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ABSTRACT 

The chromatographic performance of erythromycin A (EA) is improved significantly over that achieved on polymeric columns by 

using a sterically shielded octyldiisopropylsilica (Zorbax Rx-C,) column and a neutral mobile phase consisting of 5 mM aqueous 

sodium perchlorate-acetonitrile (5O:SO). This mobile phase facilitates electrochemical detection of EA at the 3-pmol level. Temperature 

control of both column and detection cell is important for minimizing detector noise and drift. A clean-up procedure, based on 

aminopropylsilica solid-phase extraction, allows the detection of EA in salmon flesh down to the 0.2-ppm level. Some of the metabolites 

of EA that retain the tertiary amine may also be detected by this method. 

INTRODUCTION 

Erythromycin A (EA) is a macrolide antibiotic 
used in human and veterinary therapy for the 
treatment of bacterial infections. Since bioassay 
procedures for the determination of EA and its 
metabolites in biological fluids are of limited sen- 
sitivity and selectivity, a number of chemical 
methods have been developed. In addition to 
thin-layer chromatography (TLC) [l-4], which is 
not well suited to quantitative work, several 
liquid chromatographic (LC) methods have been 
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described. These assays employ reversed-phase 
chromatography with either silica-based columns 
[5-91 or poly(styrene-divinylbenzene) copoly- 
mers [ IO,1 11. Generally, the chromatographic 
performance reported for EA has been rather 
poor for all columns investigated, with efficien- 
cies ranging from 1200 to 4000 theoretical plates 
per meter. Column efficiency appears to depen- 
dent on both pH, with alkaline mobile phases be- 
ing favored [I 11, and stationary phase type, with 
octadecylsilica giving higher efficiencies than 
polymeric columns. In one paper, the history of a 
silica-based reversed-phase column was reported 
to influence the quality of separation; it was 
found that the chromatographic behavior of EA 
is sensitive to slight transformations of the sur- 
face of the column packing upon aging [8]. It was 



64 M. JaneEek et al. / J. Chromatogr. 619 (1993) 63-69 

also found that addition of tetrabutylammonium 
hydrogensulfate to the mobile phase as a silanol- 
blocking agent was important to reduce interac- 
tion between the basic EA and acidic silanol 
groups. Recently, Paesen et al. [12] have evaluat- 
ed silanol-deactivated silica-based C1 s phases 
and observed wide variations in column perform- 
ance. Using combined liquid chromatography- 
mass spectrometry (LC-MS), we have shown 
that high column efficiencies may be achieved 
with silica-based reversed-phase columns using 
an aqueous acetonitrile mobile phase acidified 
with 0.2% formic acid [13]. Under acidic condi- 
tions, interaction of EA with silanols appears to 
be minimized. 

Sensitive detection of EA also presents a chal- 
lenge. Since EA lacks a significant chromophore, 
UV detection must be performed at low wave- 
length (215 nm) and thus provides only low sensi- 
tivity. A sensitive fluorimetric determination has 
been reported but requires a complicated appara- 
tus for post-column derivatization and extraction 
[6]. Ion-spray LC-MS is a very sensitive method 
for EA and its metabolites, but requires expen- 
sive instrumentation [ 131. Several papers have re- 
ported the use of electrochemical detection (ED) 
in the oxidative mode [7,9,11], which allows de- 
tection of EA down to 0.2 pmol/l [l 11. Oxidation 
of EA probably occurs at the tertiary amine of 
the desoaminyl sugar moiety [7]. 

In this paper we report on improvements in the 
LC analysis of EA with ED in the amperometric 
mode. Chromatographic performances of a wide- 
bore polymeric column and a narrow-bore oc- 
tyldiisopropylsilica (Zorbax Rx-&) column are 
compared. Application to the analysis of EA in 
salmon flesh is demonstrated using a clean-up 
method recently developed for LC-MS of EA 

[141. 

EXPERIMENTAL 

Instrumentation 
Experiments were carried out using a Hewlett- 

Packard (Palo Alto, CA, USA) Model HP1090M 
liquid chromatograph equipped with DR5 ter- 
nary pumping system and variable-volume auto- 

sampler. Detection was provided by an HP1049A 
electrochemical detector operated in the ampero- 
metric mode using a glassy carbon working elec- 
trode with a potential of + 0.9 to + 1.1 V (rela- 
tive to an Ag/AgCl reference electrode). Data ac- 
quisition was performed using a HP3396A inte- 
grator connected by a serial line to an MS-DOS 
microcomputer running ChromPerfect 2 (Justice 
Innovations, Palo Alto, CA, USA). Both column 
and detector cell were maintained at 40°C. Exper- 
iments performed with post-column addition 
used a microgradient syringe pump (Applied Bio- 
systems, Santa Clara, CA, USA) for make-up 
flow, with a low-volume (150 ~1) static mixer 
packed with glass beads inserted between the T- 
piece and the detector cell. 

Chemicals 
All solvents and reagents were analytical or 

HPLC grade materials. Distilled water was fur- 
ther purified using a Mini-Q system (Millipore, 
Bedford, MA, USA) equipped with ion-exchange 
and carbon filters. Acetonitrile and methanol 
were obtained from J. T. Baker (Phillipsburg, NJ, 
USA), sodium perchlorate was purchased from 
Fisher Scientific (Fair Lawn, NJ, USA), and so- 
dium borate from Sigma (St. Louis, MO, USA). 
EA was obtained from the Health Protection 
Branch Drug Repository, Health and Welfare 
Canada (HWC, Toronto, Canada) and anhy- 
droerythromycin (AEA) was provided by Dr. E. 
G. Lovering (Bureau of Drug Research, HWC, 
Ottawa, Canada). Standard solutions of EA were 
prepared in methanol and kept at freezer temper- 
atures until used. 

Extraction of jish tissues 
Ground fish tissue (25 g) was weighed into a 

250-ml centrifuge bottle, acetonitrile (70 ml) was 
added, and the mixture was blended with a Po- 
lytron for 1 min. Afterwards, the Polytron head 
was rinsed with additional acetonitrile (5 ml). Af- 
ter centrifuging at 1000 g for 10 min, the super- 
natant was decanted through fluted paper into a 
250-ml separatory funnel. The tissue was re-ex- 
tracted by blending for 30 s with fresh acetoni- 
trile (70 ml), centrifuging for an additional 10 
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min, and decanting the supernatant through the 
fluted paper into the 250-ml separatory funnel. 
Hexane (60 ml) was added and the funnel was 
shaken for 1 min. The acetonitrile layer was 
drained into a 500-ml separatory funnel, 1 M 
NaOH (6.6 ml) and methylene chloride (100 ml) 
were added, and the funnel was swirled. After 
adding 1% phosphate buffer (100 ml), it was 
shaken vigorously. After adding NaCl (5 g) and 
swirling, the funnel was set aside for a few min- 
utes. Additional 1 -g portions of NaCl were added 
until separation was achieved. The methylene 
chloride layer was transferred to a 500-ml sep- 
aratory funnel and the aqueous portion was dis- 
carded. After washing the methylene chloride 
with 10% sodium chloride (100 ml), the lower 
methylene chloride layer was drained into a 500- 
ml round-bottom flask, through sodium sulfate 
in a powder funnel with fluted paper. The sodium 
sulfate was rinsed with approximately 20 ml of 
methylene chloride. The methylene chloride was 
removed using a rotary evaporator at 37°C. It 
was then re-evaporated with l&20 ml of methyl- 
ene chloride twice. The sample was transferred to 
a graduated tube and made to a volume of 25 ml 
with methylene chloride. 

Aminopropylsiiica SPE clean-up 
Aminopropylsilica cartridges (500 mg Bond- 

Elut-NHz, Analytichem) were conditioned with 
methanol (5 ml) followed by methylene chloride 
(5 ml), adjusting individual flow control valves to 
elute at 1 ml/min until the solvent reached the frit 
at the top of the column. A 5-ml aliquot of sam- 
ple extract was added and allowed to flow at 1 
ml/min. The cartridge was washed with methyl- 
ene chloride (3 ml) and 1% methanol in methyl- 
ene chloride (1 ml), while being careful to bring 
the solvent just to the top of the frit before adding 
the next portion. These washings were discarded. 
The EA was eluted with 2% methanol in methyl- 
ene chloride (2 x 1 ml). The collected eluate was 
evaporated to near dryness using a stream of ni- 
trogen with gentle warming (40°C). After adding 
methanol (1 ml), it was re-evaporated to near 
dryness, made up to a final volume of 0.5 ml with 
methanol. and filtered with a Millipore Ultrafree- 

MC 0.22~pm filter before transferring to a crimp- 
topped 0. l-ml polypropylene conical autosam- 
pler vial for injection. 
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LC analysis 
Reversed-phase columns of two different types 

were employed. System 1 used two 150 mm x 4.6 
mm I.D. columns (connected in series) packed 
with IO-pm PRP-1 (Hamilton, Reno, NV, USA). 
The mobile phase consisted of 2.5 mA4 aqueous 
sodium borate-acetonitrile-methanol (40:45: 15) 
pumped at a flow-rate of 1 .O ml/min. An injection 
volume of 20 ~1 was used. Systems 2 and 3 used a 
single 150 mm x 2.1 mm I.D. column packed 
with 5 pm Zorbax Rx-G (Rockland Technolo- 
gies, Newport, DE, USA). The mobile phase con- 
sisted of 5 mA4 aqueous sodium perchlorate-ace- 
tonitrile (50:50) pumped at 0.2 ml/min. For sys- 
tem 2, post-column addition of 1.0 mM sodium 
borate (0.2 ml/mm) raised the pH to 9.5 prior to 
the detector. An injection volume of 5 ~1 was 
used for systems 2 and 3. 

RESULTS AND DISCUSSION 

Electrochemical detection 
The optimal detector cell potential for the ox- 

idation of EA has been investigated previously. 
Hydrodynamic voltammograms showed that a 
working potential of +0.85 V to + 1.1 V was 
required for maximum sensitivity [9,11]. This was 
confirmed for our instrumentation, and a value 
of + 1.1 V was used in this study. At this high 
potential, however, the concentration of buffer in 
mobile phase had to be quite low to maintain a 
reasonable background current. Actual currents 
were ca. 200 nA with 2.5 mM sodium borate and 
ca. 220 nA with 5 mM sodium perchlorate in the 
mobile phase. Stable baselines were observed 
with a noise level of ca. 120 pA, but to achieve 
this it was necessary to thermostat both column 
and detector cell at 40°C due to the temperature 
sensitivity of the electrochemical detector. In 
spite of the high potential used, no signficiant loss 
of sensitivity due to poisoning of the working 
electrode was observed during the course of our 
studies. 
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Chromatographic performance 
It is known that the pH of the mobile phase has 

a great effect on the chromatography of EA (pK, 
= 8.8) [5,11]. Column efficiency and retention 
time, as well as electrochemical detection sensi- 
tivity, increase with increasing pH of mobile 
phase. Poly(styrene-divinylbenzene) copolymer 
stationary phases, which are stable over a wide 
range of pH, have been used previously to ac- 
commodate high-pH mobile phase [lO,ll]. Fig. 
1 a shows the analysis of an EA standard solution 
on such a column packed with the PRP-1 phase 
using a basic (pH 9.6) mobile phase of aqueous 
sodium borate (2.5 mM)-acetonitrile-methanol 
(40:45:15). Unfortunately, even with two 150- 
mm columns connected in series, a low column 
efficiency was observed for EA (n = 730). This 
limited both the sensitivity and the separation se- 
lectivity, and presented difficulties in the analysis 
of real samples (see below). Considerable base- 
line drift was encountered in our early experi- 
ments as is evident in Fig. 1. This drift was great- 
ly reduced in later experiments (see below) by 
maintaining careful temperature control on both 
column and detector cell. Table I presents the de- 
tection limits estimated for this method, as well 

26 lb) 6o (b) 1 
40 

. 1 EA 30 

.I o- 
5 10 16 0 6 10 16 

Time (minutes) 

Fig. 1. LC-ED analysis of (a) an EA standard (2 pg/ml) and (b) 

an extract of an EA-fed fish using two 15 cm x 4.6 mm I.D. 

PRP-I columns in series. Mobile phase: 2.5 mM aqueous sodium 

borate-acetonitrileethanol (40145: 15), pH 9.6; flow-rate: 1 .O 

ml/min; injection volume: 20 ~1; column and cell temperature: 

ambient; working electrode potential: + 1.1 V. 
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as those in the literature. The minimum detect- 
able quantity (MDQ) of 2 ng and the minimum 
detectable concentration (MDC) of 0.14 pmol/l 
compare favorably with those reported by Nils- 
son et al. [ll], who also used a PRP-1 column. 

Fig. 1 b shows the PRP- 1 column analysis of an 
extract of flesh from a salmon that had been fed 
EA for nine days. The sample contained a high 
level of EA (cu. 40 pg/g) and several metabolites, 
the principal one being AEA. Analysis of this 
sample by combined LC-MS and the identifica- 
tion of several metabolites has been described 
previously [13]. As shown in Fig. lb, both EA 
and AEA could be detected by LC-ED, but the 
PRP-1 column provided only partial resolution 
of the two compounds. Other metabolites were 
not observed; they either co-eluted with EA and 
AEA, or were not detected due to a lack of elec- 
trochemical activity (e.g., N-demethyl metabo- 
lites). 

In previous studies, we have had excellent suc- 
cess in the chromatography of basic compounds 
using the Zorbax Rx-C8 stationary phase. This is 
a sterically shielded octyldiisopropylsilane bond- 
ed to pure spherical silica with an homogenous 
silanol distribution [ 151. Since this silica-based 
sorbent cannot be used with mobile phases with 
pH greater than 8, an attempt was made to ana- 
lyze EA at neutral pH with post-column addition 
of base. After investigating several buffer sys- 
tems, a mobile phase of 5 mM aqueous sodium 
perchlorate (NaC104)-acetonitrile (50:50; pH 
6.9) was found to give good chromatographic 
performance (high efficiency, symmetrical 
peaks). The effluent was combined with an equal 
flow of 1 mM sodium borate in a low-volume 
T-union and static mixer prior to the detector 
cell. Final pH of the effluent was 9.5. Due to the 
higher conductivity of the effluent after borate 
addition, the potential of the working electrode 
had to be reduced to +0.90 V to maintain a 
background of cu. 250 nA. A good signal for EA 
was provided, but the electrochemical detector 
was much more sensitive to pump pulsations, re- 
sulting in a noisy baseline (data not shown). The 
use of syringe pumps for both column and make- 
up could have reduced this noise, but due to lack 
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TABLE I 

COLUMN EFFICIENCY AND DETECTION LIMITS OF EA WITH VARIOUS CHROMATOGRAPHIC SYSTEMS USING 

ELECTROCHEMICAL DETECTION 

Column Mobile phase vb N/m’ MDQ* MDC Ref. 

(ng) (pmolil) 

Type’ PH 

PRP-1 (10 pm) 

300 x 4.6 mm 

Zorbax Rx-C, 

150 x 2.1 mm 

Zorbax Rx-C, 

150 x 2.1 mm 

PRP-1 (5 pm) 

150 x 4.6mm 

Nova-Pak C, s 

250 x 4.6 mm 

Ultrasphere C,, 

250 x 4.6 mm 

1 9.6 + 1.1 2400 

2 9.5 +0.9 19 300 

3 6.9 + 1.1 19 700 

4 10.0 + 1.1 5000 

5 7.0 +0.9 NA’ 

6 6.3 +0.85 NA* 

2 0.14 This study 

7 1.8 This study 

2 0.49 This study 

5 0.20 11 

10 0.34 I 

5 0.34 9 

’ Conditions (flow-rate; mobile phase; injection volume): (1) 1 ml/min; 2.5 mM sodium borate_acetonitrile_methanol(40:45:15); 20 ~1; 

(2) 0.2 ml/min; 5.0 mM sodium perchlorat*acetonitrile (60:40; pH 6.9) with post-column addition of 1 .O mM sodium borate; 5 ~1; (3) 

0.2 ml/min; 5.0 mM sodium perchlorate-acetonitrile (50:50); 5 ~1; (4) 1 ml/min; 50 mMpotassium phosphateacetonitrile (40:60); 20 

~1; (5) 1 ml/min; 56 mM sodium acetate-acetonitrileethanol (56:50:4); 20 ~1; (6) 1 ml/min; 100 mA4 sodium acetate-acetonitrile- 

methanol (48:42: 10); 20 ~1. 

b C/ = potential on working electrode of electrochemical detector. 

’ N/m = column efficiency (theoretical plates per meter). 

d MDQ = minimum detectable quantity (signal-to-noise ratio = 3). 

e MDC = minimum detectable concentration (signal-to-noise ratio = 3). 

f NA = not available. 

of equipment this route was not pursued. The 
resulting detection limits (MDQ = 7 ng; MDC 
= 1.8 pmol/l) with this method were consider- 
ably poorer than with the PRP-1 column mainly 
because of the baseline noise. 

Finally, this same Rx-C& column and neutral 
perchlorate mobile phase were used without 
post-column addition of base. Avoiding the post- 
column arrangement allowed an increase in the 
working potential back up to + 1.1 V. Baseline 
drift and noise were greatly reduced by maintain- 
ing careful temperature control (40°C) for both 
the column and the detector cell. Column tem- 
perature control also helped to increase retention 
time reproducibility. Fig. 2a shows the analysis 
of an EA standard solution with this system. The 
relatively high chromatographic efficiency (n = 
2950) and low baseline noise helped to compen- 
sate for the lower sensitivity of the detector at 
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Fig. 2. LC-ED analysis of (a) an EA standard (2 pg/ml) and (b) 

an extract of an EA-fed fish using a 15 cm x 2.1 mm I.D. Zorbax 

Rx-C, column. Mobile phase: 5 mM aqueous sodium perchlor- 

ate-acetonitrile (50:50), pH 6.9; flow-rate: 0.2 ml/min; injection 

volume: 5 ~1; column and cell temperature: 40°C; working elec- 

trode potential: + 1.1 V. 
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neutral pH and facilitated a detection limit 
(MDQ = 2 ng = 3 pmol; MDC = 0.49 pmol/l), 
comparable to that achieved with a basic mobile 
phase on the PRP-1 column (system 1). The 
smaller injection volume (5 ~1) used with the nar- 
row-bore (2.1 mm I.D.) column also meant that 
less extract was required for the analysis. 

Fig. 2b shows analysis of the EA-fed salmon 
extract with this system. The improved separa- 
tion over that on the PRP-1 column (Fig. lb) is 
clearly apparent. Several peaks are observed in 
the chromatogram including those due to EA 
and AEA. The identities of the extra peaks were 
established by an ion-spray LC-MS experiment 
[ 131 using exactly the same chromatographic con- 
ditions. The latest eluting peak was assigned as 
the enol ether of EA (EAEN), an isomer of AEA. 
Also observed was erythromycin C (EC), an im- 
purity in the EA originally fed to the fish, and 
two metabolites of EC tentatively assigned as an- 
hydroerythromycin C (AEC) and the enol ether 
of EC (ECEN). Unfortunately, AEC was not 
completely separated from EA under the condi- 
tions used. None of the N-demethyl metabolites 
of EA or EC gave signals in LC-ED, supporting 
the hypothesis that oxidation occurs at the terti- 
ary amine of the desoaminyl sugar moiety [7]. 

Trace level analysis 
The application of LC-ED to trace levels of 

EA in tissue samples presents a more significant 
challenge. Although the official Canadian regu- 
latory level for EA has not yet been established 
for fish products, a tolerance level of 0.1 ppm 
(100 rig/g flesh) is applied to terrestrial meat 
products. Therefore, it would be desirable to 
have a detection limit as low as 10 rig/g.. 

Fig. 3a shows the LC-ED analysis of an ex- 
tract of salmon tissue sample spiked with EA at 
the 1 pg/g level. This extract was prepared using 
an acetonitrile extraction followed by a liquid- 
liquid partitioning clean-up (see Experimental). 
This procedure was shown previously by LC-MS 
analysis to give acceptable recoveries (> 900/,) 
[ 131; however, it was also found that the clean-up 
was not adequate and necessitated the use and 
frequent changing of a guard column to protect 

0 5 10 16 0 5 10 16 

Time (minutes) 

Fig. 3. LC-ED analysis of salmon flesh, spiked with 1 pg/g EA, 

before (a) and after (b) an aminopropylsilica clean-up. Chro- 

matographic conditions same as in Fig. 2. 

the main column from build-up of co-extractives. 
It is clear from Fig. 3a that some of these co- 
extractives are electrochemically active and inter- 
fere with the detection of EA. The peak for EA is 
very difficult to discern among the large interfer- 
ing peaks and analysis at the sub-ppm level is 
impractical. Also, co-extractives continued to 
elute from the column for up to 1 h and necessi- 
tated a column wash with a stronger solvent be- 
tween analyses. 

Recently, we have developed a solid-phase ex- 
traction (SPE) clean-up procedure for the rapid 
LC-MS and MS-MS analysis of EA in salmon 
[14]. This procedure, based on an aminopropyl- 
silica cartridge, gives reproducible, high recover- 
ies (> 900/,) at sub-ppm levels. Fig. 3b shows the 
LC-ED analysis of the same extract as that used 
to obtain Fig. 3a after further clean-up with this 
SPE method. EA is easily confirmed at this 1 ,ug/g 
spike level. There are still many small peaks due 
to residual co-extractives, however, and we esti- 
mate the detection limit to be about 100 rig/g.. 
Clearly further work is required if the method is 
to be useful at levels down to 10 rig/g.. It is pos- 
sible that another stage of SPE clean-up may re- 
duce interferences even further and allow addi- 
tional pre-concentration. However, the present 
method does represent a substantial improve- 
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ment over existing methods. It should be useful 
for a number of studies, such as determining 
elimination rates of EA from animals. 
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