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A sensitive and selective liquid chromatography–electrospray ionization mass spectrometry (LC–ESI-MS) method was developed f
eous identification and quantification of erythromycin ethylsuccinate and erythromycin in human plasma, which can be well applied
tudy. The method was based on liquid–liquid extraction, followed by a LC procedure with an ODS C18 column, and mixture of ac
nd 1.67 mmol/l acetic acid as mobile phase. MS detection was performed using a single quadrupole mass spectrometer in positive
onitoring (SIM) mode. The method was validated to be linear, precise and accurate. The lower limit of quantification of erythromycin

inate and erythromycin were both 0.5 ng/ml. The proposed method enables the unambiguous identification and quantification of er
thylsuccinate and erythromycin for clinical drug monitoring.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Erythromycin ethylsuccinate (EMES), a prodrug of ery-
hromycin (EM), belongs to macrolide antibiotics which are still
he footstones of antibacterial therapy even after five decades of
se. As an ester of EM, EMES which is antibacterially inactive

tself achieves the effects after it is hydrolyzed to EM in plasma
nd body fluid[1]. EMES is acid-resistant and has less gastroin-

estinal side effects. Though many new macrolide antimicrobials
re developed and marketed recently, EMES is still widely used

hroughout the world[2–4]. The satisfying effect–price ratio
akes it very popular in developing countries. In China, the
sage frequency of EMES ranks the third in antibiotics, posterior

o amoxicillin and cefalexin. It is applied as therapy especially
or upper and lower respiratory tract infections of suspected bac-
erial aetiology and in patients who are allergic to penicillin

∗ Corresponding author. Tel.: +86 25 85391035; fax: +86 25 85303260.
E-mail address: guangjiwang@yahoo.com.cn (G. Wang).

and cephalosporins[5]. TheCmax of EMES in human plasm
reported was rather low for clinical study, which was ab
1�g/ml after administrating a dosage of 600 mg[6], 500 mg
[4,7] or 750 mg[8] orally.

Few studies have been reported for the simultaneous de
nation in plasma of the inactive intact prodrug and its hydroly
active product, the EM base, due to the lack of suitable
lytical methods. Microbiological analytical method has b
widely used[4,7–10]. But it suffers a poor specificity and
relatively high limit of detection. The analytical chemistry te
niques applied to macrolides before 1998 was already revi
by Kanfer[11]. However few were focused on plasma samp
Recently, high performance liquid chromatography (HP
is still a main method for analyzing EM and its derivati
[6,12–16]. To overcome the problem that EM has a low m
absorptivity because of its lack of a suitable chromophore, a
wavelength (about 215 nm) is always used, which often enc
ters the trouble of many interfering components at the adja
wavelength in plasma. HPLC with fluorescent detection
often criticized for complex operation of pre- or post-colu
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.11.005
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derivatization[17]. More recently, liquid chromatography mass
spectrometry (LC–MS) method was widely used for drug anal-
ysis. Its application in analysis of antibiotics was summarized
by Niessen[18]. However, this review showed LC–MS method
was mostly applied to the residue analysis for macrolides and
few were utilized for plasma analysis. A phase-system switch-
ing continuous-flow fast atom bombardment mass spectrometry
(FAB-MS) had been used for quantification of EMES in human
plasma[1]. This technique needed a flow split via the LC–MS
interface, which might decrease the sensitivity and reproducibil-
ity, and the ionization mode may cause serious damages to the
analyte structures. A newly published literature[19] focused on
the simultaneous analysis of erythromycin propionate and base
in human plasma using LC–MS. Unfortunately, this assay also
needed the flow split and the deproteinization of sample prepa-
ration seemed not enough, which might be unsuitable for MS
analyzer. For clinical purpose, a time-saving procedure is also
important. Therefore, a simple, rapid, sensitive and economi-
cal method of simultaneous determination of EMES and EM is
developed here for clinical drug concentration monitoring and
curative-effect evaluation.

2. Experimental

2.1. Reagents and chemicals
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2.2. Apparatus and chromatographic conditions

A Shimadzu 2010A LC–MS system with electrospray ioniza-
tion (ESI) interface, and Shimadzu LCMS solution workstation
software (Version 2.02) for the data processing, were utilized
to perform the analytical procedures. The system consisted of
two Shimadzu LC-10ADvp pumps, a Shimadzu SIL-HTc auto-
sampler, a Shimadzu CTO-10Avp column oven and a Shimadzu
DGU-14AM online degasser. A Q-array-Octapole-Quadrupole
mass analyzer was used as the detector. The LC process was
carried out on an ODS column (250 mm× 2.0 mm i.d., 5�m
particle size; Shimadzu). The mobile phase, at the flow rate
of 0.2 ml/min, was made up of acetonitrile and water contain-
ing 1.67 mmol/l acetic acid (70:30, v/v). Oven temperature was
kept at 40◦C. The optimized MS parameters were selected as
followed: CDL (curve desolvation line) temperature: 250◦C,
the block temperature: 200◦C, the probe temperature: 250◦C;
detector voltage: 1.4 kV, probe voltage: 4.5 kV, CDL voltage:
30 V, Q-array dc voltage: 0 V, rf voltage: 150 V. Nitrogen, sup-
plied by the Gas supplier center of Nanjing University, China,
served as nebulizer gas (flow rate: 1.5 l/min) and curtain gas
(pressure: 1 MPa). Mass spectra were obtained at a dwell time
of 0.2 and 1 s for SIM and scan mode, accordingly. The MS
acquisition was performed under positive selected-ion monitor-
ing (SIM) mode.
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Acetonitrile of HPLC grade was obtained from Fisher Ch
cals (USA). Acetic acid, diethyl ether and anhydrous sod
arbonate used were commercially available and all of an
cal grade. Water was purified by filtrating through a Milli
ystem (Millipore, Bedford, MA, USA) before use. The st
ard products of EMES (purity≥98.2%), EM (purity≥99.0%)
nd internal standard (IS) diazepam (purity≥99.6%) were pro
ided by National Institute for the Control of Pharmaceut
nd Biological Products (China). Stock solutions were both
ared at 1 mg/ml in acetonitrile and stored at−20◦C in the dark
Fig. 1).

Fig. 1. The structures of erythromyc
-

-

.3. Sample preparation

0.2 ml plasma and 10�l of IS working solution (1�g/ml)
ere pipetted into 15 ml plastic stoppered conical extrac

ubes. After vortex mixing for 30 s, 25�l of 0.1 mol/l Na2CO3
ater solution were added, and then followed by another
ibration. After 5 ml diethyl ether was transferred inward,
ubes were stoppered well and shaken vigorously for 1 min
owing centrifugation at 1200× g for 5 min, 4 ml of the uppe
rganic layer was transferred out and evaporated to dryn
0◦C under a gentle stream of nitrogen. The residue was re
tituted with 200�l acetonitrile and centrifuged at 21 000× g

ylsuccinate, erythromycin and diazepam.
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at 4◦C for 10 min. The supernatant (80�l) was pipetted to an
autosampler vial, and 5�l was injected onto column for analysis.

Quality control (QC) samples (prepared by the research prin-
cipal) and calibration curve samples were made by spiked blank
human plasma with 10�l of appropriate standard solutions to
requisite plasma concentrations, followed by the same operation
listed upward.

2.4. Method validation

Specificity was ascertained by analyzing six blank human
plasma samples without adding IS to determine the interference
with the analytes. Six sets of calibration curves ranging from 0.5
to 5000 ng/ml for EMES and EM, respectively, were constructed
by plotting the peak-area ratios of target/IS versus analyte con-
centrations in blank human plasma on a single day. Within-day
and between-day precisions were investigated by reanalyzing
QC samples at low, medium and high concentrations, which
were determined by calibration curve prepared on the same day,
for five times on a single day and once on five consecutive
days. Accuracy of the method was determined by the rela-
tive error (R.E.), which was calculated by the equation: (mean
of determined concentration− actual concentration)/actual con-
centration× 100%, and precision was evaluated by the relative
standard deviations (R.S.D.). Samples for recovery study (10,
100, 1000 ng/ml) were built by adding the standards to blank
h one
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Volunteers were administrated EMES at a dosage of
500 mg/person orally, and kept in the clinical cure room till the
end of trial with free but mild activities. Blood samples were
taken prior to and at 10, 20, 30 min, 1, 1.5, 2, 3, 4, 6, 8, 12, 24,
36 h after drug ingestion, using heparin as anticoagulant. After
the centrifugation, plasma was transferred out and then extracted
for analysis as immediately as possible. In every turn of clinical
sample analysis, a corresponding standard curve was made to
calculate the drug concentration.

3. Results and discussion

3.1. Identification of analytes and chromatography

The total positive ion spectra scanned fromm/z 300 to 1000
of EMES and EM of standard samples respectively are shown
in Fig. 2. The major ions observed were [M + H]+, m/z = 862.75;
[M + Na]+, m/z = 884.75; [M + K]+, m/z = 900.75 for EMES and
[M + H]+, m/z = 734.60; [M + Na]+, m/z = 756.60 for EM. It was
surmised that Na+ and K+ prevalently in the water produce ions
of [M + Na]+ and [M + K]+, whereas extra acetic acid supplement
in the mobile phase made protonated molecular ions [M + H]+

predominant with robust signal. Thus, the ions of [M + H]+,
m/z = 862.75 for EMES and [M + H]+, m/z = 734.69 for EM were
chosen for monitoring under the SIM mode.

Under the acquisition of SIM mode, a typical chromatogram
o ented
i e
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uman plasma and following the common operations menti
efore, while the reference samples were relative standard
ared in acetonitrile. Only peak areas of EMES or EM w
ompared at three levels of concentration to provide reco
alues.

.5. Stability study

Within-run stability was tested by reanalyzing QC sam
t three different concentrations levels kept under the auto
ler conditions (4◦C) ever and again till the end in every rout
nalysis. The amount of QC samples was at least 5% of the
amples. Long-term and freeze–thaw stability were tog
valuated by analyzing QC samples at low, medium and
oncentrations which were stored at−20◦C for a whole wee
far exceeded the time between the date of first sample c
ion and the date of last sample analysis) and then followe
hree freeze–thaw cycles, each of which contained a stora
20◦C for 24 h and thaw at 37◦C.

.6. Clinical application

The assay was applied to clinical drug concentration mon
ng. According to the trial protocol, four Chinese male volunte
nvolved, aged 22–25, who were identified as healthy base

edical history, physical examination, and electrocardiogr
ECG) were eligible for inclusion, and none of exclusion crit
or any clinically relevant laboratory abnormalities of clini
hemistry and hematology. Volunteers all signed a state
oncerning informed consent of their own accords after app
f the content and risk of the trial in detail.
d
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f an extract from a volunteer’s plasma gave peaks not pres
n the chromatogram of blank sample (Fig. 3). The representativ
eaks had the samem/z values as those from standard sample
MES and EM. The IS was also monitored in protonated mo
lar ion form [M + H]+, m/z = 285.00, because of its accepta
ffect of protonation under such MS conditions. It is clear
lank human plasma yielded relative clean chromatograms
ut significant interfering peaks. The retention times of EM
M and diazepam were about 2.5, 2.3 and 5.5 min, respect

.2. Liquid–liquid extraction

Liquid–liquid extraction is easy and economical. The ma
yclic lactone ring of macrolides has a good solubility in orga
olvent. The molecules often show alkaline because of dim
midogen sugars attached to the ring. So addition of Na2CO3
uring extraction makes the analytes in molecular form, w
an bring relative better extraction efficiency, and reduces i
erence since most endogenous compounds are of acidic n
he quantity of Na2CO3 added has been optimized for a we
lkaline condition to avoid the ester’s hydrolysis of EMES
igh pH conditions.

.3. Advantages of LC–ESI-MS

LC–ESI-MS has several advantages for the analysis of E
n plasma. Theoretically, analytes that cannot be separate
y LC also can be analyzed by MS, as long as they have diff
ass–charge ratios. The combination of LC with ESI-MS le

o a relative short run time, comparing with those methods d
ped before, and yields both high selectivity and sensitivity.
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Fig. 2. Positive ion electrospray mass spectrum obtained in scan mode from standard samples of erythromycin ethylsuccinate (A) and erythromycin (B), respectively,
with abundance of [M + H]+.

is a “gentle” ionization technique that produces high mass-to-
charge [M + H]+ precursor ions with minimal fragmentation of
the analytes, which is more suitable for clinical pharmacokinetic
study than FAB-MS[1].

3.4. Method validation

Six series of calibration samples with concentrations of
0.5, 1, 5, 10, 50, 100, 500, 1000, 5000 ng/ml both for EMES

F
s
(

ig. 3. Mass chromatograms of analytes under SIM mode from human plasm
uccinate (100 ng/ml), erythromycin (100 ng/ml) and internal standard, respec
1), (2) and (3) represent the monitored ions of erythromycin ethylsuccinate, e
a: (A) blank human plasma, (B) blank human plasma spiked with erythromycin ethyl-
tively, (C) plasma sample 1 h after oral administration of erythromycin ethylsuccinate;
rythromycin and diazepam separately in the SIM mode.
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Table 1
Evaluation of low limit of quantification (LLOQ) of erythromycin ethylsuccinate and erythromycin in blank human plasma (n = 6)

Compound n Mean S.D. R.S.D.

1 2 3 4 5 6

Spiked concentration (ng/ml) 0.5 – – –

Erythromycin ethylsuccinate Measured concentration (ng/ml) 0.41 0.60 0.40 0.49 0.54 0.41 0.48 0.08 17.40
Accuracy (%) 82.00 120.00 80.00 98.00 108.00 82.00 95.00 16.53 17.40

Erythromycin Measured concentration (ng/ml) 0.43 0.57 0.59 0.45 0.44 0.41 0.48 0.08 16.10
Accuracy (%) 86.00 114.00 118.00 90.00 88.00 82.00 96.33 15.51 16.10

Accuracy (%): measured concentration/spiked concentration× 100%.

Table 2
Method precision and accuracy in blank human plasma (n = 5)

Compound Spiked concentration
(ng/ml)

Within-day Between-day

Measured concentration
(mean± S.D., ng/ml)

R.E. (%) R.S.D. (%) Measured concentration
(mean± S.D., ng/ml)

R.E. (%) R.S.D. (%)

Erythromycin
ethylsuccinate

10 10.1± 1.2 1.0 11.9 9.4± 0.2 −6.0 2.1

100 95.7± 3.6 −4.3 3.8 97.3± 1.1 −2.7 1.1
1000 989.7± 52.6 −1.0 5.3 976.5± 7.9 −2.4 0.8

Erythromycin 10 10.0± 0.9 0 9.3 10.2± 0.6 2.0 5.9
100 100.7± 4.0 0.7 4.0 102.4± 3.0 2.4 2.9

1000 994.2± 27.4 −0.6 2.8 1008.5± 14.8 0.9 1.5

and EM were analyzed to test the linearity of the method.
Results showed linearity from 0.5 to 5000 ng/ml for EMES and
from 0.5 to 1000 ng/ml for EM. Non-weighted linear regres-
sion of the mean value gave the following respective equa-
tions: EMES, y = 9× 10−5x + 4.95× 10−5 (r2 = 0.988); EM,
y = 1× 10−3x + 7.61× 10−4 (r2 = 0.998), wherey represented
the peak-area ratio andx was the concentration. The lower limit
of quantification (LLOQ) of EMES and EM were both 0.5 ng/ml
by determining the aliquots of nominal concentration (n = 6) and
six different blank human plasma, yielding a detector response
as about 10 times as the detector noise, with a precision of
<20% and accuracy of 80–120% (Table 1). Analytical accu-
racy and precision data were shown inTable 2. Within-day and
between-day performances, expressed as RSD, were less than

15% at all concentrations within the standards. The recovery of
EMES was found to be 56± 3% (recovery± standard deviation
(S.D.), n = 3) at 10 ng/ml level, 59± 4% (n = 3) at 100 ng/ml,
and 58± 7% (n = 3) at 1000 ng/ml. The recovery of EM was
82± 3% (n = 3) at 10 ng/ml level, 77± 4% (n = 3) at 100 ng/ml,
and 77± 7% (n = 3) at 1000 ng/ml, respectively. These results
indicated the liquid–liquid extraction efficiency was well accept-
able.

3.5. Stability study

Stability results shown inTable 3illuminated the analytes
were stable for at least 48 h (about the total analysis time for
one turn of the trial) at the autosampler’s conditions (4◦C) after

Table 3
Results of stability study (n = 5)

Compound Spiked concentration
(ng/ml)

Within-run stability Long-term and freeze–thaw stability

Measured concentration
(mean± S.D., ng/ml)

R.E. (%) R.S.D. (%) Measured concentration
(mean± S.D., ng/ml)

R.E. (%) R.S.D. (%)

Erythromycin
ethylsuccinate

10 10.0± 0.6 0 5.7 7.8± 0.8 −22.0 9.7

100 101.6± 2.4 1.6 2.4 76.5± 9.4 −23.5 12.3
1000 988.1± 6.8 −1.2 0.7 817.9± 39.5 −18.2 4.8

E −
−
−

rythromycin 10 9.8± 0.5
100 99.3± 1.2

1000 943.9± 40.3
2.0 5.5 9.1± 0.6 −9.0 6.6
0.7 1.2 91.3± 4.7 −8.7 5.1
5.6 4.3 901.6± 64.2 −9.8 7.1
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extraction. But storing at−20◦C for a whole week followed by
three freeze–thaw cycles seemed to affect the stability of EMES
at a certain extent.

Hydrolysis half-life of EMES in human plasma at 37◦C was
reported to be 60 min at 5 mg/l level with a conclusion that EMES
hydrolyzed more rapidly than acetyl and propionyl esters of EM
[20]. Another report of the half-lives of EMES in human plasma
were 181.6 and 55.2 min at 4 and 37◦C, respectively[6]. Tsuji
also claimed approximately 2% hydrolysis of EMES took place
during the 4 h of the freezing process and 10% after storage
for 13 days at−20◦C [17]. Hence, he suggested an immediate
analysis was urgently needed after sampling likewise. Besides,
for the method validation study, the long-term stability test in
plasma was actually lacked or avoided in some important reports
[1,6,19].

These phenomenons seemed to support our suggestion that
EMES was not very stable for a long-term storage. Therefore,
in order to eliminate the influence of hydrolysis in plasma
as possible as it can, samples must be analyzed immedi-
ately. In our studies, the immediate analysis was furthermore
required by the clinical purpose. The within-run stability results
appeared to prove the relative reliance of the short analysis
procedure.

3.6. Avoidance of degradation of EMES to EM: some
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Fig. 4. Mean plasma concentration vs. time profiles in four healthy volunteers
after oral administration of single 500 mg dose of erythromycin ethylsuccinate.

during the analysis procedure, but from the standard product we
purchased.

3.7. Matrix effects

Matrix effects from co-eluting endogenous substances pro-
vide possible source of problems regarding assay interference
and ion signal repression, although matrix-matched calibration
standards were used. In chromatographic separation, the reten-
tion times of analytes were prolonged behind the dead time
(t0) of the column (about 1.5 min) to avoid main endogenous
interferences, which were mostly eluted before or aroundt0.
Moreover, ion suppression effect was evaluated by comparing
the peak areas of EMES (100 ng/ml) and EM (50 ng/ml) in six
QC samples with those of standard solutions that had been pre-
pared in the same way as the QC samples except that water
was substituted for drug-free plasma. For EMES and EM, the
mean peak areas from the six QC samples had relative errors of
4.1 and 4.4%, respectively, when compared with that for these
standard solutions. These observations indicated that no endoge-
nous substances significantly influenced the ionization of these
analytes.

3.8. Clinical application

Clinical drug monitor after oral administration of EMES
w ntra-
t n
p olite
E ers.
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T
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P l h)
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easurements and proofs

Stability study showed EMES was not very suitable in pla
or a long term. Therefore some measurements must be ta
void further degradation in extraction procedure and MS
sis. As shown inFig. 2, there were no typical ions of EM in th
can spectrum of EMES (standards), which partly indicated
he ester bond of ethylsuccinate could not be broken in the g
onization source and no in-source fragmentation displaye
ith the ESI source, an immediate extraction by diethyl e
nd a suitable pH environment, degradation of the ester

ng analysis procedure was minimized under current condit
owever, a thimbleful of EM was actually detected under S
ode from reference samples spiked with only EMES (dat

hown). But by reanalyzing these samples, the amount di
ncrease as time passed; moreover, the ratio of EMES an
as very similar to that of the standard solution of EMES

yzed under the same conditions. By the way, SIM mode
uch higher sensitivity than scan mode for single quadru
ass spectrometer, which may be why no characteristic
f the thimbleful of EM was displayed in the scan spectrum
MES, opposite to the SIM circumstances. It was suggeste

himbleful of EM detected did not came from ester’s degrada

able 4
harmacokinetic parameters after oral administration of a single dose of
nalysis using DAS Version 1.0. (n = 4)

arameters AUC0–36 (�g/l h) AUC0–∞ (�g/

rythromycin ethylsuccinate 2179.56 2465.55
rythromycin 3159.80 3394.35
s

e

as actualized by determining volunteers’ plasma conce
ions using the method established here.Fig. 4represents mea
lasma concentration–time profiles of EMES and its metab
M after a single dose (500 mg) of EMES in four volunte
rom the pharmacokinetic profiles, we found EMES was e

nated fast in human bodies, which accorded with its “prod
echanism”. EM maintained a relative high level of plas

romycin ethylsuccinate (500 mg) to Asian volunteers, calculated by statistical momen

MRT0–36 (h) MRT (h) Tmax (h) Cmax (ng/ml)

5.65 9.98 0.50 872.88
6.81 12.44 0.50 714.97



Y. Gu et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 737–743 743

concentration. Two-peak phenomenon appeared in the curve of
EM. Examination of the second peak revealed that it occurred
close to volunteers’ midday meals, suggesting biliary recycling
may be the cause. This phenomenon in human was also reported
by Croteau[21]. Pharmacokinetic parameters, listed inTable 4,
were calculated by statistical moment analysis using DAS soft-
ware (Version 1.0, Medical Institute of Wannan, China).

Only 0.2 ml plasma is needed in this method illustrates the
high sensitivity. So no more than 1 ml of whole blood were taken
from the volunteers in our trial, which foreshows a clinical appli-
cation of decreased suffer and increased acclimation to patients.
Furthermore, if more blood is sampled, the rest can be used for
other clinical purposes simultaneously.

4. Conclusion

A sensitive and selective LC–ESI-MS method for simultane-
ous qualification of erythromycin ethylsuccinate and its metabo-
lite erythromycin in human plasma is established and validated
to be linear, accurate and precise. The lower limit of quantifica-
tion is significant, more sensitive than any other ever reported.
Simple liquid–liquid extraction procedure and short run time can
curtail test’s cost and time that is very important for large clinical
sample batches. It is indicated that this method is suitable for
the analysis of erythromycin ethylsuccinate and erythromycin
in human plasma samples collected for clinical studies.
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