erivatization procedure [18–22], or long analysis time [23,25],
nd may not well meet the requirement of desired throughput,

peed and sensitivity in biosample analysis.

This paper describes a fast, selective and highly sensitive
pproach, which enables the determination of azithromycin at
ng/mL in plasma with good accuracy using ultra performance

mailto:fameili@163.com
dx.doi.org/10.1016/j.jchromb.2007.05.016
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iquid chromatography coupled to tandem mass spectrometry
UPLC–MS/MS). This method was fully validated and applied
o the pharmacokinetic study in healthy volunteers after oral
dministration of azithromycin tablets.

. Experimental

.1. Reagents and chemicals

Azithromycin reference standard (99.2% of purity) and rox-
thromycin (internal standard, I.S., 99% of purity) (Fig. 1) were
btained from the National Institute for Control of Pharmaceu-
ical and Biological Products (Beijing, PR China). Acetonitrile,
ethanol and ammonium acetate (HPLC grade) were purchased
rom Dikma (Richmond Hill, NY, USA). All Other chemicals
ere of analytical grade. Sodium hydroxide and diethyl ether
ere purchased from Yuwang (Chemical Reagent Plant, Shan-

Fig. 1. Chemical structures of azithromycin and roxithromycin (I.S.).
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ong, China). Water was purified by redistillation and filtered
hrough 0.22 �m membrane filter before use.

.2. Apparatus and operation conditions

.2.1. Liquid chromatography
The chromatography was performed on ACQUITYTM UPLC

ystem (Waters Corp., Milford, MA, USA) with cooling
utosampler and column oven enabling temperature control of
nalytical column. An ACQUITY UPLCTM BEH C18 column
50 mm × 2.1 mm, 1.7 �m; Waters Corp., Milford, MA, USA)
as employed. The column temperature was maintained at 40 ◦C

nd chromatographic separations were achieved with a gradient
lution. Mobile phase A was 50 mM ammonium acetate aque-
us, and mobile phase B was acetonitrile. The gradient started
t 40% mobile phase B and changed linearly to 90% mobile
hase B in 1.5 min, after being maintained at 90% B for 0.5 min
t then returned to the initial condition. The flow rate was set at
.35 mL/min. The auto-sampler was conditioned at 4 ◦C and the
njection volume was 5 �L using partial loop mode for sample
njection.

.2.2. Mass spectrometry
Triple-quadrupole tandem mass spectrometric detection was

arried out on a Micromass® Quattro microTM API mass
pectrometer (Waters Corp., Milford, MA, USA) with an elec-
rospray ionization (ESI) interface. The ESI source was set in
ositive ionization mode. Quantification was performed using
ultiple reaction monitoring (MRM) of the transitions of m/z

49 → 591 for azithromycin, m/z 837 → 679 for roxithromycin
I.S.), respectively, with scan time of 0.10 s per transition. The
ptimal MS parameters were as follows: capillary 1.2 kV, cone
5 kV, source temperature 110 ◦C and desolvation temperature
00 ◦C. Nitrogen was used as the desolvation and cone gas with
flow rate of 400 and 30 L/h, respectively. Argon was used as the
ollision gas at a pressure of approximately 2.61 × 10−3 mbar.
he optimized collision energy for both azithromycin and rox-

thromycin was 25 eV. The product ion spectra of azithromycin
nd roxithromycin are shown in Fig. 2. All data collected in cen-
roid mode were acquired and processed using MassLynxTM NT
.1 software with QuanLynxTM program (Waters Corp., Milford,
A, USA).

.3. Preparation of standards and quality control samples

Standard stock solutions of azithromycin and roxithromycin
ere both prepared in methanol at the concentration of
00 �g/mL and 100 �g/mL, respectively. The internal standard
olution was diluted with methanol to 1000 ng/mL. And the
zithromycin solution was then serially diluted with methanol
o provide working standard solutions of desired concentrations.
ll the solutions were stored at −20 ◦C.
Calibration standards were prepared by spiking 0.5 mL
f blank human plasma with working standard solutions of
zithromycin. The effective concentrations in standard plasma
amples were 1.0, 2.0, 10.0, 50.0, 100, 200, 500, 1000 ng/mL.
ne calibration curve was constructed on each analysis day
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Fig. 2. Product ion spectra of azithromycin (A) and roxithromycin (B).

sing freshly prepared calibration standards. The quality control
amples (QCs) were prepared with blank plasma at LLOQ, low,
iddle and high concentrations of 1.00, 2.00, 200, 800 ng/mL

nd stored at −20 ◦C after preparation. The standards and qual-
ty controls were extracted on each analysis day with the same
rocedure for plasma samples as described below.

.4. Plasma sample preparation

To a 0.5 mL aliquot of plasma sample in 10 mL clean glass
ubes, 100 �L of internal standard (1000 ng/mL) and 400 �L of
.05 mol/L sodium carbonate solution were added. The sam-
les were vortexed for 60 s and 3 mL of diethyl ether were
dded. The mixture was vortex-mixed for another 60 s, then
haken on a mechanical shaker for 10 min. After centrifugation
t 3500 × g for 10 min, the upper organic layer was then trans-
erred into another set of clean glass tubes and evaporated to
ryness at 40 ◦C under a gentle stream of nitrogen. The residue
as reconstituted in 200 �L of acetonitrile:water (70:30, v/v),

nd transferred to 700 �L glass vials, and an aliquot of 5 �L was
njected into the UPLC–MS/MS system for analysis.

.5. Method validation

Validation runs were conducted on three consecutive days.

ach validation run consisted of a minimum of one set of cal-

bration standards and six replicates of LLOQ and QC plasma
amples at three concentrations. The results from LLOQ and QC
lasma samples in three runs were used to evaluate the precision
nd accuracy of the method developed.

2
a
a
s
c

. B 855 (2007) 255–261 257

.5.1. Selectivity
Selectivity was studied by comparing chromatograms of six

ifferent batches of blank plasma obtained from six subjects
ith those of corresponding standard plasma samples spiked
ith azithromycin and roxithromycin (1000 ng/mL) and plasma

ample after oral doses of azithromycin tablets.

.5.2. Linearity and lower limit of quantification (LLOQ)
Calibration curves were prepared by assaying standard

lasma samples at eight concentrations of azithromycin rang-
ng 1–1000 ng/mL. The linearity of each calibration curve was
etermined by plotting the peak area ratio (y) of azithromycin
o roxithromycin (I.S.) versus the nominal concentration (x)
f azithromycin. The calibration curves were constructed by
eighted (1/x2) least square linear regression.
The lower limit of quantification is defined as the lowest con-

entration on the calibration curve, it was validated using an
LOQ sample for which an acceptable accuracy (RE) within
20% and a precision (RSD) below 20% were obtained.

.5.3. Precision and accuracy
For determining the intra-day accuracy and precision, a

eplicate analysis of QC plasma samples of azithromycin was
erformed on the same day. The run consisted of a calibration
urve and six replicates of each LLOQ, low, mid, and high con-
entration quality control samples. The inter-day accuracy and
recision were assessed by analysis of three batches on differ-
nt days. The precision was expressed as the relative standard
eviation (RSD) and the accuracy as the relative error (RE).

.5.4. Extraction recovery and matrix effect
The extraction recovery of azithromycin was determined by

alculating the peak areas obtained from blank plasma sam-
les spiked with analyte before extraction with those from
lank plasma samples, to which analyte was added after extrac-
ion. According to the guidance of USFDA [30], recovery
xperiments should be performed at three concentrations (low,
edium, and high). So this procedure was repeated for five

eplicates at three concentrations of 2.00, 200 and 800 ng/mL.
In order to evaluate the matrix effect on the ionization of ana-

yte, i.e. the potential ion suppression or enhancement due to the
atrix components. Azithromycin at three concentration levels
ere added to the extract of 0.5 mL of blank plasma, dried and

econstituted with 200 �L of mobile phase, the corresponding
eak areas (A) were compared with those of the azithromycin
tandard solutions dried directly and reconstituted with the same
obile phase (B). The ratio (A/B × 100)% was used to evaluate

he matrix effect. The matrix effect of internal standard was also
valuated using the same method.

.5.5. Stability

.5.5.1. Freeze and thaw stability. The effect of three freeze

nd thaw cycles on the stability of plasma samples containing
zithromycin was determined by subjecting five aliquots of QC
amples at low, mid and high concentration unextracted quality
ontrol samples to three freeze–thaw cycles. After completion of
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he three cycles, the samples were analyzed and the experimental
oncentrations were compared with the nominal values.

.5.5.2. Long-term stability. Five aliquots of QC samples at
ow, mid and high concentration unextracted QC samples were
tored at −20 ◦C for 30 days. Then, the samples were processed
nd analyzed and the concentrations obtained were compared
ith the nominal values.

.5.5.3. Short-term stability. Five aliquots of QC samples at
ow, mid and high concentration unextracted QC samples were
ept at ambient temperature (25 ◦C) for 4 h in order to determine
he short-term stability of azithromycin in human plasma. Then,
he samples were processed and analyzed. The concentrations
btained were compared with the nominal values of QC samples.

.5.5.4. Post-preparation stability. In order to estimate the sta-
ility of azithromycin in the prepared sample, five aliquots of
C samples at low, mid and high concentration were kept in an

utosampler maintained at 4 ◦C for about 4 h. Then, the samples
ere analyzed and the concentrations obtained were compared
ith the nominal values.

.6. Application to pharmacokinetic study

The method was applied to determine the plasma con-
entrations of azithromycin from a clinical trial in which 20
ealthy male volunteers received azithromycin tablet (contain-
ng 500 mg azithromycin each). The pharmacokinetic study was
pproved by the local Ethics Committee and all volunteers
ave their signed informed consent to participate in the study
ccording to the principles of the Declaration of Helsinki. Blood
amples were collected before and 0.50, 1.0, 1.5, 2.0, 3.0, 4.0,
.0, 8.0, 12.0, 24.0, 48.0, 72.0, 96.0 and 120.0 h post-dosing.
amples were centrifuged and plasma was separated and stored
t −20 ◦C until analyzed.

The maximum plasma concentration (Cmax) and their time
ere noted directly. The elimination rate constant (ke) was

alculated by linear regression of the terminal points of the
emi-log plot of plasma concentration against time. Elimination
alf-life (t1/2) was calculated using the formula t1/2 = 0.693/ke.
he area under the plasma concentration-time curve (AUC0−t)

o the last measurable plasma concentration (Ct) was calcu-
ated by the linear trapezoidal rule. The area under the plasma
oncentration–time curve to time infinity (AUC0−∞) was cal-
ulated as: AUC0−∞ = AUC0−t + Ct/ke.

. Results and discussion

.1. Selection of IS

The best internal standard in LC–MS assay is a deuter-
ted form of the analyte. In our laboratory, no deuterated

zithromycin was available, therefore, a compound being struc-
urally or chemically similar to the analyte was considered. In
C–MS/MS the I.S. should also have similar chromatographic
nd mass spectrometric behaviours to the analyte, and mimic

e
t
i
l

. B 855 (2007) 255–261

he analyte in any sample preparation steps. Roxithromycin was
hosen as the internal standard for the assay because of its simi-
arity of structure, retention time and ionization to azithromycin.

.2. Chromatography and mass spectrometry

The separation and ionization of azithromycin and rox-
thromycin were affected by the composition of mobile phase.
herefore, the selection of mobile phase components was crit-

cal. Ammonium acetate was employed to supply the ionic
trength. With buffers of lower strength, the peak shapes were not
atisfactory, whereas with higher strength there was an improve-
ent in the peak shapes. It was found that a mixture of 50 mM

mmonium acetate buffer–acetonitrile could achieve this pur-
ose and was finally adopted as the mobile phase. This binary
obile phase is simpler than those reported in the literatures

23–25], which contained methanol, acetonitrile and buffer or
ith addition of formic acid [26]. It is similar to the mobile
hase reported by Abuin et al. [27] for the analysis of macrolide
ntibiotics in river water except for a different concentration of
mmonium acetate.

Gradient elution is usually used in order to extend column
ife and elute the analyte rapidly. The use of small particles of
tationary phase allowed UPLC to push the limits of both peak
apacity (due to higher efficiency) and speed of analysis (due
o higher linear velocities) without compromising resolution.
owever, the column with sub-2 �m particles was more easily
locked. Therefore, gradient elution was used to provide a better
eak shape and increase the column life.

Two channels were used for recording the response, channel 1
or roxithromycin with a retention time of 1.26 min, and channel
for azithromycin with a retention time of 0.81 min. As shown in
ig. 3, both azithromycin and roxithromycin were well separated
ith excellent peak shapes.
The very narrow chromatographic peaks with a peak width

bout 6 s, produced by UPLCTM indicated an increase in the
hromatographic efficiency which produced a fast separation.
oth azithromycin and roxithromycin were rapidly eluted with

etention times less than 1.5 min, and the total run time was
.0 min per sample. The analysis time for azithromycin in the lit-
ratures [23,25,27] which used HPLC–MS and HPLC–MS/MS
ere about 5 min, 6 min and 4 min, respectively. The short anal-
sis time may meet the requirement for high sample throughput
n bioanalysis.

The increasing column efficiency in UPLC also resulted in
high sensitivity. The LLOQ in the present method is 1 ng/mL

n plasma lower than those reported in the literature [23–25,28]
sed HPLC–MS and HPLC–MS/MS, which were higher than
ng/mL in human plasma.

.3. Selection of extraction method

As azithromycin is a lipophilic compound, liquid–liquid

xtraction was applied to extract the analyte. Several extrac-
ion solvents such as ethyl acetate, diethyl ether and hexane were
nvestigated, and it was found that diethyl ether extracted the ana-
yte more efficiently. Moreover, the boiling point of diethyl ether
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Fig. 3. Representative MRM chromatograms of azithromycin (peak 1, channel 2) and roxithromycin (peak 2, channel 1) in human plasma samples. (A) A blank
p OQ o
w sampl
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lasma samples; (B) a blank plasma sample spiked with azithromycin at the LL
ith azithromycin at 200 ng/mL and roxithromycin (1000 ng/mL); (D) a plasma

imes of azithromycin and rothxiromycin were 0.81 and 1.26 min, respectively.

s lower, so it was evaporated to dryness more quickly. Therefore,
e chose diethyl ether as the extraction solvent. This extrac-

ion method is more convenient than the reported method [23],
hich required methyl tert-butyl ether–hexane (50:50, v/v). And

he mean recovery of azithromycin in our method was 90.8%,
hich was higher than 81.2% in the literature [23].

.4. Method validation

.4.1. Selectivity
Selectivity was assessed by comparing the chromatograms

f six different batches of blank human plasma with the corre-
ponding spiked plasma. As shown in Fig. 3A, no interference
rom endogenous substance was observed at the retention time
f azithromycin and roxithromycin.
.4.2. Linearity and LLOQ
The standard calibration curves for azithromycin were linear

ver the concentration range of 1–1000 ng/mL (r2 > 0.99) by

3

f

f 1 ng/mL and roxithromycin (1000 ng/mL); (C) a blank plasma sample spiked
e from a volunteer 1.0 h after oral administration of azithromycin. The retention

sing weighted least square linear regression analysis with a
eigh factor of 1/x2. A typical equation for the calibration curves
as: y = 7.103 × 10−3x + 8.294 × 10−4, r = 0.9991.
The lower limit of quantification for azithromycin was

ng/mL with 5 �L injected onto the UPLC column with pre-
ision and accuracy presented in Table 1 with RE within ±20%
nd RSD lower than 20%. A corresponding chromatogram is
iven in Fig. 3B. Compared with the previous method regarding
he determination of azithromycin in human plasma, the present
ethod gave a higher sensitivity with an LLOQ of 1 ng/mL

that is 12.5 pg on column with the injection volume of 5 �L).
he high sensitivity could be attributed to the extra resolution
nd peak sharpness produced by the UPLC chromatographic
ystem and the improved ionization efficiency under the mass
pectrometric conditions.
.4.3. Precision and accuracy
The data of intra-day and inter-day precision and accuracy

or the method are listed in Table 1. The intra-day precision for



260 L. Chen et al. / J. Chromatogr. B 855 (2007) 255–261

Table 1
Precision and accuracy for the determination of azithromycin in human plasma (intra-day: n = 6; inter-day: n = 6 series per day, 3 days)

Added C (ng/mL) Found C (ng/mL) Intra-run RSD (%) Inter-run RSD (%) Accuracy RE (%)

1.00 (LLOQ) 1.00 ± 0.06 5.7 4.0 −0.2
4.7 −1.3

2 7.3 2.0
8 9.4 5.7
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2.00 (low) 1.97 ± 0.17 8.4
00.0 (middle) 204 ± 11.7 5.2
00.0 (high) 846 ± 43.3 4.0

ow, mid and high QC levels of azithromycin were 8.4%, 5.2%
nd 4.0%, respectively, and that of inter-day analysis were 4.7%,
.3%, 9.4%, respectively, with an accuracy (RE) within −1.3%
o 5.7%. The precision and accuracy of the present method
onform to the criteria for the analysis of biological samples
ccording to the guidance of USFDA [30] where the precision
RSD) determined at each concentration level is required not
xceeding 15% and accuracy (RE) within ±15% of the actual
alue.

.4.4. Extraction recovery and matrix effect
The extraction recoveries of azithromycin from human

lasma were 92.1 ± 5.0%, 87.9 ± 2.9%, and 92.3 ± 4.5% at con-
entration levels of 2.00, 200 and 800 ng/mL, respectively, and
he mean extraction recovery of roxithromycin was 80.6 ± 2.7%.

In terms of matrix effect, all the ratios (A/B × 100)% defined
s in Section 2 were between 85% and 115%, which means no
atrix effect for azithromycin and roxithromycin in this method.

.4.5. Stability
The stock solution of azithromycin and roxithromycin were

ound to be stable at room temperature for 4 h and at 4 ◦C for
5 days. The results from all stability tests presented in Table 2
emonstrated a good stability of azithromycin over all steps of
he determination. The method is therefore proved to be appli-
able for routine analysis.

.5. Pharmacokinetic application

The present method was successfully applied to the phar-
acokinetic study of azithromycin after oral administration in

ealthy male volunteers. Mean plasma concentration–time curve
f azithromycin in single dose study is shown in Fig. 4.

After administration of a single dose of 500 mg azithromycin,

he Cmax and Tmax were 565.9 ± 207.6 ng/mL and 1.9 ± 0.6 h,
espectively. Plasma concentration declined with the t1/2 of
0.1 ± 5.0 h. The AUC0−t and AUC0−∞ values obtained
ere 4536.0 ± 1018.8 ng h/mL and 5243.3 ± 1257.3 ng h/mL,

able 2
tability of azithromycin in human plasma at three QC levels (n = 5)

tability Accuracy (mean ± SD) (%)

2.00 (ng/mL) 200 (ng/mL) 800 (ng/mL)

hort-term stability 104.0 ± 0.2 96.5 ± 6.2 99.3 ± 2.7
ong-term stability 98.3 ± 0.1 106.5 ± 1.2 97.0 ± 4.7
reeze–thaw stability 104.1 ± 0.1 102.3 ± 7.8 101.6 ± 5.7
ost-preparative stability 100.0 ± 0.1 99.3 ± 4.1 100.0 ± 2.8

[

[

[

ig. 4. Mean plasma concentration–time curve of azithromycin in 18 volunteers
fter a single oral dose of azithromycin.

espectively. The results were similar to the reported pharma-
okinetic parameters with the same dosage form and dosage
29], indicating the applicability of this method to the pharma-
okinetic study of azithromycin.

. Conclusion

A sensitive, selective and rapid UPLC–ESI-MS/MS method
or the determination of azithromycin in human plasma is
escribed. Compared with the published methods, the sharp
eaks produced by UPLC are of particular advantage when
oupled to electrospray mass spectrometry, reducing ion sup-
ression and offering superior sensitivity with an LLOQ of
ng/mL, satisfactory selectivity and short run time of 3.0 min.
he method has been successfully applied to a pharmacokinetic
tudy of azithromycin given in tablet form to healthy volunteers.
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