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Abstract

Azithromycin is a broad spectrum antimicrobial agent that is approved in the United States for use in humans. Due to azithromycin’s
low rate of metabolism it is likely to be found in wastewater treatment plants, where its broad spectrum of antimicrobial activity could
lead to development of resistance in bacteria. A liquid—liquid extraction usi@PKand methylt-butyl ether (MTBE) was used to extract
azithromycin from 10 ml aliquots of wastewater. Liquid chromatography was performed using a Luna C18(2) £3B.6hmm) column with
a mass spectrometer friendly mobile phase containing 50:24:2:24 acetonitrile, methanol, tetrahydrofuran, and 0.04 M ammonium hydroxide.
The mass spectrometer used an electrospray source with positive ionization and an ion trap detector. A linear standard curve from 5 to
200 pg/ml was validated and used to quantitate azithromycin in wastewater.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the active antimicrobial along with incomplete processing
of azithromycin in sewage treatment plants could be a factor
Azithromycin is a broad spectrum macrolide antimicro- in promoting the development of antimicrobial resistance in
bial agent that displays activity against both Gram(+) and treatment plants and after its release into the general environ-
Gram() bacteria[1,2]. In humans, azithromycin has been ment[11-15] Understanding the disposition of azithromycin
approved for the treatment of respiratory, skin, otitis media, in wastewater could lead to better treatment options that
and sexually transmitted bacterial infectidiis3]. Some of would lead to more complete removal of azithromycin, thus
the characteristics that make azithromycin a useful antimi- reducing its release into the general environment and the po-
crobial agent are its high tissue partitionif@g5], long res- tential development of drug resistance. To aid in this under-
idence time[2,6,7], acid stability[8], and a relatively low standing, an analytical method that accurately measures low
rate of metabolisnf9,10]. Most of the azithromycin leaves concentrations of azithromycin in wastewater is an essential
the body in its unchanged form via fecfd, which sug- tool.
gests that significant amounts of active azithromycin could  Currently published quantitative methods measure
be introduced into wastewater treatment plants. Further-azithromycin in plasma, tissues and other bodily fluids, and
more, the slow metabolism of azithromycin indicates pos- wastewater. Extractions of azithromycin from plasma matri-
sible poor degradation in sewage treatment plants. Presencees are primarily liquid—liquid using MTBE,6,10,16-20Q]
but one using diethyl eth¢?1] and a SPE methd@2] have
* Corresponding author. Tel.: +1 317 655 0958; fax: +1 317 277 4993.  been reported. Extractions of azithromycin from tissue pri-
E-mail addresshunterrobertp@lilly.com (R.P. Hunter). marily use acetonitrilfl7,10], or ethano[23,24] Detection
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is generally electrochemical detectiginl 7—20,22,25pr MS 2.3. Instrumentation
[1,3,7,10,16,26]although UV has been used with high con-
centrations in formulation stability testiig,27,28] fluores- The LC/MS system (ThermoFinnigan, San Jose, Califor-
cence after derivatizatid21], and bioassays have been used nia) was comprised of a P4000 narrow-bore quaternary pump
[2,6,17,23,24] The limits of quantitation found using these with a vacuum degasser, AS3000 auto sampler, UV6000
assays are as low as 10000 pg[d®,21] The assay from  photo diode array detector, and a LGQion trap mass spec-
wastewater uses an SPE extraction with mass spectrometetrometer. For this study the MS instrument parameters were
detection and has a limit of quantitation of 2 pg/ml with a optimized for azithromycin; those parameters were: ioniza-
sample size of 250 njR9]. The assay described here is sig- tion source, electrospray ionization (ESI) set for positive ion-
nificantly modified from published plasma matrix extractions ization; source voltage, 5.0 kV; sheath gas flow rate, 90 arbi-
and the chromatography was also modifi&d]. trary units; auxiliary gas flow rate, 15 arbitrary units; capillary
The purpose of this project was to develop and validate an voltage, 5.0 V; capillary temperature, 285; tube lens offset,
analytical method to quantitate azithromycin in water from —16V, intermultipole lens voltage;20 V; multipole 1 off-
wastewater treatment plants using a relatively simple and set,—3. V; multipole 2 offset;—6.0 V. Nitrogen gas was used
sensitive extraction method in combination with LC/MS de- for sheath gas and auxiliary gas. The ion for azithromycin was
tection. To our knowledge there is only one other reported monitored at 749.8vVz and the ion for the internal standard,
azithromycin extraction and quantitation methods for water erythromycin was monitored at 734n@z. The MS was set
from wastewater treatment plants and no other method thatto scan a range of 748.5—-753z and then perform MS/MS
has a limit of quantitation similar to the 4.25 pg/ml extracted (normalized collision energy, 30%; isolation widthz) on
from a 10 ml sample described here. detected ions at 749.3. After that a range of 730.0—7#1xz0
was scanned and MS/MS was performed on detected ions at
734.2m/z. The software used for instrument control and data
2. Experimental processing was the Xcalibur software suite v.1.2 (Thermo-
Quest, San Jose, California, USA).
2.1. Materials
2.4. Preparation of standard and quality control (QC)
All materials, unless otherwise noted, were obtained from samples
Fisher Scientific (Pittsburg, PA). Acetonitrile, methanol,
MTBE and tetrahydrofuran were HPLC grade, 1.0N am- Stock solutions of azithromycin and erythromycin were
monium hydroxide was certified A.C.S. The water was made in acetonitrile. The stock solutions were used to make
deionized and filtered on-site using a Nanopure sys- solutions in deionized water used to spike the standard curve
tem (Barnstead/Thermolyne, Dubuque, 1A). Azithromycin and QC samples. Standards, in deionized water, were made
(917pg/mg) was purchased from USP (Rockville, MD). The fresh each day that samples were extracted and ranged from
internal standard, erythromycin, had a 98% purity. The HPLC 5 to 200 pg/ml. The QC samples were prepared at the con-

column used was a Luna C18(2) (30 mn2.0 mm), Sum, centrations of 12.5, 40, and 125 pg/ml in deionized water, in

100A from Phenomenex (Torrance, CA). bulk, prior to validation and then aliquoted into 10 ml sam-
ples and stored at20°C until used. For the intra-day assay

2.2. Chromatography validation, five QC samples were randomly selected from

each of the three different concentrations. After that, for each

The mobile phase used contained 50% acetonitrile, 24% assay, two QC samples at each concentration were selected at
methanol, 2% tetrahydrofuran, and 24% 0.04 M ammonium random and extracted with the standard curve and unknown
hydroxide. The ammonium hydroxide solution was made samples.
by combining 1 part 1 M ammonium hydroxide to 23 parts
water. With a flow rate of 0.3 ml/min the approximate re- 2.5. Extraction method
tention times for azithromycin were 2.3 min and for ery-
thromycin were 1.3 min. The total run time, including time Unknown samples and QCs were allowed to thaw and the
for the autosampler to load the sample was a little over unknown samples, standards, and QCs extracted were 10 ml
6 min. Because the apparent pH of 10.8 for this solution aliquots of water that were placed in 50 ml glass centrifuge
is above the manufacturer’s recommendations for the col-tubes. To each tube, B0 of internal standard (jtg/ml
umn used in this assay, the condition of the column should erythromycin in water), 0.5ml of 0.5M ¥CO3 and 12 ml
be monitored during use, 2 months of method development methylt-butyl ether were added. The tubes were capped with
and assaying under these conditions did not cause prob-caps containing Teflon liners, vortexed vigorously for 30s,
lems, the low concentration of the buffer reduces potential and then centrifuged for 10 min at 108@. The supernatant
problems with the high pH. Azithromycin ha&gs of 8.7 (methyl{-butyl ether) was transferred to a disposable 15 ml
and 9.5, no ionization problems were found in the mass glass centrifuge tube, then dried under N a 25°C wa-
spectrometer. ter bath. The samples were then reconstituted withpld @®
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mobile phase, vortexed for 1 min, centrifuged for 10 min and Table 1 o
transferred to an auto sampler vial, andpd@vas injected ~ Validation stafistics

onto the LC/MS system. During method development vor- Concentration (pg/ml)

texing time and drying temperature were tested and found to 125 40 125

need to be changed from prior requirements. Both of these Sy ra-day

pects of the extraction were tested by putting samples through precision (%) ® 6.3 6.1

the entire extraction while changing only the tested aspect. Accuracy (%) 71 24 30

The changes were then compared against each other to Sefiter-day

which gave the best results. Precision (%) 16 88 74
Accuracy (%) 15 04 04

2.6. Quantitation Recovery (%) 65 57 77

. . . . Precision and accuracy data are presented as percentage from expected value,
Using the product ion atn/z 591 for azithromycin the  recovery as percent of the total. The intra-tley5, and inter-dayi=17.

product ion atwz 734.2 for erythromycin, peak area ratio of

analyte:internal standard was plotted and a linear regression

equation obtained for quantitation. This standard curve was 3. Results and discussion

weighted 1x and was linear from 5 to 200 pg/ml. An LOQ

of 4.25 was chosen based on the lowest point of the standard The validation statistics for the azithromycin assay
curve minus the acceptable error of 15%, the limit of detection are presented iffable 1 The assay validated within the

was not determined. standards set for this lab as described above. The values
(meant SD) obtained for the linear regression equa-
2.7. Validation tion (area ratio=(concentration in pg/mim)+b) were:

m=0.000448+ 0.000125 and b=-0.00121+0.00222,

The azithromycin assay was considered valid if the R®=0.9777+0.0134. A representative standard curve is
intra-day accuracy and precision values of the QC sam-shown inFig. 1 The limit of quantitation for this method
ples were within 15% of the expected values for each of was 4.25 pg/ml. This method provided adequate sensitivity
the three QC concentrations. The equation used to calculateo detect azithromycin in all wastewater samples tested.
accuracy was % accuraey ((Cintended— Cx)/ Cintended X The chromatography of azithromycin and the internal
100 and the equation for precision was % precision  standard (erythromycin) following extraction from waste-
(Csp/ Cx) x 100; whereCintendedWas the intended concen-  water is shown ifFig. 2 Some temporal overlap of signal ex-
tration,Cy was the average measured concentrationCyad isted, butthe individual ions were easily distinguished with no
was the standard deviation of the measured concentrationsinterference at their individualvz. Erythromycin was cho-
An assay was rejected if more than two of the six QCs for a sen as an internal standard because it is chemically closely
given standard curve weret15% from their intended value  related to azithromycin and was not expected to be in the
or if both QCs at a single concentration werg 5% from wastewater.
theirintended concentration. Arejected assay was reextracted
using fresh unknowns, standards, and QCs.

0.10 Y=-0.0193449+0.000463752*X R"2 = 0.9933 W:1/X

2.8. Recovery 0.09

Recoveries were measured by comparing the peak areas 008
from the extracted QC samples to solutions containing the (o7
expected amounts of drug. Recovery solutions were made by |
combining the equivalent amount of azithromycin that was 0
in a 10 ml aliquot of QC sample with 54 internal standard, o 0.05
then diluting with mobile phase to a 1p0volume.

Rati

Are

0.04

2.9. Wastewater sample collection 0.03
0.02

Wastewater samples were collected from four northeast
Kansas municipal wastewater treatment plants. The samples 001
were collected from the influent, effluent and intermediate

. . . . . T T
points such as the aeration and sedimentation tanks in the 0 50 100 150 200

wastewater treatment process, and transported to the labora- Concentration (pg/mi)

H (e}
tOI’Y under 'F:e' Wastewater samples were stored 22°C Fig. 1. Representative graph of standard curve for azithromycin extracted
until extraction. from water.
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RT: 2.27 591 (100%), 592 (29%), 573 (10%), and 434 (S%).

7(A
400000-:( ) The product ions and their percent relative abundance to
— the major product ion found for erythromycin were: 576

- (100%), 522 (46%), 716 (43%), 558 (34%), 698 (23%), and

Re gy 540 (16%)mvz, which is similar to other published product
10000000 (B) ion spectra[32]. The product ions and their percent rela-
E tive abundance to the major product ion found for olean-
ARG L domycin were: 544 (100%), 585 (6%), 601 (3%), 543 (2%),
0 495 (2%), and 302 (1%ixv/z. The proposed fragments for
- 1(C) RT: 2.29 some of the product ions of each agent are showfign 3.
'E 4080007 Loss of the cladinose sugar in the mass spectrometer is a
E 200000 common indicator for all of these macrolides. Erythromycin
0 and oleandomycin also showed many product ions that are
- D) AT:1.28 _18 m/z apart and likely relate to the loss of,8 from the
10000000 ons.
5000000 /L‘\—ﬁ
0:
100000003 () RT: 3.80
0000 RAT072  prgg7AT 260 RT: 4.60 ©
i B e N e . 100 s
0 1 2 3 4 5
Time (min)

434.2573.3

400 600 800
m/z

Fig. 2. Chromatograms of azithromycin extracted from water. (A) Mid-
range standard (100 pg/ml). (B) Internal standard (erythromycin) for A, (A)
spiked concentration of 5ng/ml. (C) Wastewater sample, 1 ml wastewater
and 9 ml deionized water to make up 10 ml extraction, calculated concentra-
tion, asis, was 97 pg/ml. (D) Internal standard for C, spiked concentration of
5ng/ml. (E) Wastewater (10 ml, influent) extraction with no erythromycin
added.
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The early development of this method used oleandomycin
astheinternal standard. Oleandomycin was originally desired
as the internal standard due to its similarity to azithromycin
and because it has a very low probability of being seen in the 576
samples due to its not being used in medicine or manufac-
turing. However, when wastewater samples were assayed, it -2H,0 4 543
was noted that the signal from the oleandomycin was sup- 585
pressed in some samples, it is not known if the suppression
was from poor extraction from the wastewater matrix or ion
suppression at the mass spectrometer. When erythromycin
was used, this difference in the internal standard signal was
not present. Even though erythromycin is commonly used in
human medicine, it is metabolized, primarily to anhydroery-
thromycin, prior to its arrival at the wastewater treatment 544 \
plant[30], so no or very little unchanged erythromycin should () 0
be seen in the wastewater. A close look at the signal obtained_. _ , _ _
from wastewater samples without added erythromycin at the Fig. 3. Azithromycin (A), erythromycin (B), and oleandomycin (C)

. . . ! molecules showing spectra obtained from MS/MS and proposed fragmen-
retention time andwz of erythromycin confirmed the ab-  (ations that produce the major product ions. In azithromycin (A), the 573
sence of interference which allowed us to use erythromycin mizfragment is caused by the loss of the cladinose sugar along with its gly-
as an internal standard. cosidic oxygen atom and two hydrogen atoms from the aglycone ring. Ery-

The MS/MS spectra for azithromycin obtained on this thromycin’s (B) production consists of the loss of the cladinose sugar without
its glycosidic oxygen atom. The 58&z fragment from oleandomycin (C)

system Were_ similar to t.hose found pr_eV|ous{;]yZ6,31] is equivalent to a fragment of 618z minus 2x H,O. The other ions de-
The product Ions and their .percent relatlvg abunda_nce COM-scribed for oleandomycin and erythromycin are equivalent to the parent ion
pared to the major product ion found for azithromycin were: or the product ions shown minus 1, 2, or 3 sets gOH18m/z each).

400 600 800
(B) 0 miz

Relative Abundance

544.1

543.3 |584.9686.3

400 600 800
m/z
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n
o



D.E. Koch et al. / J. Chromatogr. A 1074 (2005) 17-22 21

Table 2 water samples were found to range between430 and
Detected azithromycin with varying vortexing times<(3) 14,900+ 1700 pg/ml.
Vortexing time (min) Peak height (ion court10®)
Average SD
0 22 46 Acknowledgements
0.5 60 88
1 55 11 .
5 50 19 The authors would like to acknowledge the support of the
5 44 20 Kansas Water Resources Institute at Kansas State University
10 36 11 and the personnel of four northeast Kansas wastewater treat-
ment plants.
Table 3
Detected azithromycin with varying drying temperatunes
- Y ying &y _g _p 8 References
Drying temperature°C) Peak height (ion count 10°)
Average SD [1] R.P. Hunter, D.E. Koch, R.L. Coke, M.A. Goatley, R. Isaza, J. Vet.
25 79 13 Pharmacol. Ther. 26 (2003) 117.
30 43 20 [2] A.E. Girard, D. Girard, A.R. English, T.D. Gootz, C.R. Cimo-
35 50 94 chowski, J.A. Faiella, S.L. Haskell, J.A. Retsema, Antimicrob.
0 36 26 Agents Chemother. 31 (1987) 1948.
45 12 12 [3] R.L. Coke, R.P. Hunter, R. Isaza, D.E. Koch, M.A. Goatley, J.W.
50 23 17 Carpenter, Am. J. Vet. Res. 64 (2003) 225.
55 92 75 [4] J.A. Retsema, A.E. Girard, D. Girard, W.B. Milisen, J. Antimicrob.
’ Chemother. 24 (1990) 83A.
[5] A.E. Girard, D. Girard, J.A. Retsema, J. Antimicrob. Chemother. 24
(1990) 61A.
. . . [6] G. Foulds, R.M. Shepard, R.B. Johnson, J. Antimicrob. Chemother.
It was found to be important to use Teflon liners in 24 (1990) 73A.

the centrifuge caps. Rubber cap liners, which came with [7] G.W. Amsden, C.L. Gray, J. Antimicrob. Chemother. 47 (2001) 61.
the centrifuge tubes originally, appeared to sorb some of [8] E.F. Fiese, S.H. Steffen, J. Antimicrob. Chemother. 24 (1990) 39A.

: : . [9] R.M. Shepard, H.G. Fouda, R.B. Johnson, R.A. Ferraina, M.A.
the macrolides and when MTBE came in contact with Mullins, Proc. Int. Cong. Inf. Dis. (1990) 173,

the rubber liner, it was apparently dissolved into the [10] R.P. Hunter, M.J. Lynch, J.F. Ericson, W.J. Millas, A.M. Fletcher,
MTBE solution which caused a sticky precipitate to form N.I. Ryan, J.A. Olson, J. Vet. Pharmacol. Ther. 18 (1995) 38.
when the supernatant was dried off of the extracted sam-[11] K. Kummerer, J. Antimicrob. Chemother. 52 (2003) 5.
ple. The use of Teflon cap liners solved both of these [12] H. Nicholls, Drug Disc. Today 8 (2003) 1011.
issues. [13] A.P. Fraise, J. Ar_1t|r_n|cr0b. Chemother. 49 (2002) 11.
. . . . [14] S.B. Levy, J. Antimicrob. Chemother. 49 (2002) 25.

AZ|thromyC'n was adequately mixed followmg 30s of [15] K. Kummerer, A. Henninger, Clin. Microbiol. Inf. 9 (2003) 1203.
vortexing. Longer vortexing times appeared to result in [16] H.G. Fouda, R.P. Schneider, Ther. Drug Monit. 17 (1995) 179.
a reduction of detectable azithromycimaple 2. Drying [17] R.M. Shepard, F.C. Falkner, J. Antimicrob. Chemother. 24 (1990)
temperatures above 28 also appeared to cause reduc- 49A.

. . . . : [18] N.M. Najib, N. Idkaidek, I.E. Ghanem, I. Admour, S.M. Alam, Q.
tions in the amount of detectable azithromycin in this assay Zaman, R. Dham, Biopharm. Drug Dispos. 22 (2001) 15.

(Table 3 [19] K.A. Rodvold, L.H. Danziger, M.H. Gotfried, Antimicrob. Agents
Chemother. 47 (2003) 2450.

[20] F. Kees, S. Spangler, M. Wellenhofer, J. Chromatogr. A 812 (1998)
287.

[21] A. DiPaolo, C. Barbara, A. Chella, C.A. Angeletti, M. del Tacca,

oL e Pharm. Res. 46 (2002) 545.
The sensitivity and specificity of a LC/MS/MS system  [22] j.L. Davis, S.Y. Gardner, S.L. Jones, B.A. Schwabenton, M.G. Pa-

4. Conclusion

combined with a simple liquid-liquid extraction allowed the pich, J. Vet. Pharmacol. Ther. 25 (2002) 99.
quantitation of very low concentrations of azithromycin in [23] T. Malizia, M.R. Tejada, E. Ghelardi, S. Senesi, M. Gabriele, M.R.
wastewater. The extraction used®0z and MTBE to parti- Giuca, C. Blandizzi, R. Danesi, M. Campa, M. DelTacca, J. Peri-

. . . . odontol. 68 (1997) 1206.
tion azithromycin from the wastewater, the MTBE was dried [24] C. Blandizzi, T. Malizia, G. Batoni, E. Ghelardi, F. Baschiera, P.

off to concentrate the azithromycin. Chromatography was Bruschini, S. Senesi, M. Campa, M. DelTacca, Antimicrob. Agents
performed using a mass spectrometry friendly mobile phase  Chemother. 46 (2002) 1594.
containing acetonitrile, methanol, tetrahydrofuran, and am- [25] R. Gandhi, C.L. Kaul, R. Panchagnula, J. Pharm. Biomed. Anal. 23
monium hydroxide and a Luna C18(2) (30 nx12.0 mm) (2000) 1073 , ,

. [26] H.G. Fouda, R.M. Shepard, R.A. Ferraina, M.A. Mullins, 38th Ann.
col_umn. A linear standard curve from 5 to_ 200 pg/ml was Conf. MS. All. Top., vol. 38, 1990, p. 383,
validated and used to quantitate azithromycin. Azithromycin [27] EN. kamau, H.K. Chepkwony, J.K. Ngugi, D. Debremaeker, E.

concentrations in the northeast Kansas municipal waste-  Roets, J. Hoogmartens, J. Chromatogr. Sci. 40 (2002) 529.



22 D.E. Koch et al. / J. Chromatogr. A 1074 (2005) 17-22

[28] P. Zubata, R. Ceresole, M.A. Rosasco, M.T. Pizzorno, J. Pharm. [31] D. Debremaeker, D. Visky, H.K. Chepkwony, A. Van Schepdael, E.

Biomed. Anal. 27 (2002) 833. Roets, J. Hoogmartens, Rapid Commun. Mass Spectrosc. 17 (2003)
[29] A. Gobel, C.S. McArdell, M.J.F. Suter, W. Giger, Anal. Chem. 76 342.

(2004) 4756. [32] M. Duboais, D. Fluchard, E. Sior, P. Delahaut, J. Chromatogr. B 753
[30] C.S. McArdell, E. Molnar, M.J.F. Suter, W. Giger, Environ. Sci. (2001) 189.

Technol. 37 (2003) 5479.



	Azithromycin extraction from municipal wastewater and quantitation using liquid chromatography/mass spectrometry
	Introduction
	Experimental
	Materials
	Chromatography
	Instrumentation
	Preparation of standard and quality control (QC) samples
	Extraction method
	Quantitation
	Validation
	Recovery
	Wastewater sample collection

	Results and discussion
	Conclusion
	Acknowledgements
	References


