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Abstract

This work consisted of three pilot researches under the Food and Water Cluster
of the National Research University Program in the developmental of determination
techniques for efficient analyses of additives, contaminants, nutrients, and residues in food
and agricultural products section. We report a simple and sensitive method for
multiresidue analysis of 24 common veterinary drugs from 8 classes (3 aminoglycosides, 3
B-lactams, 2 lincosamides, 4 macrolides, 4 quinolones, 4 sulfonamides, 3 tetracyclines, and
amprolium) in chicken muscle. The method employed simple liquid-liquid extraction step
followed by analysis by liquid chromatography—tandem mass spectrometric using
hydrophilic interaction liquid chromatography (HILIC). The method proved to be very
efficient with 0.1-10 pg kg™ limits of detection, recoveries ranged between 53-99% at 0.5-
MRL, MRL, and 1.5-MRL spiking levels, satisfactory precision (RSD <15%) were also
observed. The method was successfully tested on real samples (chicken muscle, shrimp,

and egg).

Alternative extraction method, a carrier-mediated hollow-fiber liquid-phase
microextraction (HF-LPME), was evaluated on antibiotic residues in water matrix.
Eleventh common antibiotics were selected and the HF-LPME procedure was optimized in
water using small and inexpensive disposable hollow fiber membrane. The proposed HF-
LPME procedure was much superior to traditional extraction technique and provided up to
156 times enrichment. The detection limits ranged from 10-250 ngL™" with relative

recovery between 79-118%

Lastly, a theoretical separation selectivity model of MEKC (amexc) was
developed using a simple mathematical model for the prediction of separation and
migration order. It was discovered that ayekc is related to the dimensionless values of
electrophoretic mobility (i), the selectivity of capillary zone electrophoresis (aczg), and
the retention selectivity (ox) of MEKC. Where aczg and o are defined as the ratio of it in
CZE and the ratio of k in MEKC for two charged analytes, respectively. Alkylparaben
analogs were employed as model compounds. Excellent correlations were observed

between the predicted and experimental values.
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Analyte Matrix LC Column Mobile phase Detection Sensitivity Referenc
mode (ug kg™ e
Quinolones (6), sulfonamides (5), | Shrimp RP Water YMC Phenyl A:95:5 (v/v) 0.1% formic acid in APCI-MS LOD = 10-200 [10]
tetracyclines (1), 4 mm x 50 mm, 3 pm water— MeCN
other veterinary drugs (6) B: 15:85 (v/v) 0.05% formic acid in
water—-MeCN
Sulfonamides (4) Muscle RP Genesis C18 A: MeCN ESI-MS/MS LOD = 2-15 [11]
B-lactams (3), macrolides (4), 2.1 mm x 50 mm, 4 B: 0.2% formic acid in water containing
quinolones (4), tetracyclines (4) Kidney um 0.1 mM oxalic acid
B-lactams (7), macrolides (4), Chicken RP C18 Acquity UPLC A:0.2% formic acid in water containing | ESI-MS/MS CCB =6.9- [12]
quinolones (9), sulfonamides (14), BEH, 2.1 mm x 100 1 mM oxalic acid 337.2
tetracyclines (4), other veterinary mm, 1.7 pm B: 0.1% formic acid in MeCN
drugs (1)
Quinolones (12), sulfonamides Chicken RP Synergi Fusion A:0.1% formic acid in water ESI-MS/MS CCB=0.45-487 | [15]
(16), other veterinary drugs (13) 2mm x 100 mm, 2.5 | B:0.1% formic acid in MeCN
pm C: 0.1% formic acid in MeOH
Aminoglycosides (3), B-lactams Honey lon-pair | Zorbax SB-C18 A: 1 mM NFPA in 0.5% formic acid in ESI-MS/MS LOD =27-80 [16]
(8), macrolides (7), sulfonamides 2.1 mm x 50 mm, 1.8 water
(17), tetracyclines (5), pum B: 0.5% formic in (50:50, v/v) of MeCN-
amphenicols (2) methanol
B-lactams (2), lincosamides (1), Meat RP Xterra MS Ci8 A: 10 mM formic acid in MeOH ESI-MS/MS LOD = 3-15 [17]
macrolides (4), quinolones (7), 2.1 mm x 100 mm, B: 10 mM formic acid in water
sulfonamides (10), tetracyclines 3.5 um
(3), other veterinary drugs (4)
Lincosamides (3), macrolides Milk RP Cl18 Aqua A: 0.2% formic acid in water ESI-MS/MS CCB=7.9-325 | [18]
(10), quinolones (14), 2.1 mm x 150 mm, 3 | B:0.2% formic acid in MeCN
sulfonamides (12), tetracyclines pm
(7), other veterinary drug (1)
Aminoglycosides (3), Chicken HILIC ZIC-HILIC A: 50 mM ammonium formate in ESI(+)-MS/ LOD=0.1-10, | This
amprolium, B-lactams (3), muscle 2.1 mm x 100 mm, water at pH 2.5 MS except STR work
lincosamides (2), macrolides (4), 3.5 um B: MeCN and DSTR =20
quinolones (4), sulfonamides
(4), tetracyclines (3)
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amprolium (AMPR), chlortetracycline (CTC), ciprofloxacin (CIP), enrofloxacin (ENR), erythromycin
(ERY), lincomycin (LIN), oxolinic acid (OXO), oxytetracycline (OTC), penicillin G (PEN G),
spectinomycin (SPEC), spiramycin (SPI), sulfadimethoxine (SDMX), tetracycline (TC), tilmicosin
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Amoxicillin (AMOX), sulfadiazine (SDZ) and sulfathiazole (STZ) 1PUITEN Sigma-Aldrich (St.
Louis, MO, fm%"gom?m)_ Danofloxacin (DAN) INUTHN Riedel-de Haén (Seelze,ﬂizmﬁﬁﬁﬁ’uﬁ/
MBISUITBINY).  Sulfamethazine (SMZ) INUIEN Wako Chemicals (VA, avigoiusm).

Pirlimycin (PIR) NNUTHN Pfizer (NY, @¥ %"gom?m).
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nmsanametuaz1insa  Loms  Tumsdnned laoilundasuaivoauSsm - J.T. Baker
(Deventer, UszMenuisosaus), msmﬁmi’f'v‘?wmuﬂummﬂ3mu?q°n§qa fmTuauinned
Tay 1nd0 Ammonium formate, ammonium acetate, formic acid, and acetic acid (HOAc) YDIUITHN
Fluka. Trichloroacetic acid (TCA) and heptafluorobutyric acid (HFBA) YDIUITHN Fisher Scientific
(Leicestershire, ANIIFOI1UINT). Hexane 499UTHN Kanto Chemical (Tokyo, ﬂszmﬁﬁjﬂu) 1?1%1%
nﬂuﬁm?qwéﬂmqua muszuum"snmfm?tméﬂjm Milli-Q purification system (Millipore,

Billerica, MA, an$300i3n1) fiaanudiuniu 182 MQ em”
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(n3ogile  LC-MS/MS 1#1n509 Water Acquity Ultra performance liquid chromatography system ﬂ'f)i?j
1 Micromass Quattro Premier " XE triple quadrupole mass spectrometer YOIUITHY
Water, MA M 5301301
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Capillary voltage 1.0 kV

Source temperature 120 °C
Desolvation temperature 350°C

Extractor voltage 3V

Cone gas (N,) flow 50 AN d@‘fé’ﬂm
Desolvation gas (N,) flow 1000 aﬂiﬁia‘gﬂud
Collision gas (Ar) 3.5 x10” mbar
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10 mL 2% TCA : ACN 1:1 v/v
Vortex 30 sec
Shaker 10 min
Centrifuge at 3400 rpm S min
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Vortex 1 min

l 5 mL hexane
Centrifuge at 3400 rpm S min

INFU hexane N4

l

200 pL ¥BIa1TaZAWANAT 10 + 800 uL 10% Formic acid : ACN 9:1 v/v

l

NTBIMIININTDILUUTUYUIA 0.2 um
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M5199 2.2 Molecular weights, retention times, fr (acceptable ranges, £3 SD), ion transitions, optimized MS/MS parameters, and ion ratios

(acceptable ranges, £3 SD) vs. concentrations of the 24 veterinary drugs in HILIC-UPLC—ESI(+)-MS/MS.

Analyte M. W, Cone Quantification CE Confirmation CE |
L voltage transition (m/7z) (eV) transition (eV)
(4] (m/7)
|

Sulfadimethoxine | SDMX | 310.3 - 40 311.08>156.16 | 25 | 311.08>108.16 | 35 I
Sulfamethazine SMzZ | 2783 v 35 279.09> 186.02 | 20 | 279.09>12407 | 30 B
Penicillin G PENG | 3344 - 45 33532>217.24 | 15 | 33532>9091 35 | -
Oxolinic acid oX0 | 2612 1+ .= 32 26200>244.13 | 20 | 26210>21602 | 35 . .
Sulfadiazine SDZ | 2503 “a. 25 251.10 > 155.91 1s | 251.10>10784 | 25 ,~ _."
Sulfathiazole STZ | 2553 oo 30 256.09>107.87 | 25 | 256.09> 15593 THRRLENS
Tylosin YL | 916.1 : 57 916.48>174.19 | 40 | 916.48>772.94 | 35 no
Erythromycin ERY 733.9 Gu 25 734.57 > 576.38 25 734.57 > 522.34 25 T
Enrofloxacin ENR | 359.4 R 30 360.14>24509 | 35 | 360.14>31600 | 26 .
Chlortetracycline | CTC | 4789 |« ' 4 30 479.11>46207 | 18 | 479.1>44406 | 20 '
Danofloxacin DAN | 3573 ‘e i 35 358.15 > 82.22 45 | 358.15>34000 | 35 1.
Ciprofloxacin CIP 313 | ke w 37 33222>31422 | 23 | 33222>24522 | 25 0axoC
Pirlimycin PIR a0l T m 35 41117> 11182 | 27 | 411.17>363.15 18 o 4
Ampicillin AMP | 349.4 | o 25 35023 > 105.90 | 20 | 350.23 > 192.10 15 oo
Amoxicillin AMOX | 3654 | - o 20 36625>208.15 | 13 | 366.25>349.20 L
Tetracycline TC 4444 | 25 44525>41045 | 20 | 44525>154.15 | 25 |
Lincomycin LIN 4065 | s o~ 40 407.16 > 12609 | 30 | 407.16 >359.21 20 | umie
Tilcomycin TIL 869.1 | a x- 55 869.53> 17439 | 55 | 869.53>696.51 50 |
Oxytetracycline OTC | 4604 | Ao, - 27 461.19>426.18 | 20 | 461.19> 44321 13 S
Spiramycin SPI 843.1 30 84351>174.10 | 45 | 843.51>101.07 | 58 o

| Amprotium AMPR | 2788 20 243.11> 15005 | 15 | 243.01>12203 | 25 | ..

| Spectinomycin SPEC | 3323 s 35 35121>33327 | 20 | 351.21>97.75 30 [~ 1
Dihydrostreptomycin| DSTR | 583.6 | B 60 584.14>263.18 | 30 | 584.14>246.15 | 40 -

| Streptomycin STR | 5816 .. . 65 582.14> 26327 | 30 | ss2.14>246.14 | 40 'L

d.ra v
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A9 2.3 Established maximum residue limit (MRL) for 24 veterinary drugs in chicken muscle and analytical limits of 24 analytes in

chicken muscle extracts

26

Analyte MRL (EU) Typical R LCL LOD LOQ CCa CCp
(ng/kg) (ng/kg) (ng/kg) (ng/kg) (ng/ke) (ng/kg)

SDMX 100° 0.9938 0.5 0.1 0.3 108 115
SDZ 100° 0.9987 0.5 0.1 0.3 110 117
SMZ 100° 0.9970 0.5 0.1 0.3 107 117
STZ 100° 0.9971 0.5 0.1 0.3 108 117
CIP 100° 0.9940 1.0 1.5 5.0 112 136
DAN 200 0.9953 5.0 0.2 0.7 213 232
ENR 100° 0.9945 1.0 0.5 1.7 110 124
0XO 100 0.9986 2.0 3.0 10 108 116
CTC 100 0.9973 2.0 1.0 3.0 106 120
OTC 100 0.9972 2.0 3.0 10 108 120
TC 100 0.9985 2.0 1.0 3.0 109 125
AMOX 50 0.9942 1.0 2.5 8.5 68 81

AMP 50 0.9973 1.0 1.5 5.0 58 73

PEN G 50 0.9989 1.0 1.5 5.0 58 65

LIN 100 0.9989 2.0 0.5 1.8 106 125
PIR 100 0.9988 2.0 02 0.7 105 120
ERY 200 0.9955 5.0 1.5 5.0 205 211
SPI 200 0.9970 5.0 4.0 13 213 226
TIL 50 0.9973 1.0 0.5 1.7 67 84

TYL 100 0.9991 2.0 1.5 5.0 105 109
AMPR 200 0.9956 5.0 8.0 25 215 233
DSTR 500 0.9988 10 20 60 509 522
SPEC 300 0.9974 5.0 10 30 307 320
STR 500 0.9979 10 20 60 510 525

*Expressed in form of sum-MRLs of all sulfonamides

®Expressed in form of sum-MRLs of ENR and its metabolite (CIP)
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e 2.4 Recovery, repeatability, within-laboratory reproducibility, and acceptable RSD values for chicken muscle at different spiking levels.

% Recovery (%RSD)* Repeatability® v:l,iet::galssi%ﬁit&fy Acceptable RSD value®
Analyte 0.5-MRL MRL
0.5-MRL MRL 1.5-MRL 0.5-MRL MRL 0.5-MRL MRL
Dayl Day2 Day3 Dayl Day2 Day3
TMZc 61(11) 66 (3) 68 (8) 11 11 8 3 8 10 6 19 17
spz° 65(8) 70 (4) 72(7) 8 16 5 4 12 4 2 | 8 19 17
SDMX* 60 (11) 66 (4) 66 (6) 1 12 5 4 10 5 10 7 19 17
S17° 68 (10) 73 (6) 66 (1) 11 4 6 7 4 9 7 19 17
CIpf 85 (6) 84 (10) 84 (5) o | 15 11 10 5 1 12 10 19 17
DAN 82 (8) 86 (9) 93 (6) 8 8 6 9 12 9 9 10 15 13
_ENR' 77 (6) 93 (6) 92 (10) 6 13 12 6 7 7 1 7 19 17
0X0 72 (6) 68 (5) 99 (4) 12 5 5 9 4 8 6 17 15
CTC 79 (12) 80 4) 89 (6) 12 15 10 4 4 9 14 7 17 15
OTC 70 (14) 73 (6) 93 (4) 14 9 8 6 6 5 13 6 17 15
TC 83 (10) 83 (4) 83(5) 10 10 9 4 9 10 10 9 17 15
AMOX 68 (14) 76 (14) 68 (14) | 14 18 13 14 14 12 15 13 19 17
AMP 73 (15) 71 (N 79 () 15 4 9 7 6 8 13 8 19 17
PEN G 64 (6) 70 (5) 87 (5) 6 _| 8 7 5 4 7 7 7 19 17
LIN 75 (4) 71 (2) 98 (3) 4 | 2 6 2 7 9 5 8 17 15
PIR 71(3) 73 (5) 90 (4) 3 | s 6 5 2 7 6 5 17 15
ERY 53 (6) 57 (4) 55(7) 6 12 10 4 4 | 6 11 6 15 13
SPl 75(71) 67 (7) 65(7) 7 | 8 7 9 8 10 10 15 13
qL 85(10) 81 (6) 84 (5) 10 15 12 6 14 9 13 11 19 17
TYL 80 (4) 75 (4) 80 (7) 4 [ 4 4 3 3 8 4 17 5
AMPR 77(D) 85 (9) 91 (4) 7 8 8 9 9 9 8 11 15 13
DSTR 82 (12) 72 (8) 84(9) 12 10 5 8 8 9 9 9 13 12
E’EC 83 (6) 77 (6) 88 (6) 6 8 8 6 5 7 7 6 15 13
STR 83 (12) 74 (9) 34 (3) 12 | 9 9 5 9 1l 13 12

* Recovery results of spiked samples for 10 replicates of 3 days at each spiking level
® Repeatability results of spiked samples for 10 replicates at each spiking level

¢ Within-laboratory reproducibility results for 3 days (n=30) at each spiking level

* Acceptable RSD values calculated from Horwitz equation at each concentration levels
< All sulfonamides spiked at 0.1-, 0.2-, and 0.4-MRL

"ENR and CIP spiked at 0.2-, 0.5- and 1.0-MRL
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Erythromycin

Macrolide 733.93 8.9

(ERY)
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' a1shfeIms . - vhmiin | pKa
nQu R , Tnsaa5amanil
IAs1E Taana | [31,33]
Spiramycin (SPI) 843.05 7.9
7.4
Tilmicosin (TIL) | , 855.11
8.5
[0} o]
4 /<j 2.0
Sulfonamide | Sulfathiazole (STZ) /©/ N 25532 1
7.
ChHy
Sulfamethazine oo o 2.1
4 /Iil 278.33
(SMZ) /©/ v 75
NH
Sulfamerazine N7 2.1
s\u/KN o 264.30
(SMR) 7.0
N




37

Tetracycline

Oxytetracycline

(0TQ)

460.43

32
7.5
8.9

Tetracycline (TC)

444 43

33
7.9
9.6

Quinolone

Ciprofloxacin

(CEQ)

331.34

3.0
6.1
8.7

10.6

Danofloxacin

(DFEC)

357.38

3.9
6.1
8.6
9.9

Enrofloxacin (EFC)

359.39

39
6.2
7.6
9.9




1 o ' . . . a a g
M19190 3.2 Ausanq Tuszuu Multiple reactions monitoring v84@15U§Fuz lumsainsgidrounuauunaanln Ingues

Retention time | Dwell time Cone voltage Quantification Collision Confirmation Collision
MsURrIue
(min) (s) (V) transition energy (ev) transition energy (ev)

Erythromycin 4.76 0.03 40 734.45>158.28 30 734.45>576.26 30
Spiramycin 422 0.02 30 843.51 > 174.10 45 843.51>101.07 58
Tilmicosin 4.49 0.03 55 869.53 > 696.51 55 869.53 > 174.39 50
Sulfathiazole 3.99 0.03 30 256.09 > 155.93 15 256.09 > 107.87 25
Sulfamethazine 4.40 0.03 35 279.09 > 186.02 20 279.09 > 124.07 30
Sulfamerazine 4.18 0.02 30 265.08 > 171.99 20 265.08 > 155.96 25
Oxytetracycline 4.18 0.1 27 461.10 > 426.14 25 461.10 > 443.07 15
Tetracycline 4.12 0.1 30 445.08 > 410.11 20 - 445.08 > 153.88 27
Ciprofloxacin 4.12 0.04 35 332.05>314.09 25 332.05>245.04 30
Danofloxacin 4.07 0.05 35 358.15 > 340.00 45 358.15>82.22 35
Enrofloxacin 4.17 0.05 30 360.14 > 245.09 35 360.14 > 316.00 35
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3.5 wam339e edlssnazitnnsawanisnaaea
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3.5.1 waveaaflFlumsudulonarmiinem sRNANNANTHYBIANS
nouvzngnszuIumsana Juguimitveudulonalszdesussydrsaninazaly

Y oy o o a = "o = d'
arwmsuidulenaniasludnitazany mmsanmnan 1 lumsguimuizay TagAnyin
sryznaIa1en lAun s, 15, 30, 60 Wari20 Wi MegUszAnEammsiiuaududuvens
UFuzadmanalugueent enrichment factor NHANIITNAABIAUEAALIUFUAIWA  1THUTIM

. A X A ) ] X < P 2
enrichment factor lWlﬂJUIﬁUGl‘IﬁzUtna‘](IUﬂ‘]'iﬂqllu’]UQJu%LlﬂQnﬁ‘] 60 HIN a3 InUUAN

Effect of immersion time on enrichment {Macrolide, Sulfonamide class)
2400 7 — —
21.00 A
5 18.00 e ERY
& 15.00 & Sp]
£ ——TIL
2 12,00
5 ——STZ
£ 9.00 ¥ SMZ
w
6.00 - —e— SMR
3.00 A
0.00
0 30 60 90 120 150
(a) Immersion time (min)
- Z
Effect of immersion time on enrichment (Tetracyaline, Quinolone class)
3000 — - - - ]
25.00
S _
& 20.00 1 - 0OTC
&
E 15.00 - —4— CFC |
é ——DFC
w100 ~¢-EFC |
5.00
0 20 40 60 80 100 120 140
(b) Immersion time (min)

l

P Hq w oy o o = & Y]
3UN 3.1 waveanai g lunsquidulenansludvinsarsniimen siun NI UV IS

(a) msﬂﬁ%au:ﬂq'u macrolide #18¢ sulfonamide (b) msﬂﬁ%u:nfju tetracycline a2 quinolone
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Py 1 [~ :’.’; o 1
enrichment factor 3¢Aaf msguidulonaruiluszoznarduqoiniildmsussyvosms lugwguly
¢ o O

' = a ' b b4
auysal aniuna lumsyumsimunzaude 60 wii lasaunsagudulonatalanarudunions

fuludihazaraieldlunsdnuidudsouae Td

3.5.2 WAVBIMAIWWATMSIENA N Az Y

fhazawiivssamelugnguimimeadulunarsdmiumaiansasasdy
qamaluravoanardiodulonaralasldmssmniediumudsdyifinanoissininwms
ata svhazawi1Fluiumsunsveamsiidesnisiansinnmsazawi I gmsazawiasy
asTiguanianane idhdurnhuazmnedutaafiihudulonats vnmsAnumaseaiiesdy
e Imwsaidendnhazaslumsadamsfiuznarwrianaumenguiid auamanonw
wazmaniinuanmeiy Idodamnzay  TasAnumavosiavhazawnuy lifimsdamdaodah
arawfdanmsuanaaty 6 wiialumsasadiomainn Ao l-octanol, l-decanol, DHE,
undecane, dodecane 1A toluene MNHAMINATDIRALAAITUFUMWA 2 WU enrichment factor
voamsifFousts 11 silafimdoglusag 1-12 wh DHE Sludwhazarwiilimgagaiiownnd
anwaamnzfumsiaesmsinnzisadeniludnharawlunisAnywaveamsiuesdan,
na lnvesnmsanadiomatinnisanaszauganmaluravounardiodulonarwwy Tuliasdam
JusUMSLWT I passive YDA15 A0 IM N lumsazarwm ¥iazaisazawiaiy [30]

matnmyanaszaugania ludaveartardiodulonadelagldarsdamniina lnlu
msananawaia 1aun NISUNS WaYeINITIURLsEY (fon-pairing effect) AINNUUANAIVDI pH
(pH gradient) ﬂ'mﬁ;mslmﬂ@‘hmmﬂsmmmsﬂﬁ%au:ﬁq 11 wiialumisnadt 3.1 W umsvnnem
pH iz lumsasamisunozaiia Tnssadnussmsl§ugngu Macrolide Usznoudaomy
WanBuue [-N(CH3)2] uagiin pKa Yszina 8 [31] anmanuiduuaveslasairaildaisey

9

o @ o o Q @ ad 1
Tugddszavnuazitlunanlumsazaediadluve dmdulassadswesmsifFuengu
. 3 [ < @ v o = [ '
Sulfonamide Usznoumenyangduiud [-NH,] uaznywansunsa [-NH-] 361 pKa agluaia 2.0-
2.1 duWUBAUMS protonation YOINYIUH aniline LAY pKa 7.0-7.5 FUWUTAUMS deprotonation
[ . ad [ ) = 1Y 1 P
of Y9HYNA amide A1TUYFIUZNQY Sulfonamide Nuud Iiweglugthlssgaulumsazawiidu
U adog ' ot [ 1 7
e [32, 33] M pKa ‘UEN?H?‘IJQ‘M“LJ:ﬂQJJ Tetracycline UAUMINY 3.3, 7.7 1as 9.3 mﬂwgﬂan%u
tricarbonyl, dimethylamine 11a% beta-diketone A& 1AY [25, 31-33] ldensegluzilsyyaunas
g v ad 1 o ey = 2
Wunanlumsazaowa drumsUfBIuengy quinolone UMANTR amphoteric ABIITAINNA
ASALAZIUANANYTIATU carboxylic AT amino AMIZAVIN heterocyclic 9INMSATLIAT pKa Maw

%19 (3.0-3.9, 6.1-6.2, 7.6-8.7 uaz 9.9-10.6) Iesaunsoagldisaniwlszquan Uszeau du

nans olsyauinuazavlumsazared Il uwe [31,32]



41

Qs A o ~ ) . s ad
asaamIniinisAnuidl 3 wila fio Aliquat 336 (MsaamiAnlulszauan), D2EHPA
o o o @ a o
(msdamniiulsggan) way LIX 84 (nsdndlunany) Tasiimisazaielu DHE ainwams
@ P [ I~ Y P A
naaoanauaaIlumsean 3.3 WU Aliquat 336 HumsaamnAaTIRNANUTMTUYDITS
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Enrichment facto
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Effect of organic solvent on enrichment (Macrolide, Sulfonamide, Tetracycline, Quinolone class)

.|

|

W
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r d r

__“ JﬂL‘m [ AT’““IT

1-octanol 1-decanol DHE undecane toluene dodecane

Organic solvent

——

L ERY
®mSPI |
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B SMR
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0O TC
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_ DFC
00 EFC
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MM 3.3 HAVIMISAINA 3 wiianlaensmuanuududiomatinmsaiaszauyanialume

ypauviadmudulonarslasldarsaim

Enrichment factor (n=3)

asUgFue
Aliquat 336 D2EHPA LIX 84

Erythromycin 3116 1.5+£0.7 1.9+09
Spiramycin 6.1+1.9 09+0.3 2713
L Tilmicosin 140+4.5 1.8+0.5 35413
L Sulfathiazole 5.9+2.0 0.9 +0.2 29+ 1.6
Sulfamethazine 10.7+2.5 0.7+0.3 [.6+04
Sulfamerazine 95+1.38 1.1 £0.3 23+1.7
| Oxytetracycline 744 +£95 3715 5.5+3.1
L Tetracycline 49.5+7.6 2.1+09 11.7+39
L Ciprofloxacin 259+3.38 1.9£1.0 4.8+1.4
L Danofloxacin 156 £2.5 2.6+0.9 5.6+2.6
Enrofloxacin 13.0£29 26+1.8 8.1+4.1

140.00

120,00

100.00

£0.00

60.00

Enrichiment factor

Ablgquat 336 in dihexy | ether (%)

d' o o = v 9
é“ljh 33 Naﬂ@QﬁNWWﬁWSW'JW](lu DHE NUADNITIWUANUINUYUYDINT
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JUABUMIROINTT INHaMINAaBIAInaaluas1ei 3.4 wua dielsaisazai acetic acid
o v o an ¥ a o P v 4

pH 4 ilumsazaeddsy a1sU§Frusna 11 siiaaziian enrichment factor Mg (10.9-153 1911) tiip
HouAuT pH 5 (8.9-105 1M1) 11109910 pH 4 TSunaTisaeuninniuagza pH Aunezdawald
NAANUUANANYDIAT pH TTINEIsAI0oAUMsazawmsulos lvasAdesmsinzi
a v Y v ¥ . A 2 v d
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asvlumsadamsUFueis 11 sliadomatinmsanaszauganalumavoanadiudul

9 o
nanalaelyasaang
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a @ a by Y Y 1 d
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M3197 3.4 WAYRIEITAZAIBAISLIAZAT pH AllAeNSMuANNITNTUYDIES

Enrichment factor

asufFIue Acceptor = CH,COOH Acceptor = HCOOH
pH3 pH 4 pHS pH 6 pH3 pH 4 pH S pH 6
Erythromycin 3.59 13.1 8.94 6.78 2.26 8.10 2.46 1.34
. Spiramycin 5.41 19.0 14.1 9.56 4.59 10.2 3.58 0.96
Tilmicosin 12.4 14.0 9.67 4.12 3.53 8.58 9.81 4.23
Sulfathiazole 3.47 12.2 14.1 11.9 5.52 7.82 6.99 2.17
- Sulfamethazine 8.37 215 14.9 2.68 12.9 14.9 7.61 5.42
Sulfamerazine 2.89 10.9 115 1.59 9.40 9.76 7.50 6.34
Oxytetracycline 68.6 153 105 47.8 48.6 76.2 30.2 19.7
Tetracycline 52.3 110 79.1 336 14.9 494 50.2 20.9
Ciprofloxacin 22.0 69.2 70.8 19.78 37.4 45.8 20.1 163
Danofloxacin 9.87 30.6 19.2 9.24 13.2 21.1 22.7 3.59
. Enrofloxacin 13.6 48.8 50.2 11.8 26.7 35.6 31.5 15.9
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mswn 35 awlFldveditmsninmsldinatianisanaszaugania luaveunatdnduly

Y > a ¢ ac ' v oy 9
nanlaoldmsamnmlumsinngimsdiusvawnguanaialuimioniulu

EIRPEATR PYREA S,
Precision
Linearity
(%RSD)
LOD | LOQ
o Linear Enrichment Recovery
aslgyoue Correlation | (ug | (ug
range R R factor Intra- | Inter- (%)
| coefficient L) L)
(ngL day day
: ()
)

Erythromycin 0.5-50 0.9966 0.02 | 0.07 | 125+22 11.0 10.8 110
Spiramycin 0.5-50 0.9886 0.08 | 027 | 19.2+26 | 798 11.4 79.2
Tilmicosin 0.5-50 0.9936 003 | 009 | 144+19 | 3.27 6.50 94.5

Sulfathiazole 0.5-50 0.9823 007 | 022 | 12.7+3.0 10.1 7.99 118

Sulfamethazine | 0.5-50 0.9935 0.01 | 004 | 20034 | 565 8.92 94.9

Sulfamerazine 0.5-50 0.9916 0.06 | 021 | 127+23 6.49 | 9.64 105

Oxytetracycline | 0.5-50 0.9929 0.25 | 0.85 156 + 11 8.91 7.81 98.7

Tetracycline 0.5-50 0.9950 0.13 | 043 113 +12 9.56 9.64 99.3

Ciprofloxacin 0.5-50 0.9974 0.06 | 020 | 68.9+87 | 766 | 7.19 84.2

Danofloxacin 0.5-50 0.9878 0.06 | 0.18 | 31.3+3.6 | 580 | 6.67 90.2

Enrofloxacin 0.5-50 0.9931 004 | 0.14 | 504+59 | 811 10.2 83.5
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Erythromycin Spiramycin Tilmicosin Sulfathiazole
F3:MRM of 14 channels. ES+ F3:MRM of 14 channeis.ES+ F3:MRM of 14 channels ES+ F2:MRM of 10 channels ES+
734.45>158.28 ) 843.51>174.10 869.53>696.51 256.09>155.93
264304005 gg- SPiTEmycin 4.280e+004 Tim:cosin 7.266e+004 Sultathiazole9.335e+004
4.16 ’ 98 438 98 1.99
12734.41 20640.11 30987.38
1.28e4 2.0664 3.1004
% %

{

aRiunaiz % min

- : ro T min
200  4.00 200 4.00
Sulfamethazine Sulfamerazine Oxytetracycline Tetracycline
F2:MRM of 10 channeis ES+ F1.MRM of 14 channels ES+ F3:MRM of 14 channels ES+ F3:MRM of 14 channeis ES+
279.09>186.02 265.08>171.99 461.10>326.14 445.08>410.11
4.63%e+005 8.247e4004 3.290e+003 3.656a4004
98 g 98 . 9 Tetr:c1yé:hne et
F \ 13073.46
1.31e4
% % % , " J ‘
| |
LW | ‘ '
—_ — [ S — — m— o — L N
2 | Ama - moTpe T min - : T ey min
2.00 4.00 2.00 4.00 200 1.00 2.00 4.00
Ciprofloxacin Danofloxacin Enrofloxacin
F1:MRM of 14 channels ES+ F1:MRM of 14 channels ES ¢ F1.MRM of 14 channels ES+
332.05>314.09 358.15>340 360.14>245.09
Ciprofioaxacin_ 4.3318+004 3.173e+004 Envofloxacin_3.825e+004
4.02 98 98 406
19563.39 12219.15
1.95¢4 1.22e4

Y I

T e Min
2.00 4.00
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tuudraeudngurasmsusniuuduvizdmivasdszneuiiilizglu

Tewamsaidaninslaunnlnsininas il

4.1 unm

"lmcuam%’&ﬁnTm"lmuﬁﬂTﬂsmTw N5 (micellar electrokinetic chromatography,
MEKC) Hulsziannilsues CE RiliimesUsznoudismsannseieiia u sDs Tassesusa
lﬂu1M1%ﬁﬁ°§ﬁﬁ1ﬂﬁ’1ﬁlﬂuMﬁﬂﬂﬁ!ﬁu&l [Terabe et al.; 1992, Altria et al.; 2000, Pappas et al.; 2005,
ladarola ef al.: 2008, Terabe et al.; 1985] MEKC Hlumaiinfil¥odianresvnadmiunonarsi'liil
Uszquazansfifiszadaiisoan Tuani3su1ud 1999 [Quirino and Terabe; 19991, 2002 [Molina and
Silva; 2002], 2003 [Welsch and Michalke; 2003], 2005 [Pappas et al.; 2005] dufumsuonansi i
Uszgozl¥aisanis s afinfitilszq [Terabe ef al; 1992, Pappas et al.; 2005, fadarola ef al.; 2008,
Terabe et al.; 1985 Quirino and Terabe; 1999, Terabe; 2009, Riekkola et al.; 1997, Ehala et al.; 2007,
Gong et al.; 2006, Dubber and Kanfer; 2006] Yoz i 1¥msanussdafiafifingo lisilszadmiuuon
fTTiﬁ'ldl"lJi:ﬁi} [Terabe et al.; 1992, Pappas et al.; 2005, ladarola ef al.; 2008, Quirino and Terabe; 1999,
Terabe; 2009, Riekkola et al.; 1997, Mallampati ef al.; 2005, Cesla et al.; 2006, Damic and Nigovic;
2009] 1BININANULANAIWDINMSNTTIIeFvems T luwadiazA NUIANA 19BN LT
Tumsindeudimaliinlsinguosensiiitszq (effective electrophoretic mobility, ALL) 34130
Henas 14 MEKC ‘19’\’ [Altria ef al; 2000, Pappas et al.; 2005, Quirino and Terabe; 1999, Mallampati
et al.; 2005, ladarola et al.; 2005, Tellez et al.; 2007] TawwaluA1n151on (resolution, R) w0335 lu

CE uanaladaaunis 4.1 [Giddings; 1969, Jogenson and Lukacs; 1981]

R _
4 n+

4.1

S

A’i A o s A a a & d’l d’ Y
o Mo Siunmwaananqunielszaniaiv, Wae anwanselunsndsunnia v
0 o @ @ a d

Usinguesans, AL fio anuuanaaos L vso Ly—H, dmSudisdoda uaz L Ao dian1n
a a @ v daa ) @ a [ Y
seoaluda dinsuarsaesddaninanisves L TUmadoddu aunisi 5.1 81930310141
@ v ' . .y v
ANUFURUTAUAINTHONHTO R, 11431]"06& efficiency term, selectivity term (@2 mobility term A4

uaasluaunisn 4.2
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(4.2)

fﬁ(am—ﬂl by

o, Jutp,

L4
aw A

nuddsitldinauenanunuuT@mao S ITP 2010 uaz APCE 2010 iaz@nuwlu Electrophoresis
34.(2011) HIMANUIN
A “ . o A . .. & a I~ @ 1
o O 7D separation selectivity 3D mobility selectivity FIUNUYUDATIAIUYDINNNA1UTD
anuaunsalumsmdouimalwihdsinguosasaesd i Pp/p Taw |u, | > |u|
= o a d ad a
Tu MEKC #1% normal elution mode 9ziinem1avosnnuizidiannsooa luda (v,),

AUMIAINITUINYD AN 13T

o o s ’
ANUEMEIMTHAzANWE lumad (v,) 1A [v, | > |v..

vBO
Y Y o o o P
ﬂszgmmsmmsﬂﬂwnmmmjwuﬁmJ retention term ANTUNIIN 4.3 [Nielsen and Foley; 1993,

Pyell; 2006]

e |V [ak—lJ{ k, ] L=t /1, ] .

Pl 4 o, Nk N+t 0k

i =) o 4 a < @ J ' o
1o k An SImuBuurnaes, oL, Ao retention selectivity HIUSATIAIUVO k 1TU Kk, 1Az £, A
@ L4 o w
t,.. 18 luin 3% In1iu0a EOF marker 1Az micelle marker Mud1dy
da % o ‘
msuenasndlszyauysellu MEKC Tao1d normal elution mode ®1d0nMULANA1IYDY
s s ' A o b

Msnszawdavesns T luaaduazanuuanasvosnnuawisa lunsindouiima I fhwesms

AMMsuENa s ouand lAAIaunI5M 4.4 [Nielsen and Foley; 1993]

(4.9)

R — \/ﬁ (ak—lJ[ kz ] 1+tco/[ep_tco/1mc

s 4 o, Nl+k I+QONQ+UW/QJE

@

4 a o /d o s o A 4 ¥ da

o ¢, A TunssuImimdunusduanuminsalumandouiimia Idihwesmsiiilsey, uazly

nsdill e, =1, =1,
= o . . = .

INAUNISA 43 1Ay 44 zuaaaliiiumn separation selectivity 819WNUDY retention

o aa ) 4 = Y

selectivity 19 TUATAAIsAUNTIEHIANVUANANYDIANNTINITE Tumsmdouinia Wi (L)

v a Yy 9y =2 a £ - (Y o A A °
mulanznanududuvesmsaausnamd Tuiwide sAuMAUAUINTD CZE 1101013

e s v é " as :/ 4 P
Inserarsaananlu MEKC misienveda1ssziuogiuis & uay W, dienfSsuieunisnen
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'
o o a

amsNUszelu CZE A MEKC Alimsiaumsaausefsiiaslutivieiwual MEKC aunsauen
a aad&' 1q o 9 a ] Y o

msvewta ldavu uanansa dmsuenuesaisuatiausas Tawuna [ ladarola et al.; 2008,
Riekkola et al.; 1997, Dubber and Kanfer; 2006, Mallampati et al.; 2005, Cesla et al.; 2006, Damic and
Nigovic; 2009, Iadarola et al.; 2005, Huang et al; 2005, Nhujak et al.; 2005, Huertas-Perez et al.; 2006,
Huang et al; 2003] Femandnarniuaeandosnunanisnaaodlunisuonlnianly dual
cyclodextrins ¥4 145180 TuWTBIINO UMY [Nhujak ef al.; 2005]

WooTuY separation selectivity 110¥ electrophoretic mobility order Tu MEKC dmsuasnil
Uszaidl g, uana1anu auiddelifigadszaadiioad 1 usiaoan1anguives separation
selectivity T4 MEKC Ndunusnuaauds7 lufiniiaouoa mobility selectivity 1u CZE 11a¥ retention
selectivity 14 MEKC tagid30uifioy separation  selectivity 1 1a91nn1snaasauazildsinns
o o b4 . Y o 4 o =t
vl MEKC 1asviin1snaananan nommal elution mode tagldiivositu 10 mM lalaeu

e 2 o a A o a [
VOISR (pH 10.2) Alinsian SDS Wudisaaussasdn Taslisaftamisuuuiludisnaaou

4.2 MINARDY
44
4.2.1 1730330
1) 1n3peAz AT 0N InsWB3Fd Yo 9UT 1M Beckman U MDQ
2) 1A503IANI0Y (pH meter) YD1 Metrohm Ju 744
3) m'?m sonication U9 ultrasonic steri-cleaner
4) IN30IHANUT Milli Q
4.2.2 m3indl
1) danawsuuu (PB) 1aun isoparaben (IP), ethylparben (EP), propylparaben (PP)
118 butylparaben (BP) ¥93UTH " Sigma-Aldrich
2) TAIRNFaIuUFY (DB) ¥0IUTHN Sigma-Aldrich
P g a o/ a w R
3) laiaoy lodnaadaia (SDS) ¥pIUIHEN Sigma
4) To lyRonnsz UoIsAA 1w (Na,B,0,.10H,0) YBIUTHN Fluka

5) Tmdoulanson lod (NaOH) ¥99UTHN Fluka

a ‘y -
4.2.3 MIINLHMIIAT0A CE
nzaed CE A1 lunmsimgigs aeme Uil Ae (lunsdiniuanaialilnnilszszy)
11399 CE: Beckman §U MDQ

fAEWAATI: uncoated fused silica capillary 50 llm i.d. x 40.2 cm (30 cm aﬂlﬂdi’t)dﬂi’linwﬂ)
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@ @ o a P
MSUITYENT - AAWAU 0.5 psi 1L ua1 3 Jud
N15M57999 : photodiode array 29 190-300 nm HAZASIVIAN 220 nm
B . ’ v @ b'd a = Y <
Capillary rinse  : ARUMINARDALAALIU dumoluaziaaiddrsiuniuea, 0.1 M ladouleasen
lydaziinogiaay 15 i aztiimes 15 uf uazreumsinziunazasadng
#00.1 M Taidon leason ladiaz iviWesod1eas 2 1
gungivenasWaals  :25°C
AndlWih  1skv
) @ P ~ Y o 2 A
BGE  :10 mM uaisaiWineih pH 10.2 Nlsznouais SDS Wuasaausanm
4.2.4 masvanivives
@ o ' A a a A
Priesn ¥ lumsnaassmannuanselumsinaouiivesasi 2 szuu Ao
o Y =1
1 vies1u czE Ysznoudio 10 mM Na,B,0, 15V pH 11fu 10.2 A28 1.0 M NaOH
@ o Y
2) WMo Tu MEKC 1sznoauaav 20-60 mM SDS 14 10 mM Na,B,0, pH 10.2
e inaaesszuuiaionTao 19 Milli Q 911Ut 1Y sonicate 1szua1 30 11H 1ds
n309WiWo I 0.45 pm PTEE filter NOUAT IATIEH
4.2.5 MIAIBNTTNATOU
(503 stock solution AU LT 1000 ppm VBImsNATOY TABATAWMITNATOUIAAY
Auwniudroordlalulnid $1uu s mL 1miuRensuaaramsazarvalni Milli Q luviada
Y3U1a5UU18 10 mL d115U stock solution U89 DB LA thiourea 1301 1AUALAUHITUARZA?
nonAugdIseMIueanazivevau lannuudy 20000 ppm A1 Milli Q  dIu M1sATaY
1A TIUYTZNBUAIY 20-60 ppm UBIAITNATDY, 30 ppm thiourea LAY 150 ppm DB 1Asoy 1A lay
(90979 stock solution A28 1.0 mM vaisatiiMes naseminiilUnseariu 0.45 pm PTEE filter

ADUMIAATIZN

4.3 HAUAZIATIZHHAN INADDA
. “ , o . e e
4.3.1 IUVIQDINNNEHS) UDJ separation selectnvnty1u MEKC mmum‘muﬂszg
anvansolumsindouinma idheesasifivszaaoeddTu MEKC (u,. ) na9s

ATUNITN 4.5 1AL 4.6 [Nielsen and Foley; 1993]

+k
Moy I“mc] “.5)

Hvexkeny = [ L+ k
1
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Mo, + Kyl e ] (4.6)

Hovexcoy = ( L+ k
2

A & A a ) ¥ aa Y VW
149 [T ﬂf)ﬂ'ﬂllf'”lﬂ'iﬂ(‘luﬂ’]ilﬂaﬂu“ﬂﬂ’m‘flﬂﬂ1%0@ﬁ15ﬂ1ﬂ1ﬂﬂ1337‘|“ﬂ'JnJl‘UlJ‘Uu‘UEN SDS wmny
P A 2 P 9 % v Y
ﬁuUﬁSfJ CZE uay Hoe ﬂf)ﬂ31“ﬁ1u15ﬂ1uﬂ151ﬂaﬂuﬂﬂ1\317171’]‘”0\311“%?1a marker #IN0Y | HUALT 2
o o o a . L. o = a [}
ﬁlﬂUgQﬁ]iﬂTﬂ 1 gy 2 #1ua1a separation select1v1ty 111 MEKC ((XMEKC) uU]ll“Juf)W'i]ﬁ')u‘UﬂQ

110 &, > k,> 0 ansadagil ladeaunisi 4.7

Mmekc
a
B+——k (14 k)
Ocze A
Amexe = Qeze 4.7
B+k I+ ok,
1o 10 A Ap mobility selectivity 14 CZE M308a31dIUYDA Ho» % Moo Moy Ky 710 retention

selectivity YBIA150ANTIAIA SDS dMSUMISATUTZYA0IAT U30BATIAIUVD k, 19U kJk,, DY
B sasidaunes p, /u,, Teh O, > 1.0 1due MU O, > 1.0 Munsdadwumsindouiivea
asaall || Tu CZE tag & Tu MEKC imiloudu i &, > &, uag |u,|> |, Tuvasil o, < 1.0

ninefaddumsindeunivesmsaadl u lu czE uag & Tu MEKC adudu wu &, > & luvusi

o < |
VNFTUNITN 4.7 1AZIIUITVNHIUVIVOINGUIS UALIA VUV VTIADIN NN BRVDI

separation selectivity dmsunmsuennsadae dual cyclodextrins [Nhujak et al.; 2005]

annsoueIUUIaBINIaNgEg 181 o, dmiuasinlszgaesinlu MEKC 18 4 nuuda

MEKC

wanalumsnai 4.1 Taud1aBamusnawesan O, , o, P wazdwuvesn |u| Tu CZE uaz & lu

CZE >

MEKC dm5umsiuionived o, dmsuashiidszgaed s o luaumsi 4.7 Usyunald

MEKC

o Y Y P o @ ¥ S
UaunmInunInu 0.5 31]71 4.1 naaanasnvel model Types I—III AU kl fﬁamimum k

MEKC

annsovi 1@ Tasmsmiuanundudu sps (sps)) Tutivinesves MEKC

NNV Uy WUUR 1 TugUi 412 d v p iniueula q endu p = 1.0 wudem

MEKC
ar A X @ & o A X Y oA o X ° @ ' &
Uﬂ']LWlJﬂJui]uﬂQﬂ”lq@f!ﬂLU'ﬂ /(l UATNWUYU 1AUUUMIGATNNAN kl qwu AU /(I ATHUN

d' 5 o ol . A d' v Ll
Ngau dmsuriwen &, nauleawuinmm .. gegaes

104

MEKC

A t a1 oA d’! Y
q wem o, Taunuiuez ldm o,

anauIBA1 O, IWIAL AHULLUTIABA O HUVT | ndasddumilouiuvoan ju Tu

MEKC
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15197 4.1 1A HUVTIADININGYE VDA separation selectivity T4 MEKC (Ol )

Type Orderof |u| n Oy A, P Assumed values
CZE and k in Aeye A, 04
MEKC

I Same Ol O >0,,21 P>1 1.1 1233 0.5

It Same Op>1l O,20, 21 P 1.5 1.0—1.5 0.5

[ Reversed Ae,e <l A 21>0,, P>1 0.8 1.0—6.4 0.5

v Co-migration Oe=1 O =0 =1 p= — - 0.5

CZE waz k Tu MEKC voamsntilszy uagziionl O ganial O, YUABAMNTONY O,

(Y v

dmSvmsninlszaaoadrlu MEKC 18 Tumaassduduiy Types I wumpuiiaes o, 1Y

MEKC

P J ] 4 A ' < - 1
o) TUIUT 4,16 namm AL, Dmaaaaiiomium &, udasldiriunmsueniugasves

N2, <a

]
[ o @

#1snNdszaaeny Smsvdnunasuruven |ul lu CZE uaz £ lu MEKC veia1snulsza
Y H Y

urraaluzii 4.1c lunyusiaos o, LUUR 3 Fwwosiaowwz5ueIaa A, . AN 1.0

MEKC MEKC

A o oA 4 X oA ' ak 4
WA > uazn1ngd 1.0 (Msueni 1id) 7 &, vy 91UudinuInn 1.0 (Msuenadu) iiie

Q‘ 1 J 4:' T ] ar \J = a d'
PAUAT &, WINVUNAT Ol ININY 1.0 AN &, UAIAITUNITN 4.8

(l _aCZE)

= (4.8)
(Oze 0 )+ (o, —=1)/B

1

:'1 ' a1y d‘ 1 31’ Y a0 LY & 3/ [ 3/ 4
doa o, NANtou q Aa1 k, gainazlam o, DAUMAD 1.0 Fadoandoanuidunsivaiga

o dd‘ v st v ar d‘ v Q‘ 5 a d’
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3.3 @wa1au (b) 1.0, 1.2 oz 1.5 muaiay uaz () 1.0, 1.6, 3.2, 4.8 LA 6.4 AU 1AL



6l

432 M Ol ﬁ"le’]'mnms*nﬂamua::ﬁ17;'16’1'i1mmsﬁmwﬁm%’umsﬁﬁﬂs:qaﬂu
MEKC mul#n112 normal elution mode Tael¥msaaussitafinilu sps Saiitszq

au
Tuen3suiasnageudumssznoumsuun 1dun [P, BP, PP taz EP #uilu
nsABOURI HO-C H,COOR Tu basic buffer A% pH > pK, 48N VY a1sUszneumIsIUIIMATT
wasauanal ldszya 1 pk, Usinguiidu 8.80, 7.98, 8.00 uaz 7.97 mudiau (A1l
literature 115U 1P 1M 9.2 [Pirselova ef al; 1996] Az @M TUWIT UVUAIBY 9110V 8.4 [Wilson
and Gisvold; 1998]) dmfus pk, Usangiiannsomldninmssamanuaunsalunsiadeud

nalihwesmsidsing (@) Tu cze neldiidosndsznoudas 10 mM Na,B,0, if1 pH A1e

et
9 /A 7.8 59 10.2 INHUAoUNIIdUATIUDIANMUTUNUTITNIN 1/OL, 1Az 10™ ((H,0']) naz

[ 3 o a o b4 P 3/ A 13 Vv
¥R pK, 910 log (slope/Y-intercept) [Jerez et al; 2009] A FuvBisAi W pH 10.2 N1diwoviiln

o g ' a2 A a (Y o (Y

asnaaeuuanaaulszgauodaauysafANIMITIANG UNIAY 0.96 d1MSU IP 1Az 0.99
o [ o A AR o o @ o 3/ ) Rl 3/ ~q ¥
dMSUWIS UV UAIDU q FeAnIMsuanaafuan Iaeldwidinoian q moldane ce aly

Y o a RS v y A
ﬂﬂaﬂﬁlla%i‘l’ﬁﬂﬂWiﬂﬂiﬂ15llﬂﬂﬂ'Jcﬁﬁ‘lﬂiJiWUQWuvl'JﬂﬂuﬁuWu [Nielsen and Foley; 1993]
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= A & o s 4 A 9
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»
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oy ! = a da t '
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a o od o 4 P 4 Y] 1 ' :’/
Tnolymsanusdainiulszgay noanssumsimasunuoInsIuogiun £ ¥o3a15MUY Ao
pryu J B s ' 1 o oo
158 £ wnnnezldnarlumsimsigduiunn egelsimumsuenasiiidszylu MEKC
Y y oy o a A A X vo s Hda ¢ o
Mulan1zd1duiu weanssSuMIINABUNVBIATUUBYAUAT OL LAY £ YDIATNAATIETLAAZA?
o v ' ° o w g = . . <
M lMeinaemsineddunsinasufived migration time 438 O, ¥03d151U MEKC Simu

‘fs"uuﬂﬂmog(k) AI1UININ MEKC electropherograms nazl¥aunisi 4.9 [Tellez et al.; 2007,

Nielsen and Foley; 1993, Tellez et al.; 2007]
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winiweia q Tt udineumiii luaums 4.5 az 4.6 910 MEKC electropherograms
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BP > PP > EP [Poouthree ef al.; 2007, Golden et al.; 2005, Tavares ef al.; 2009]
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MIIMAURTANAIT NS 00T U0/ separation selectivity models Tuv290 4.3.1
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CZE
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Types of model for
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aMEKC
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ABSTRACT

A simple and sensitive method has been developed for multiresidue analysis of 24 important veterinary
drugs (including 3 aminoglycosides, 3 B-lactams, 2 lincosamides, 4 macrolides, 4 quinolones, 4 sulfon-
amides, 3 tetracyclines, and amprolium) in chicken muscle. The method involved a simple extraction
using (1:1, v/v) of 2% trichloroacetic acid in water-acetonitrile, followed by removing fat with hexane,
dilution of sample extract, and filtration prior to liquid chromatography~tandem mass spectrometric
(LC-MS/MS) analysis. Hydrophilic interaction liquid chromatography (HILIC) proved to be very effective
for separation of a wide range of polar and hydrophilic compounds (providing high sensitivity and good
peak shape) compared to reversed phase and ion-pair separation. The method was successfully validated
according to the European Decision 2002/657/EC. Average recoveries were 53-99% at 0.5-MRL, MRL, and
1.5-MRL spiking levels, with satisfactory precision <15% RSD. The limit of detection of the method was
0.1-10 pgkg' for 22 analytes and 20 ug kg~' for aminoglycosides. These values were lower than the
maximum residue limits (MRLs) established by the European Union. The evaluated method provides
reliable screening. quantification, and identification of 24 veterinary drug residues in foods of animat
origin. It has been successfully tested in real samples (such as chicken muscle, shrimp, and egg).

1. Introduction

Many classes of veterinary drugs, such as aminoglycosides,
f3-lactams, coccidiostats, lincosamides, macrolides, quinolones,
sulfonamides, and tetracyclines, are widely applied in current vet-
erinary practice. The chemical structures of the studied analytes in
this work are shown in Fig. 1. They are commonly used for ther-
apeutic, prophylactic, and/or as feed additives to promote growth
in livestock [1]. Thus, the inappropriate or over-use of these drugs
can result in the presence of harmful drug residues in animal tis-
sues. These can give potential adverse side effects in hypersensitive
individuals or long-term health effects, including microbial antibi-
otic resistance. As a consequence, monitoring of veterinary drug
residues is an important issue to ensure the safety of food. To
limit human exposure, the European Union (EU) set maximum
residue limits (MRLs) of these drugs in foodstuffs of animal origin
2].

Due to the lack of sensitivity and selectivity of typical micro-
bial assays {3-5]. liquid chromatography (LC) coupled with
tandem-mass spectrometry {MS-MS) has become the predominant
technique for monitoring of chemical residues in foods. LC-MS/MS
provides high selectivity, sensitivity, and precision, which fulfills

* Corresponding author. Tel.: +66 2 2187608; fax: +66 2 2541309.
E-mail oddress: natchanun.l@chula.ac.th (N. Leepipatpiboon).
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the requirements demanded by the EU 657/2002 legislation. In
the literature, several LC and LC-MS(/MS) methods have been
described for single-drug class residue analysis such as sulfon-
amides |6]. quinolones [7]. 3-lactams and cephalosporins [8], and
aminoglycosides [9,10]. These methods are varied in methodolog-
ical approaches suitable for a variety of drugs and food matrices. A
small number of published methods were reported for the simul-
taneous analysis of multiple drug classes. Liquid {modified with
acid) -based or organic solvent-based (MeOH, MeCN) extraction
[11-13], solid-phase extraction (SPE) [14,15]. QUEChERS {quick,
easy, cheap, effective, rugged and safe) approach [16] and pressur-
ized liquid extraction (PLE) [17] were also employed for sample
preparation of multiple drug residues. Yamada et al. [18] high-
lighted an extensive method for the determination of 130 drugs
from multiple classes, except aminoglycosides and tetracyclines. In
2008, amulticlass method published by Kaufmann et al.[19] for the
determination of about 100 drugs (not including aminoglycosides)
invarious kinds of meat using ultra performance liquid chromatog-
raphy (UPLC)-time-of-flight mass spectrometry (TOF MS).
Generally, multiresidue method requires not only an efficient
sample preparation, but also a suitable analytical method to max-
imize the method performance over a wide range of analyte
polarities. Most of previously reviewed methods (Table 1) are
mainly based on reversed phase separation due to its applicability
for a wide range of neutral compounds of different polarities. How-
ever, the main drawbacks encountered when using reversed phase
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for the most highly polar compounds are poorly retained and poor
peak shapes. Hammel et al.[ 13| proposed ion-pair chromatography
for multiresidue antibiotics analysis in honey, including amino-
glycosides (high polar). The detection limits of this method were
between 27 and 80 j.g kg~'. However, ion-pair separation requires
ion-pair reagent (mainly trifluoroacetic acid, heptafluorobutyric
acid, phosphoric acid, etc.) in the mobile phase composition to reg-
ulate the retention of polar compounds on the stationary phase.
But these ion-pair reagents are rarely volatile acids and can seri-
ously affect the performance of MS in ionization suppression of
analytes and contaminate in ion source. The technique has evolved
for improved analysis of high polar compounds by hydrophilic
interaction liquid chromatography (HILIC). Unlike reversed-phase,
HILIC employs a polar stationary phase and a mixture of water
and organic solvents (mainty MeCN) as the mobile phase, which
allows polar compounds to be successfully retained on the sta-
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tionary phase and eluted by increasing the percent of the aqueous
portion in the mobile phase [20-22]. Many buffers or acid modifiers
can be used as mobile phase additives to improve the chromato-
graphic behavior of the analytes. Moreover, another advantage of
HILIC is the compatibility of using a volatile mobile phase to help
electrospray ionization (ESI)-MS performance, which is commonly
used for analyzing wide range of compound polarities. Conse-
quently, HILIC makes the separation of highly polar compounds
easier and increases the chances for simultaneous analysis from
less-polar to high polar compounds. Many applications of HILIC
have been reported for the analysis of polar compounds includ-
ing amino acids, peptides and carbohydrates [23-25], toxins [26],
sugars [27}, counter-ions [28) and veterinary drugs [29,30].
However, the methods mentioned above did not also include
the analysis of aminoglycosides with other drugs. This is due to
the differences in chemical properties of individual drug classes,
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Fig. 1. Chemical structures of the 24 veterinary drugs in this study.
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especially aminoglycosides which are extremely polar (containing
many amino and hydroxy! groups in their structures), that make
both of sample preparation and separation more difficult for the
simultaneous analysis of aminoglycosides and other drugs in a sin-
gle method.

To address this issue, we sought to devise and validate a simple
and effective method for the multiresidue analysis of 24 impor-
tant veterinary drugs classified in 8 different classes in chicken
muscle. We strived to optimize HILIC-ESI-MS/MS conditions to
accommodate a variety of analyte polarities and provide acce ptable



Table 1
Recent HPLC methods for multiclass veterinary drugs analysis.
Analyte Matrix LC mode Column Mobile phase Detection Sensitivity (ugkg™') Reference
Quinolones (6). sulfonamides (5), Shrimp RP water YMC phenyl 4 mm x 50 mm, A:95:5 (v/v)0.1% APCI-MS LOD =10-200 (10]
tetracyclines (1), other veterinary 3pm formic acid in
drug (6) water-MeCN
B: 15:85 (v/v) 0.05%
formic acid in
water—MeCN
Sulfonamides (4) Muscle RP Genesis C18 2.1 mm x 50mm, 4 pm A: MeCN ESI-MS/MS LOD=2-15 [11]
B-Lactams (3), macrolides (4), Kidney B: 0.2% formic acid in
quinolones (4), tetracyclines (4) water containing 0.1
mM oxalic acid
B-Lactams (7), macrolides (4), Chicken RP C18 Acquity UPLC BEH, 2.1 A: 0.2% formic acid in ESI-MS/MS CCR=6.5-337.2 {12]
quinolones (9), sulfonamides (14), mm x 100mm, 1.7 pm water containing 1 mM
tetracyclines (4), other veterinary oxalic acid
drugs (1)
B: 0.1% formic acid in
MeCN
Quinolones (12), sulfonamides (16), Chicken RP Synergi fusion 2mm x 100 mm, 2.5 pm A: 0.1% formic acid in ESI-MS/MS CCR=0.45-487 [15)
other veterinary drugs (13) water
B: 0.1% formic acid in
MeCN
C: 0.1% formic acid in
MeOH
Aminoglycosides (3), B-lactams (8), Honey lon-pair Zorbax SB-C18 2.1 mm x 50 mm, 1.8 pm A: 1 mM NFPAin 0.5% ESI-MS/MS LOD=27-80 {16]
macrolides (7), sulfonamides {17), formic acid in water
tetracyclines (5), amphenicols (2)
B: 0.5% formic in
(50:50, v/v) of
MeCN-methanol
B-Lactams (2), lincosamide (1), Meat RP Xterra MSCi18 2.1 mm x 100mm, A: 10 mM formic acid ESI-MS/MS LOD=3-15 117)
macrolides (4), quinolones (7), 3.5um in MeGH
sulfonamides { 10), tetracyclines (3),
other veterinary drugs {4)
B: 10 mM formic acid
in water
Lincosamides (3}, macrolides (10), Milk RP C18 Aqua 2.1mm x 150mm, 3 um A: 0.2% formic acid in ESI-MS/MS CCR=7.9-325 18]
quinolones (14), sulfonamides (12), water
tetracyclines (7), other veterinary
drug (1)
B: 0.2% formic acid in
MeCN
Aminoglycosides (3), amprolium, Chicken muscle HILIC ZIC-HILIC 2.1 mm x 100 mm, 3.5 um A: 50 mM ammonium ESK+)-MS/MS LOD=0.1-10, This work

B-lactams (3), lincosamides (2},
macrolides (4), quinolones (4),
sulfonamides (4), tetracyclines (3)

formate in water at pH
25

B: MeCN

except STR and DSTR =20

(x)=number of veterinary drugs.
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performance criteria for the application, and we chose to use the EU
2002/657EC legislation |2] for validation criteria, which included
selectivity, linearity, recovery, precision (repeatability and repro-
ducibility), decision limits (CCa), and detection capability (CCB).

2. Experimental
2.1. Chemicals and reagents

All veterinary drug standards used in this study were 95% or
available highest purity. Ampicillin (AMP), amprolium (AMPR).
chlortetracycline (CTC), ciprofloxacin (CIP), enrofloxacin (ENR).
erythromycin (ERY), lincomycin (LIN), oxolinic acid (OXO), oxyte-
tracycline (OTC), penicillin G (PEN G), spectinomycin (SPEC).
spiramycin (SPI), sulfadimethoxine (SDMX), tetracycline (TC),
tilmicosin (TIL), and tylosin (TYL) were obtained from Dr. Ehren-
storfer (Augsburg, Germany). Dihydrostreptomycin (DSTR) and
streptomycin (STR) were purchased from Fluka (Buchs, Switzer-
tand). Amoxicillin (AMOX), sulfadiazine (SDZ) and sulfathiazole
(STZ) were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Danofloxacin (DAN) was obtained from Riedel-de Haén (Seelze,
Germany). Sulfamethazine (SMZ) was obtained from Wako Chemi-
cals (VA, USA). Pirlimycin (PIR) was obtained from Pfizer (NY, USA).

Methanol (MeOH) was HPLC grade and acetonitrile (MeCN)
were both of HPLC grade for sample preparation and LC/MS grade
for analysis from ).T. Baker (Deventer, The Netherlands). Ammo-
nium formate, ammonium acetate, formic acid, and acetic acid
(HOAc)were analytical grade from Fluka. Trichloroacetic acid (TCA)
and heptafluorobutyric acid (HFBA) were analytical grade from
Fisher Scientific (Leicestershire, UK). Hexane was analytical grade
obtained from Kanto Chemical (Tokyo, Japan). Water was purified
from Milli-Q purification system (Millipore, Billerica, MA, USA) at
18.2MQ cm™! resistivity.

Ultra high purity (99%) of nitrogen (N;) and argon (Ar) used
in LC-MS/MS interface were supplied from Chatakorn lab center
(Bangkok, Thailand).

2.2. Standard solution preparations

Stock standard solutions of individual analyte at about 0.1g L~}
were prepared in appropriate solvents; aminoglycosides and 3-
lactams were prepared in Milli-Q water; SAs, MCs, ENR, and OXO
were prepared in MeCN; and TCs, LAs, AMPR, CIP, and DAN were
prepared in MeOH. All stock standard solutions were stored in
polypropylene tubes at —20°C (3-lactams and cephalosporins and
aminoglycosides were kept at 4 *C). For the optimization of MS/MS
parameters (tuning), individual standard solution was prepared at
10mgL-! in MeCN-water (1:1, v/v). For the standard calibration
curves, a mixture of standards solution at highest concentration
(1 mgL-")was prepared in MeCN-water (1:1, v/v) and this solution
was appropriately diluted to lower concentrations. For the recov-
ery and validation studies, a mixture of spiking standard solution
containing 24 analytes at 1-10mg L' (corresponding to 20 times
the MRL of each analyte) was prepared in MeCN-water (1:1, vfv).

2.3. Instrumentation

The LC-MS/MS was a Waters Acquity Ultra Performance Lig-
uid Chromatography System coupled with a Micromass Quattro
Premier™ XE triple quadrupole mass spectrometer (Waters, MA,
USA). LC separation was performed on a zwitterionic ZIC-HILIC
column (2.1 mm x 100mm; 3.5pum particle size) from SeQuant
(Umea, Sweden), which was maintained at 40°C. The flow rate of
mobile phase was 0.2 mLmin~'. The injection volume was 10 L.
The optimized mobile phase composition was 50 mM ammonium
formate in water at pH 2.5 (mobile phase A) and MeCN (mobile

phase B). A mobile phase gradient program was started at 90% B
(held for 1.5min). 40% B at 4min, and then 10% B at 6 min (held
for 4 min). The column was re-equilibrated at the initial chrormato-
graphic conditions for 5 min before the next injection.

The MS instrument was performed by electrospray ionization
in positive mode (ESI*). The MS conditions used in this study
were as followed: capillary voltage of 1.0kV, source temperature
of 120°C, desolvation temperature of 350°C, extractor voltage of
3V, cone gas (N) flow of 50Lh~!, desolvation gas (N;) flow of
1000 Lh-1,and collision gas (Ar)of 3.5 x 10~3 mbar. MassLynx soft-
ware version 4.1 (Waters) was used for the instrument control and
data acquisition/processing. For analyte specific MS/MS parame-
ters, the optimizations were carried out by directly injecting each
of tuning standard solutions into the MS/MS system for automatic
tuning. The precursor ions of all analyte were [M+H]*, which were
used in ESI* mode, except AMPR and SPEC were [M—CI+H]* and
[M+H,O+H]", respectively. The two most abundant product ions
produced from each precursor ion were chosen as ion transitions.
The instrument software was used to set up retention time and
collection time segments for each transition (which can be over-
lapped), and automatically calculated the optimal dwell time for
each transition. Two MRM transitions of each analyte were used
with dwell time in the range of 0.02-0.5 s for each transition. The
inter-scan delay was set at 0.02 s. The MS acquisition was divided
into 5 time windows (0.50-2.60 min, 2.60-5.30 min, 3.20-5.20,
4.10-5.45, and 5.55-10.00 min) to provide maximum number of
data points across peaks and improve sensitivity and selectivity
of analytes. The retention times and optimized MS/MS conditions
obtained for each analyte are shown in Table 2.

2.4. Sample preparation

For validation experiments, chicken muscle sample was pur-
chased from a local market. All of chicken skin and bones were
removed before mincing and also checked to ensure samples were
free of analytes using HILIC-ESI-MS/MS. Minced samples were kept
at —20°C prior to analysis.

A5 g minced chicken muscle sample was weighed into a 50 mL
polypropylene centrifuge tube (Corning, Lowell, MA, USA). A10mL
extraction solution (consisting of 2% TCA aqueous solution—MeCN
(1:1,v/v) was added and vortexed briefly for 30 s. The mixture was
mechanically shaken for 10 min and then centrifuged at 3400 rpm
(=945 rcf) for 5 min. An aliquot of supernatant was decanted into a
disposable polypropylene centrifuge tube, then 5 mL hexane was
added to remove fat. The mixture was vortexed for 1min and
centrifuged again at 3400rpm for 5min. The hexane layer was
discarded. A 200 p.L of sample extract was transferred to a grad-
uated centrifuge tube and diluted with 800 pL of 10% formic acid
inwater-MeCN(1:9, v/v). The extract was filtered through a 0.2 pm
nylon syringe filter (Whatman, Florham Park, NJ, USA) prior to
HILIC-ESI-MS/MS analysis.

2.5. Method validation

In this study, method validation was performed following the
2002/657/EC guidelines | 2|, covering identification, specificity, lin-
earity, recovery, precision, and analytical limits.

Identification was carried out by retention times, identification
points of each analyte as required by the EU validation criteria, and
relative ion ratio of selected MRM transitions. Specificity of the
method was verified by analyzing 20 blank chicken muscle sam-
ples obtained from different sources and checking the existing of
target analytes and other interferences. Linearity was performed by
spiking standard solutions in blank sample extracts at 10 calibra-
tion points in the range of 0.5-100 pg L~ that covered the MRL of
the analytes. Recovery and precision were estimated from spiking



Table 2

Molecular weights, retention times, tg {(acceptable ranges, £3 SD). ion transitions, optimized MS/MS parameters, and ion ratios (acceptable ranges, +£3 SD) vs. concentrations of the 24 veterinary drugs in HILIC-UPLC-ESI{+)-MS/MS.

Analyte M.W. tr (min) Cone voltage Quantification CE (eV) Confirmation CE (eV} lon ratio
(V) transition (m/z) transition (m/z)
0.5-MRL MRL 1.5-MRL

Sulfadimethoxine SDMX 3103 1.42 +£ 0.03 40 311.08 > 156.16 25 311.08>108.16 35 034 + 0.03 0.34 + 0.03 0.35 £ 0.01
Sulfamethazine SMz2 2783 147 + 0.02 35 279.09 > 186.02 20 279.09>124.07 30 0.56 + 0.06 0.55 + 0.03 0.56 + 0.03
Penicillin G PEN G 3344 1.50 + 0.01 45 335.32>217.24 15 335.32>90.91 35 083 £0.18 0.80 £ 0.06 0.82 + 0.02
Oxolinic acid [0) (o] 261.2 1.50 + 0.02 32 262.10>244.13 20 262.10>216.02 35 0.07 £+ 0.01 0.08 + 0.01 0.08 + 0.01
Sulfadiazine sDz 250.3 1.55 + 0.02 25 251.10>155.91 15 251.10>107.84 25 0.48 + 0.03 048 + 0.03 0.48 + 0.01
Sulfathiazole STZ 2553 1.76 + 0.02 30 256.09>107.87 25 256.09>155.93 15 0.40 + 0.03 0.41 £ 0.02 041 + 0.02
Tylosin TYL 916.1 4.37 +£ 0.03 57 916.48>174.19 40 916.48>772.94 35 0.02 + 0.01 0.02 + 0.01 0.02 + 0.01
Erythromycin ERY 7339 4.44 + 0.06 25 73457>576.38 25 734.57>522.34 25 0.30 £ 0.09 0.29 £ 0.10 0.29 + 0.08
Enrofloxacin ENR 359.4 4.55 + 0.06 30 360.14>245.09 35 360.14>316.00 26 068 +0.17 0.69 + 0.18 0.65 + 0.09
Chlortetracycline CTC 478.9 4.62 + 0.03 30 479.11>462.07 18 479.11>444.16 20 0.91 £ 0.23 0.91 + 0.09 0.90 + 0.09
Danofloxacin DAN 3573 4.65 + 0.03 35 358.15>82.22 45 358.15 > 340.00 35 031+ 0.10 030+0.10 0.29 + 0.06
Ciprofloxacin cip 3313 4.69 + 0.02 37 332.22>314.22 23 332.22>245.22 25 058 £ 0.16 0.55 +0.14 062 + 0.13
Pirlimycin PIR 410.1 4.71 £ 0.02 35 411.17>111.82 27 411.17>363.15 18 0.25 + 0.05 0.24 + 0.02 0.24 + 0.02
Ampicillin AMP 3494 4.75 + 0.02 25 350.23>105.90 20 350.23>192.10 15 0.31 + 0.08 034 £ 0.12 036 +013
Amoxicillin AMOX 3654 481 + 0.06 20 366.25>208.15 13 366.25 > 349.20 10 057 £0.13 0.58 +0.19 0.56 + 0.06
Tetracycline TC 444 .4 4.82 + 0.03 25 445.25>410.45 20 445.25> 154.15 25 0.72 £ 0.16 0.69 + 0.09 0.71 £ 0.07
Lincomycin LIN 406.5 4.85 + 0.02 40 407.16>126.09 30 407.16>359.21 20 0.07 + 0.04 0.08 + 0.02 0.07 £ 0.03
Tilcomycin TIL 869.1 4.88 + 0.03 55 869.53>174.39 55 869.53>696.51 50 0.53 £ 0.14 0.52 + 0.09 056 £ 0.18
Oxytetracycline oTC 460.4 4.89 + 0.04 27 461.19>426.18 20 461.19>443.21 13 052 +£0.12 0.46 + 0.11 0.50 + 0.08
Spiramycin SPI 843.1 497 + 0.04 30 843.51>174.10 45 843.51>101.07 58 022 £ 012 0.24 £ 0.11 0.24 £ 0.05
Amprolium AMPR 278.8 5.41 + 0.05 20 243.11>150.05 15 243.11>122.03 25 0.14 + 0.08 0.12 £ 0.01 0.12 + 0.03
Spectinomycin SPEC 3323 6.33 £ 0.03 35 351.21>333.27 20 351.21>97.75 30 0.76 £ 0.15 0.80 + 0.14 0.79 £ 0.16
Dihydrostreptomycin DSTR 583.6 7.57 £ 0.04 60 584.14>263.18 30 584.14>246.15 40 035+ 0.10 0.37 + 0.08 0.37 £ 0.07
Streptomycin STR 581.6 7.65 + 0.03 65 582.14>263.27 30 582.14>246.14 40 0.54 + 0.27 053+ 013 051 £ 0.21

[44%
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blank chicken muscle samples at three different levels (0.5, 1.0,
and 1.5 times the MRL) in ten replicates at each level for three
consecutive days. However, precision of the method was catego-
rized in term of repeatability and within-laboratory reproducibility.
Repeatability was calculated as the relative standard deviation
(RSD) of results obtained for each analyte after the replicate (n=10)
analyses under the same conditions, the same operator, and during
the same day. Within-laboratory reproducibility was calculated as
the %RSD of analysis at two concentration levels(0.5-MRL and MRL)
on three separate days (n=30 each level overall).

For analytical limits of the method, limit of detection (LOD) and
limit of quantitation (LOQ) of each analyte were estimated from
spiked blank sample at the lowest calibration level and measured
the signal-to-noise ratios at 3 and 10, respectively. To estimate the
decision limit (CCa) and the detection capability (CCB), 20 blank
chicken muscle samples spiked with 24 analytes standard at MRL
levels were determined and standard deviations were calculated.
The CCa is the concentration at the permitted limit plus 1.64 times
the corresponding standard deviation. The CCf3 is the concentration
atCCavalues plus 1.64 times the corresponding standard deviation.

According to the requirements for substances which MRLs are
expressed in form of sum-MRLs [31], spiking levels of sulfonamides
at 0.1, 0.2, and 0.4 times the MRL levels and ENR and CIP at 0.2, 0.5,
and 1.0 times the MRLlevels were used throughout the quantitative
method-validation study.

3. Results and discussion

3.1. HILIC-ESI-MS/MS optimization

As mentioned in Section 1, highly polar compounds are
not retained and elute in the void volume of column when
using reversed-phase separation. lon-pair chromatography can be
employed to solve this problem, however, low signal intensity, poor
peak shape, and ion suppression (causing from ion-pairing agent)
can also occur. For these reasons, we believed that HILIC would be
more suitable for the analysis of polar analytes in our work rather
than other modes. Polar analytes can be more strongly retained in
the HILICmode and are eluted by increasing the percentage of aque-
ous portion in the mobile phase. A wide variety of HILIC columns are
commercially available with different functionalities of stationary
phase and other features. In this study, we initially compared the
efficiency of two different HILIC columns (ZIC-HILIC and Acquity
UPLC BEH HILIC) for the analysis of the selected analytes. We found
that ZIC-HILIC column provided the best peak shape and chromato-
graphic separation, shortest retention time, and highest intensity
for all tested analytes. ZIC-HILIC is a zwitterionic stationary phase,
which has sulfoalkylbetaine functional groups chemically bonded
to the porous silica |32]. This phase can retain not only polar and
charge compounds, but it also interacts with neutrally charge ana-
lyte (containing either positive or negative charges), increasing
selectivity in the analysis of a wide range of compounds.

Mobile phase composition is an additional important consid-
eration in LC-ESI-MS(/MS), especially for trace analysis, in order
to achieve high ionization and sufficient separation with mini-
mum interference from matrix. Ammonium formate buffer (mobile
phase A) was chosen because of it provides high ionization effi-
ciency and high solubility in the presence of MeCN (mobile phase
B) compared to ammonium acetate buffer. Mobile phase buffer at
pH 2.5, 3, and 4 and ionic strength at 10, 50, and 100 mM were
evaluated and optimized on analyte responses and retention times.
We found that retention times were not affected by varying pH of
mobile phase, indicating the high selectivity and pH-independence
of overall neutral zwitterionic stationary phase. Overall highest
responses and shortest retention times were obtained with 50 mM
ammonium formate buffer at pH 2.5, especially the late eluting

analytes (aminoglycosides) which clearly provided high maximum
sensitivities and good symmetric peaks at this condition.

Furthermore, mobile phase gradient conditions were also opti-
mized in order to obtain the best chromatographic results with
minimum analysis time. The total run time was 15 min. The last
eluting analyte was detected at 7.65min at 90% A but this con-
dition was further held until 10 min to prevent carry-over and/or
contaminants from sample matrices, and then gradually reduced
to 10% A for equilibration of the column for 5min. The optimal
HILIC-ESI-MS/MS conditions were detailed in Section 2.

In order to investigate the efficiency of ZIC-HILIC, we also
designed experiments comparing the chromatographic responses
of 24 analytes obtained from reversed-phase and ion-pair mode.
Chromatographic conditions-of reversed-phase and ion-pair mode
were also optimized separately for achieving the best sensitivities
and ensuring the results were fairly comparable to HILIC mode. As
seenin Fig. 2, HILIC improved peak shapes of analytes (reduced tail-
ing) and also gave good sensitivities at about 1690-1700 times for
AMPR and 100~270 times for SPI higher than reversed-phase and
ion-pair mode (calculated at the same concentration 0.1 mgkg~!).
These led to higher S/N ratios and lower detection limits in this
study.

3.2. Optimization of sample preparation

As described in Section 1, most of antibiotic residue analyses
rely on single drug class or simultaneous analysis for a few groups
of common drugs due to theirs chemical properties. Animal tis-
sues are known as rich in protein components [33], which can be
bound with antibiotics, specifically, polar compounds. Therefore,
an appropriate sample treatment is essential for obtaining reliable
results in multiclass antibiotics analysis.

Organic solvents (MeCN, MeOH, ethanol, etc.) are commonly
employed in the precipitation of protein in biological matrices.
MeCN typically provides high extraction efficiency, often mini-
mizes co-extraction of lipids from animal tissues. Similar to organic
solvents, TCA has been used as a protein precipitation-inducing
agent in tissue extractions. TCA is a strong acid and leads to a
large decrease in pH, resulting in denaturation and precipitation
of protein, and releasing of bound analytes into solution. However,
acid treatment not only liberates bound residues from the matrix,
but also helps to stabilize some analytes in their neutral forms,
such as basic aminoglycosides. Kaufmann and Maden 9] previously
reported optimal recovery of a number of antibiotics using 5% TCA
for extraction. The precipitation of proteins partially depended on
the pH, ionic strength, temperature of solution, and concentration
and physicochemical properties of protein as well. Therefore, by
taking the advantages both of MeCN and TCA, we chose to use the
mixture of TCAin water-MeCN, 1:1(v/v) to provide a potential pro-
tein precipitation and achieve reasonable recovery of all analytes.
Fig. 3 shows effect of TCA concentrations on recovery of all ana-
lytes obtained from our experiments. At 1% TCA, PEN G, DSTR and
STR showed low recoveries, which is probably due to their many
amino groups in their structures. Using this condition may not be
sufficient in manipulating the charged species in the extracts. The
improvement in recovery of aminoglycosides was greatly improved
by increasing TCA concentrations. However, the other analytes
showed low recoveries andfor strong signal suppressions at high
%TCA, especially ERY which had dramatically reduced in recoveries
of <20%. The analyte might be degraded at high acid concentrations
during the extraction, resulting in low recoveries. Thus, 2% TCA in
water-MeCN, 1:1 (v/v) provided overall compromised recoveries
for analytes with minimizing in signal suppression and degradation
of analytes.

Not only high extraction efficiencies, but chromatographic peak
results are also an important consideration in multi-residue anal-
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Fig. 2. Comparison of sensitivity and peak shape of amprolium (AMPR) and spiramycin (SP!) obtained from optimal conditions of each separation mode (a} standards
0.1 mg kg~' using reversed-phase separation (Waters ACQUITY UPLC BEH Shield RP18 (2.1 mm x 100 mm; 1.7 wm), mobile phase A: 0.3% HOAc in 10 MM ammonium acetate,
and mobile phase B: 0.3% HOAc in MeOH-MeCN (1:1, v/v), (b) standard 0.1 mg kg~! using ion-pair separation (Waters ACQUITY UPLC BEH RP18 (2.1 mm x 100 mm; 1.7 pm),
mobile phase A: 0.01 M HFBA in MeCN-water (5:95, vfv), and mobile phase B: 0.0! M HFBA in MeCN-water (1:1, v/v), and {c) standard 0.01 mg kg~' using HILIC separation.

(conditions are described in Section 2)

ysis. Sulfonamides, PEN G, and OXO eluted at 1.42-1.76 min from
HILIC column by the high amount of MeCN in the mobile phase.
They were less affected from interfering peaks and provided high
signal responses and good peak shapes. In contrast, SPEC, DSTR and
STR, which are very polar compounds, were strongly retained on
the stationary phase and eluted in the last part of chromatogram
(6.33-7.65min). Signal responses of these late eluters were very
low at these conditions. From TYL to AMPR, which eluted in the mid-
dle part of chromatogram, were significantly affected from matrix
co-interferences eluted close to the analyte peaks. Peak splitting
was also found in the case of PIR and LIN. We assumed that result-
ing from the sample solvent incompatibility with mobile phase,
leading in two discrete chromatographic mechanisms occurring
simultaneously in the column and depending on the relative solu-
bility of analytes in the injection solvent and mobile phase. Thus,
the latter case thought to be the major factor that can generate
this chromatographic artifact. Therefore, in order to reduce this
solvent effect for PIR and LIN, dilution of sample extract with acid
solution (10% formic acid in water-MeCN (1:9, v/v)) is a method
of choice commonly used in LC-MS(/MS) analysis. Fig. 4 shows
the optimization of sample dilution ratios on chromatographic sig-
nals obtained for PIR and LIN. Both analytes were split into double
peaks with increasing ratio of sample extract. The sample dilu-
tion ratio of 3:7(v/v) provided maximum responses and good peak
shapes as compared to 2:8 (v/v), but was found to be unsuitable
due to some compounds showed small peak areas, signal suppres-
sions, and non-linear calibration curves at this condition. Therefore,

sample dilution ratio at 2:8 (v/v) was found to give reasonable sig-
nal response of all analytes, eliminate the need of reconstitution
step. and reduce the solvent effect (which can be induced non-
reproducibility of peak areas and retention times of analytes).

3.3. Method validation

In this work, we performed an in-house validation study for the
analysis of 24 veterinary drug residues in chicken muscle according
to the 2002/657/EC requirements [2,31]. The validation parameters
included identification characteristics, selectivity, measurement
of matrix effects, linearity, recovery, precision {repeatability and
within-laboratory reproducibility), and analytical limits (LCLs,
LODs, LOQs, CCa, and CCR).

3.3.1. Identification

According to the validation criteria, the confirmatory criterion
for Group B substances in foodstuffs as target analytes requires a
minimum 3 identification points (IPs). In our experiment, all 24
analytes were measured in MRM mode. We monitored one pre-
cursor ion and two product ions for each analyte (see Table 2},
providing 4 IPs {1 point for the precursor ion and two times 1.5
points for each product ion), which fulfilled the EU identification
points requirement. The acceptable chromatographic g within £3
SD ranges, peak shapes, and asymmetry factors were used to pro-
vide further information to help make an identification. Moreover,
the variability of the ion ratios between two MRM transitions with
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Fig. 3. Effect of the TCA concentration on recoveries of 24 veterinary drugs spiked at MRL levels (n = 3). Optimal HILIC-ESI-MS/MS conditions are described in Section 2.

respect to concentration and ion ratio windows (+3 SD) were also
used for identification of the occurrences of residues in samples.

3.3.2. Selectivity

The selectivity of the method is important for discrimination
between the existing analytes and other compounds. In this exper-
iment, the selectivity was demonstrated by the analysis of 20 blank
chicken muscle samples from different origins in order to verify
the absence of endogenous interferences. The results showed no
interfering peaks co-eluted at the same retention time of interest
for analytes in any sample extracts. Individual analyte standards
spiked in blank sample extracts were injected and identified by
their retention times and ion ratios. The acceptable ion ratios

of MRM transitions of each analyte were able clearly distinguish
between co-eluters.

3.3.3. Matrix effects

As previously described, biological samples are known to be rich
in protein and lipid components [33], which can greatly affect the
analyte responses and performance of the method, especially in
ESI-MS analysis which signal suppression and enhancement nor-
mally occurs [8,34]. Matrix effects derive from various physicat and
chemical processes and may be difficult or impossible to eliminate.
Moreover, matrix effects also relate to the concentrations and pro-
tonation levels of co-extracted components and can be variable and
unpredictable in occurrence.
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To assess the matrix effects, peak area responses of each
analyte obtained from the solvent-only standards were com-
pared with those obtained from the matrix-matched standards
at the same concentration levels., As shown in Fig. 5, all ana-
lytes gave signal suppressions ranging from 79 to 99%, except

DSTR and STR which showed 53% and 4% of signal enhancements,
respectively. For these reasons, we chose to use matrix-matched
standards to compensate for indirect matrix effects in quanti-
tative analysis of 24 veterinary drug residues throughout the

study.
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Fig. 5. LC-MS/MS matrix effects of the method as measured by the %differences
of analyte responses obtained from matrix-matching vs. those from standards in
solvent-only at MRL levels.

3.3.4. Linearity

The linearity of the method was demonstrated using matrix-
matched calibration standards. In this experiment, matrix-matched
calibration curves were prepared at 10-points in the range of
0.5-10 ngkg~! for sulfonamides and 1-100 g kg~! for the rest of
the selected analytes. All analytes gave good linear regression R2
values greater than 0.99 over the concentration ranges as shown in
Table 3.

3.3.5. Recovery

The accuracy of the method was demonstrated in term of aver-
age recoveries of each analyte at 0.5, 1, and 1.5 times the MRL
spiking levels [31]. The analysis was performed in 10 replicates at
each level. The results of recovery study are given in Table 4. The
majority of analytes gave recoveries of 70-99% at all three spik-
ing levels, which were in the acceptable range of EU requirement
with recovery values of 70-120%. However, a small number of ana-
lytes, such as sulfonamides, ERY, and SPI, showed slightly lower
recoveries {probably due to theirs degradations). All sulfonamide
analytes provided 60-73% recoveries with <11% RSDs in all cases.
For ERY, its recovery was in the range 53-57% with small varia-
tions between the three spiking levels, indicating that some loss

occurred during sample preparation. This is probably due to the
ERY (pK, = 8.8) was in ionized form at acidic extraction condition,
which could be bound with matrix and a showed strong matrix
effect of 98%. Similarly, these can be used to explain in case of high
variable recovery results of SPI (65-75%). Although the low recov-
ery of sulfonamides, ERY and SPI were observed in this study, the
repeatability <15% RSDs were also achieved in all cases, indicating
acceptable precision of the method.

3.3.6. Precision

The precision of this method was demonstrated in term of
repeatability (intra-day precision) and within-laboratory repro-
ducibility (inter-day precision), which were expressed as the RSD
values of set of replicate analyses at 0.5-MRL and MRL spiking lev-
els. However, precision of the method is generally dependent on
analyte concentrations, thus the RSD values should be compared
to the values approximated by the Horwitz equation [35]. The pre-
cision results are included in Table 4. All analytes gave satisfactory
repeatability with <15% RSD for both of 0.5-MRL and MRL levels
on each day, except for AMOX (18% RSD at 0.5-MRL) and SDZ (16%
RSD at 0.1-MRL). For the within-laboratory reproducibility, all ana-
lytes showed acceptable RSD values <15%inail cases. Nevertheless,
the obtained RSD values at the stated concentration levels did not
exceed the acceptable values calculated from the Horwitz equation,
indicating the reliability of the proposed method.

3.3.7. Analytical limits

For the validation of substances in which sum-MRLs are estab-
lished, it is recommended to have information about the lowest
calibrated level (LCL) detectable of the method. LCL values were
achieved from the lowest calibration level of matrix-matched cal-
ibration standards. LODs and LOQs were estimated by analyzing
spiked blank sample at LCLs and determining the concentration of
each analyte which provided signals with S/N equal to 3 and 10,
respectively. We chose the transition ion of each analyte which
provided the highest signal sensitivity for the calculation. The LOD
values lied in the range 0f 0.1-20 pg kg~! and the LOQ values were
0.3-60 gkg~! for all analytes. Aminoglycosides and AMPR gave
slightly elevated LODs and LOQs rather than other analytes due

Table 3
Established maximum residue limit (MRL) for 24 veterinary drugs in chicken muscle and analytical limits of 24 analytes in chicken muscle extracts.
Analyte MRL (EU) (ngkg™) Typical R? LCL (ngkg™") LOD (ngkg™") LOQ(pgkg™") CCax (pgkg™") CCB (ngkg™")
SDMX 100° 0.9938 - 0.5 0.1 03 108 115
SDZ 1007 0.9987 0.5 0.1 03 110 117
SMZ 100* 0.9970 0.5 0.1 03 107 17
STZ 100° 0.9971 0.5 0.1 03 108 17
Cip 100° 0.9940 1.0 1.5 5.0 112 136
DAN 200 0.9953 5.0 0.2 0.7 213 232
ENR 100° 0.9945 10 0.5 1.7 110 124
[0)40] 100 0.9986 20 30 10 108 116
CTC 100 0.9973 20 10 30 106 120
oT1C 100 0.9972 20 30 10 108 120
TC 100 0.9985 20 1.0 30 109 125
AMOX 50 0.9942 1.0 25 8.5 68 81
AMP S0 0.9973 1.0 1.5 5.0 58 73
PENG 50 0.9989 10 1.5 5.0 58 65
LIN 100 0.9989 20 0.5 1.8 106 125
PIR 100 0.9988 20 0.2 0.7 105 120
ERY 200 0.9955 5.0 1.5 5.0 205 211
SP! 200 0.9970 50 4.0 13 213 226
TIL 50 0.9973 1.0 0.5 1.7 67 84
TYL 100 0.9991 20 1.5 5.0 105 109
AMPR 200 0.9956 5.0 8.0 25 215 233
DSTR 500 0.9988 10 20 60 509 522
SPEC 300 0.9974 5.0 10 30 307 320
STR 500 0.9979 10 20 60 510 525

¢ Expressed in form of sum-MRLs of all sulfonamides.
b Expressed in form of sum-MRLs of ENR and its metabolite {CIP).
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Table 4
Recovery, repeatability, within-laboratory reproducibility, and acceptable RSD values for chicken muscle at different spiking levels.
Analyte % Recovery (%¥RSD)* Repeatability® Within-laboratory Acceptable RSD
reproducibility valued
0.5-MRL MRL 1.5-MRL 0.5-MRL MRL 0.5-MRL MRL 0.5-MRL MRL
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

SMze 61(11) 66(3) 68 (8) 11 1 8 3 8 5 10 6 19 17
SDz¢ 65(8) 70 (4) 72(7) 8 16 5 4 12 4 12 8 19 17
SDMX® 60(11) 66 (4) 66 (6) 11 12 5 4 10 5 10 7 19 17
STZ* 68(10) 73 (6) 66 (7) 8 11 4 6 7 4 9 7 19 17
cipf 85(6) 84(10) 84 (5) 10 15 11 10 5 11 12 10 19 17
DAN 82(8) 86(9) 93(6) 8 8 6 9 12 9 9 10 15 13
ENR! 77(6) 93(6) 92(10) 6 13 12 6 7 7 11 7 19 17
0X0 72(6) 68(5) 99(4) 6 12 5 5 9 4 8 6 17 15
CTC 79(12) 80(4) 89(6) 12 15 10 4 4 9 14 7 17 15
oTC 70(14) 73(6) 93 (4) 14 9 8 6 6 5 13 6 17 15
TC 83(10) 83 (4) 83(5) 10 10 9 4 9 10 10 9 17 15
AMOX 68(14) 76 (14) 68 (14) 14 18 13 14 14 12 15 13 19 17
AMP 73(15) 71(7) 79(7) 15 4 9 7 6 8 13 8 19 17
PEN G 64(6) 70(5) 87(5) 6 8 7 5 4 7 7 7 19 17
LIN 75(4) 71(2) 98(3) 4 2 6 2 7 9 5 8 17 15
PIR 71(3) 73(5) 90(4) 3 6 6 5 2 7 6 5 17 15
ERY 53 (6} 57(4) 55(7) 6 12 10 4 4 6 1 6 15 13
SPI 75(7) 67(7) 65(7) 7 11 8 7 9 8 10 10 15 13
TIL 85(10) 81(6) 84(5) 10 15 12 6 14 9 13 11 19 17
TYL 80(4) 75(4) 80(7) 4 11 4 4 3 3 8 4 17 15
AMPR 77(7) 85(9) 91(4) 7 8 8 9 9 9 8 11 15 13
DSTR 82(12) 72(8) 84(9) 12 10 5 8 8 9 9 9 13 12
SPEC 83(6) 77(6) 88(6) 6 8 8 6 5 7 7 6 15 13
STR 83(12) 74(9) 84(3) 12 11 9 9 5 9 11 9 13 12

4 Recovery results of spiked samples for 10 replicates of 3 days at each spiking level.
b Repeatability results of spiked samples for 10 replicates ar each spiking level.

¢ within-laboratory reproducibility results for 3 days (n = 30) at each spiking level.
d

¢ All sulfonamides spiked at 0.1-, 0.2-, and 0.4-MRL.

{ ENR and CIP spiked at 0.2-, 0.5- and 1.0-MRL.

to theirs low signal sensitivities (late eluters) and matrix effects.
However, these values were well below the MRLs regulated by the
EU (2], despite the small amount of samples were diluted (dilu-
tion ratio 2:8 (v/v)) before the injections, showing the excellent
sensitivity of the proposed method.

The decision limit (CCa) is the lowest concentration at which
a method able to determine with an error probability of 5% (false
positive). The detection capability (CC[3)is the concentration of sub-
stance at which amethod is able to detect, identify, and/or quantify
in a sample with an error probability of 5% (false negative). For
substance with an established MRL, CCa and CC[3 values can be
calculated using calibration curve or analyzing at least 20 repre-
sentative blank samples per matrix spiked at the MRL levels prior
to extraction. In this study, we chose to use the latter method. The
CCa values were observed from the concentration at MRLs plus
1.64 times the calculated standard deviation. Also, the CCB values
were calculated from the CCo values plus 1.64 times the calculated
standard deviation,

Table 3 summarizes the analytical limit results for 24 veterinary
drugs obtained in this study.

3.4. Application in real samples

Inour attempt to improve the simple method and make it more
applicable, we also tested the proposed method in 30 chicken mus-
cle samples obtained from different sources in Bangkok, Thailand.
Matrix-matched calibration curves were used for quantification of
the analytes in these samples, whereas retention times (£3 SD),
other chromatographic factors, and specific ion ratios (+3 SD) were
also used for identification. None of the 24 analytes were detected
in any of tested samples, except ENR which was found in just one
sample at 6.5 g kg~ and met all of the acceptable identification

Acceptable RSD values calculated from Horwitz equation at each concentration level.

ranges. However, this value did not exceed the MRL (100 ng kg~!).
This method has been further extended for the determination of
residues in other matrices such as shrimp and egg.

4. Conclusion

A sensitive method has been developed and validated for the
determination of 24 multi-class veterinary drugs in chicken mus-
cle. The method is based on simple liquid extraction and analyse
by LC-MS/MS. The use of HILIC separation in combination with
UPLC-MS/MS provides a more definitive method, including the
improvement of chromatographic separations, peak shapes, and
sensitivities, for detecting and quantifying a wide scope of analyte
polarities, especially polar compounds. This method was vali-
dated and fulfilled the requirements of the European Communities
decision 2002/657/EC. Good quality of results including recovery,
precision (repeatabitity and within-laboratory reproducibility), lin-
earity, and analytical limits (LCLs, LODs, LOQs, CCa, and CCP) were
satisfactorily achieved. The proposed method is fast, easy to per-
form, and can analyse a wide polarity range of veterinary drugs
in a single method, providing high sample throughput with 30-40
analysed samples per day.
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Abstract A method has been developed for carrier-mediated
hollow-fiber liquid-phase microextraction (HF-LPME) and
enrichment of multiple classes of antibiotics in water samples.
Eleven compounds (erythromycin, spiramycin, tilmicosin,
sulfathiazole, sulfamethazine, sulfamerazine, oxytetracycline,
tetracycline, ciprofloxacin, danofloxacin and enrofloxacin)
from four important classes of antibiotics (of the macrolide,
sulfonamide, tetracycline and quinolone type) have been
simultaneously preconcentrated with one set of HF-LPME
conditions, followed by determination by ultra-HPLC com-
bined with electrospray ionization tandem mass spectrometry
(UHPLC-MS/MS). Antibiotics can be determined at ng L'
levels using this highly sensitive and selective method.
Parameters including immersion time, liquid membrane
composition, sample pH, acceptor composition and extraction
time were optimized to finally give detection limits in the 10—
250 ng L' range. Good linearity was achieved, with up to
156 times enrichment over the four classes of antibiotics. This
multi-residue method enabled the simultaneous enrichment of
all 11 muiti-class antibiotics from spiked river water samples,
with relative recovery between 79 and 118%.

Keywords Antibiotic - Residues - Carrier-mediated -
Hollow fiber- Liquid-phase microextraction - Sample
preparation
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Introduction

Environmental problems are attracting worldwide interest
regarding their long-term and adverse effects. Increasing
population and industrialization strongly influence the fate
and occurrence of global pollution, especially in aquatic
environments. Large amount of wastes and runoffs are
overloaded the capacity of the ecological systems. Concems
have been raised about the environmental affects and public
health implications of contaminants such as antibiotic residues
in the aquatic environment especially in their effects on the
development of bactenal resistance [1-4]. Antibiotics are
commonly applied for the treatment and the prevention of
bacterial infections. These drugs are also illicitly applied as
growth promoters in cattle farms. The four predominant
classes of antibiotics that often contaminate the water
resources are macrolide, sulfonamide, tetracycline, and
quinolone [5]. Macrolides are widely used in veterinary
practice to treat respiratory diseases; sulfonamides were used
for prophylactic and therapeutic purposes in farm animal and
aquaculture. Tetracyclines are famous human and cattle
medicine against gram-positive and gram-negative bacterias,
while quinolones were applied in the treatment for human
and veterinary diseases of urinary tract infections. Several
antibiotics are synergistically applied for broad-spectrum
efficacy and their wide applications constitute the important
source of pollutants commonly detected in water resources
by contamination in many pathways [6]. Recently, the
investigations of these antibiotics occurrence level in water
have been summarized and reviewed [3, 7]. The wide variety
of antibiotics from multi-class possessed various physico-
chemical properties in combination with the low level of
antibiotic presence in water (ng L™' to pg L") complicates
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the analysis of residue mixtures in water samples. Therefore,
highly sensitive and selective analytical determination
techniques are required.

Liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) is widely used method for
antibiotic analysis due to its ability to separate and detect
components in mixtures belonging to the same, or
different, classes. Recently, ultra-high performance liquid
chromatography-MS was also utilized. Higher separation
efficiency and improved sensitivity over conventional
LC-MS/MS  were reported [8, 9]. LLE and SPE are
commonly sample preparation techniques conducted in
water analysis [4, 8-12]. These classical techniques are
well accepted but incurred large expenses on organic
solvents and expensive cartridges. Hollow-fiber liquid-
phase microextraction (HF-LPME), developed by
Pedersen-Bjergaard et al. [13] is superior extraction
technique that offers very high selectivity and enrichment.
The hollow fiber configuration shares the same principle
to a larger membrane module. Due to its smaller size,
carry-over effect commonly observed in membrane mod-
ule can be eliminated because the fiber is inexpensive
enough for a single use. The miniature size has many
added benefits such as simple configuration that requires
no high pressure pump and expensive membrane module,
uses very small amount of organic solvent, and offering
excellent clean-up efficiency. A piece of porous hollow
fiber impregnated with an organic solvent in its pores is
utilized as a supported liquid membrane. Analytes are
extracted from the sample (donor) solution through the
organic solvent, and further back-extracted into the
aqueous extracting solution (acceptor) inside the lumen.
In the so-called three-phase HF-LPME system, acidic or
basic analytes with ionizable functionalities can be
extracted [14-16]. HF-LPME has been reported in the
successful pre-concentration of compounds in water
samples from diverse sources including drinking water
[17], tap water [18], river water [19] and wastewater [20].

Carrier-mediated HF-LPME is a method utilizing the
principle of ion-pairing to extend the limit of HF-LPME
extraction. This mode was developed by Ho et al. [21] to
enhance the extraction of hydrophilic compounds by forming
neutral complexes of the analytes with carrier (ion-pairing
agent) dissolved in the liquid membrane. Various carriers
have been investigated as ion-pairing agents, such as Aliquat
336 (tricaprylmethylammonium chloride) [22-25], D2EHPA
(bis(2-ethylhexyl) monohydrogenphosphoric acid) [22, 24,
26, 27], 2-ethylhexyl phosphonic acid [24], and sodium
octanoate [21, 28]. A camier-mediated LPME was attempted
on tetracyclines in biological samples. The procedure could
enrich three compounds of similar physicochemical structures
for HPLC-UV analysis at sub-ug L' detection level [25]. For
the extraction of members of diverse antibiotic classes from

@ Springer

water, the four different sets of HF-LPME were all utilized to
pre-concentrate four antibiotics from four different classes
and the result showed only three compounds were succeed in
enrichment with three separate sets [29]. In addition, the
enrichment efficiency of HF-LPME depends on several
critical factors such as acid dissociation constant (pK,), type
of carrier, and extracting conditions. Different compounds
exhibited different unique enrichment trends depend on the
govemed physicochemical properties. To the best of our
knowledge, there i1s no existing report on simultaneous
determination of multi-class antibiotics using carrier-
mediated HF-LPME in a single run. In this work, a pre-
concentration method was developed for simultaneous
enrichment of eleven antibiotics from four different classes
in the same run using carrier-mediated HF-LPME. A piece of
hollow fiber was impregnated with an organic solvent added
with carrier and the related extraction parameters were
optimized to maximize the enrichment of targeted antibiotics
in water media. The samples were subsequently subjected for
UHPLC-MS/MS analyses.

Experimental
Reagents and materials

Commercial antibiotic standard erythromycin (ERY), spi-
ramycin (SPI), tilmicosin (TIL), ciprofloxacin (CFC), and
enrofloxacin (EFC) were obtained from Dr. Ehrenstorfer
GmbH. (Augsburg, Germany, www.ehrenstorfer.com);
danofloxacin (DFC) was from Riedel-de Haen (Seelze,
Germany, www.riedeldehaen.com); and sulfathiazole
(STZ), sulfamethazine (SMZ), sulfamerazine (SMR), oxy-
tetracycline hydrochloride (OTC), and tetracycline hydro-
chloride (TC) were from Sigma (St. Louis, MO, USA,
www.sigmaaldrich.com). The structure and pK, of these
multi-class antibiotics are shown in Table .

Tricaprylmethylammonium chloride (Aliquat 336), bis
(2-ethylhexyl) monohydrogenphosphoric acid (D2EHPA),
dihexyl ether (DHE), ammonium acetate and ammonium
formate were obtained from Fluka (Buchs, Switzerland,
wwav sigmaaldrich.com). 2-Hydroxy-5-nonylacetophenone
oxime (LIX 84) was obtained from Henkel (Tucson, AZ,
USA, www.henkel.com). Disodium tetraborate decahydrate
was purchased from BDH (Poole, England, www.bdh.com).

HPLC (gradient-grade) acetonitrile, acetic acid, hydro-
chloric acid, formic acid and sodium hydroxide were
supplied by Merck (Darmstadt, Germany, www.merck.
com); HPLC gradient-grade methanol was purchased from
J.T. Baker (Deventer, The Netherlands, www.jtbaker.nl).
High purity water was prepared using a Milli-Q water
purification system (Millipore, Billerica, MA, USA, www.
miltipore.com).
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Table 1 Physico-chemical properties of the target antibiotics

Molecular pKa
Class Analyte Chemical structure
mass [31,33]
Macrolide Erythromycin (ERY) 73393 8.9
Spiramycin (SPI) 843.05 7.9
CHy' CHy
OH
CHy
7.4
Tilmicosin (TIL) o 855.11
8.5
2.0
Sulfonamide  Sulfathiazole (STZ) 255.32
7.1
N 2.1
. o, 0 |
Sulfamethazine (SMZ) N\ oy 278.33
e
ions
nNHy
N
NN L .. 2.1
Sulfamerazine (SMR) Sy S, 264.30
7.0
NH.
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Table 1 (continued)

Class Analyte

Molecular  pKa

Chemical structure

mass [31,33]

Tetracycline  Oxytetracycline (OTC)

Tetracycline (TC)

Quinolone

Ciprofloxacin (CFC)

Danofloxacin (DFC)

Enrofloxacin (EFC)

O A 8.7
/@ A 8.6

O A 7.6

3.2
460.43 1.5

8.9

33
444 .43 79

9.6

o 3.0
| on 6.1
331.34

10.6

357.38

9.9

on 6.2
\ 359.39

9.9

Standards

Stock standard solutions of the eleven antibiotic analytes
(1000 pg mL™") were prepared individually by dissolving
each compound in acetonitrile (ERY, SPI, TIL, STZ, SMZ,
SMR, DFC and EFC), methanol (OTC and TC), or 0.1 M
formic acid (CFC). The standards were stored at 4°C in a
refrigerator until use. Mixed working standard solutions
(100 pug mL™") were prepared daily by diluting the original
stock solutions with high purity water.

@ Springer

LC-MS?

Acquity UPLC system (Waters, Milford, MA, USA, www.
waters.com) connected to a Micromass Quattro Premier™
XE benchtop quadrupole MS/MS system was employed for
the analysis in positive electrospray ionization (ESI+)
mode. Chromatographic separation was achieved with a
binary mobile phase in gradient elution mode on a Cjy
Acquity UPLC BEH (100 mmx2.1 mm LD, 1.7 pm)
column from Waters. The flow rate was set at 0.2 mL min ™'
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at column temperature of 40°C. Mobile phase A was an
aqueous solution of 10 mM ammonium acetate and 0.3%
(v/v) acetic acid, while mobile phase B was methanol:
acetonitrile (50:50 v/v) with 0.3% (v/v) acetic acid. The
injection volume was 10 pL. The separation of antibiotics
was achieved within 5.5 min using the following gradient
program: initial 95:5 (v/v) A:B maintained for 1.5 min; then
changed to 35:65 (A:B) at 3.0 min, and maintained at this
ratio for 2.0 min; then, 100% B was held at 5.5 min for
4.5 min, and then returned to 5% B at [0.5 min.

Optimum MS parameters were as followed: capillary
voltage 1 kV, extractor voltage 3 V, source temperature
120°C, desolvation temperature 350°C, cone gas (nitro-
gen) flow 50 L h™', desolvation gas (nitrogen) flow
1000 L h™", and collision gas (argon) 0.22 mL min~' at a
cell pressure of 0.35 Pa. Multiple reactions monitoring
mode was employed by selecting two most sensitive
transitions for both quantification and identification
purposes. Table 2 shows the selected MS/MS transitions
together with the optimized cone voltages and collision
energy values for individual compounds. Instrumentation
control and data acquisition and evaluation were per-
formed with the MassLynx 4.1 software package provided
by Micromass™.

HF-LPME procedure

A microporous polypropylene HF membrane Accurel®
PP Q3/2 (Membrana, Wuppertal, Germany, www.
membrana.com) with 600 um i.d., 200 pm wall thickness
and 0.2 pum pore size (75% porosity) was used for the
extraction. A 12-cm length piece of HF was first sonicated
with acetone to remove any contaminants and air-dried.
Each fiber was utilized only once in order to eliminate
carry-over effect. The HF was impregnated with 20%

(w/v) Aliquat 336 by direct immersion in DHE for 60 min
to fill the pores with solvent. The fiber lumen was then
flushed a few times with air to remove excess organic
solvent. A 100-uL. Hamilton gastight syringe (Bonaduz,
Switzerland, www.hamiltoncompany.com) was employed
to introduce the acceptor solution into the lumen. The two
ends of the HF were held on the septum of a 24-mL glass
vial cap with two medical syringe needles in a U-shape.
This U-shape HF-LPME configuration was adopted from
the description of Pedersen-Bjergaard and Rasmussen
[13].

The extraction employed 20 mL of sample (donor)
solution which was adjusted to the desired pH using
sodium tetraborate in a 24-mL glass vial. A U-shaped
piece of hollow fiber containing the acceptor solution
(20 pL) inside the lumen was then dipped into the
sample solution. The sample vial was placed on an [KA
multi-station magnetic stirrer (Staufen, Germany, www.
ika.net) and the extraction was performed at room
temperature. After 60 min, the acceptor solution was
flushed into a 200-puL HPLC insert vial. The vial was kept
in a refrigerator at 4°C until analyzed by UHPLC-MS/MS.
The enrichment factor (EF) used to evaluate the effective-
ness of the method was calculated using the following
equation [23]:

. Cu ”an
Enrichment factor(EF) = — = —— |
nrichmen (EF) P (1)

where ¢4 and ¢, are the concentrations of the analyte in the
donor (4) and acceptor (,) solutions, respectively, whilst ny
and n, represent the molar quantity of analyte, and V4 and
V, indicate the volume of the donor and acceptor
solutions, respectively.

Table 2 Optimized multiple reaction monitoring (MRM) parameters used in the MS/MS analysis

Analyte Retention time  Dwell time Cone voltage Quantfication Collision energy  Confirmation Collision energy
(min) (s) (V) transition (ev) transition (ev)
Erythromycin 4.76 0.03 40 734.45>158.28 30 734.45>576.26 30
Spiramycin 422 0.02 30 843.51>174.10 45 843.51>101.07 58
Tilmicosin 4.49 0.03 55 869.53>696.51 55 869.53>174.39 50
Sulfathiazole 3.99 0.03 30 256.09>155.93 15 256.09>107.87 25
Sulfamethazine 4.40 0.03 35 279.09>186.02 20 279.09>124.07 30
Sulfamerazine 4.18 0.02 30 265.08>171.99 20 265.08>155.96 25
Oxytetracycline 4.18 0.1 27 461.10>426.14 25 461.10>443.07 15
Tetracycline 4.12 0.1 30 445.08>410.11 20 445.08>153.88 27
Ciprofloxacin 4.12 0.04 35 332.05>314.09 23 332.05>245.04 30
Danofloxacin 4.07 0.05 35 358.15>340.00 45 358.15>82.22 35
Enrofloxacin 4.17 0.05 30 360.14>245.09 35 360.14>316.00 35
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Results and discussion
Effect of immersion time on enrichment ability

Prior to the extraction process, the HF wall pores were
impregnated with the selected organic solvent by direct
immersion. The effect of immersion time (5, 15, 30, 60 and
120 min) on enrichment was investigated (Fig. SI, see
Supplementary material). The level of enrichment obtained
(as the EF) increased with longer immersion times up to
60 min; after that there was no significant enhancement.
For short immersion periods, the 75% porosity microporous
HF membrane was incompletely impregnated, leading to
poor repeatability. Therefore, 60 min was selected as the
optimum immersion time. Several pieces of HF can be
simultaneously impregnated for 60 min with organic
solvent of choice and subsequently used for all further
optimization experiments.

Effect of carrier and organic solvent selection

In carrier-mediated HF-LPME, the immobilized organic
solvent is a critical parameter affecting the extraction
efficiency. Selected solvents used to promote the diffusion
of analytes from the donor to the acceptor solution must be
immiscible with water and compatible with the HF type. In
order to efficiently extract a wide range of multi-class
antibiotics with diverse physico-chemical properties, pre-
liminary experiments were performed to study the effects of
polar and non-polar solvents in the absence of a carrier.
These solvents included 1-octanol, 1-decanol, DHE, unde-
cane, dodecane and toluene. The results obtained from non-
carrier HF-LPME, showed EFs of eleven analytes in the
very low range of 1-12 times (Fig. S2, see Supplementary
material). DHE provided the highest level of enrichment
due to its polarity and was selected as the most suitable
solvent into which the carrier was to be added for HF-
LPME. The driving force of non-carrier approach is based
on passive diffusion of analytes in the donor and acceptor
solutions [30].

There are several mechanisms controlling the extraction
process in carrier-mediated HF-LPME, including diffusion,
ion-pairing effects, and the pH gradient employed. The pK,
values in Table | were used to predict the extraction pH
required for the eleven antibiotics. Macrolide antibiotics
contain a basic dimethylamine [-N(CH,),] structure with
pK, values around 8 [31]. Their basic characteristics
offered the potential for neutral and cationic formation in
basic donor solution. For sulfonamides, basic amine [-NH;]
and acidic amide [-NH-] groups are presented. The pK,s in
the ranges of 2.0-2.1 and 7.0-7.5 correspond to the
protonation of the aniline and deprotonation of the amide,
respectively; meaning that these compounds tend to exist as
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anionic forms in alkaline solution [32, 33]. There are three
pK, values for tetracycline analytes, which are approxi-
mately 3.3, 7.7 and 9.3 for the tricarbonyl, dimethylamine
and beta-diketone groups, respectively [25, 31-33]. Hence,
anionic and neutral species may exist in alkaline solution.
The quinolone class has amphoteric properties arising from
carboxylic and amino groups attached to the heterocyclic
ring. From their pK, values (3.0-3.9, 6.1-6.2, 7.6-8.7 and
9.9-10.6), multiple species (cationic, anionic, zwitterionic
and neutral) could be expected in basic donor solutions [31,
32].

Three types of carrier—Aliquat 336 (cationic carrier),
D2EHPA (anionic carrier) and LIX 84 (neutral carrier)—
were evaluated in DHE. The experimental results (Table 3)
revealed that Aliquat 336 enriched all eleven antibiotic
analytes at higher levels than the other two carriers. This
enrichment trend can be related to strong ion-pair formation
between the cation carrier and analyte species under the
selected pH conditions.

The effects of different organic solvent type dissolving
Aliquat 336 have been previously studied by Yamini et al.
[22]. The enrichment was investigated from the use of
Aliquat336 in two organic solvents (DHE and 2-heptanone)
and the obviously greater EF was obtained from the use of
Aliquat 336 in DHE. In this work, the effect of Aliquat 336
concentration (5-40% w/v) in DHE was evaluated. It was
discovered that when the carrier concentration was too low
(5 and 10% w/v), poor enrichment was observed due to
insufficient ion-pair formation. At relatively high propor-
tion of carrier (30 and 40% w/v), the supported-liquid
membrane became too viscous and deterred the flux of the
ion-pair complexes through the membrane. The optimum
concentration was selected at 20% (w/v) Aliquat 336 in
DHE according to data in Fig. I.

Table 3 Effect of three carrier types at 10% (w/v) on the enrichment
factor in cammer-mediated HF-LPME using DHE as the organic phase
carrier solvent and a 60 min immersion time

Analyte Enrichment factor (n=3)
Aliquat 336 D2EHPA LIX 84

Erythromycin EREIN 1.5£0.7 1.9£0.9
Spiramycin 6.1£1.9 0.9£0.3 2.7+13
Tilmicosin 14.0+4.5 1.8+0.5 3.5¢13
Sulfathiazole 59+2.0 0.9+0.2 29+1.6
Sulfamethazine 10.7+£2.5 0.7€0.3 1.6£0.4
Sulfamerazine 9.5%1.8 1.1£0.3 2317
Oxytetracycline 74.4+9.5 3.7¢1.5 5.5+3.1
Tetracycline 49.5+7.6 2.1+0.9 11.7£3.9
Ciprofloxacin 259+3.8 1.9+1.0 48+1.4
Danofloxacin 15.6+2.5 2.6+0.9 56+2.6
Enrofloxacin 13.0£2.9 2.6%1.8 8.1+4.1
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Effect of donor and acceptor phase

The transportation of analytes from the sample to the
acceptor solution also requires a pH adjustment between the
two aqueous phases to improve the enrichment efficiency
and target analyte recoveries. The sample pH should be
adjusted to a value to ensure that the analyte exists in the
correct form that will allow for the most efficient extraction
by the organic phase. To maximize ion-pair formation, pH
of the donor solution was adjusted by adding sodium
tetraborate to pH 7.0-12.0. Optimum enrichment was
obtained at pH 8.0. These experimental results are in
agreement with the respective pK, values, which indicate
that the most favorable antibiotic extraction for carrier-
mediated HF-LPME should occur at this value to generate
suitable forms of the analytes in the donor solution.

The acceptor solution pH must be suitable for trapping
the analytes and preventing analyte back-extraction to
sample by ion-pair formation, as well as to ensure that
sufficient protons are available in the acceptor solution to
act as exchanged counter-ions. Additionally, the acceptor
should not be at an extremely low pH, so as to be
compatible with LC-MS/MS. Two types of potential
acceptor solution—acetic acid and formic acid—were
evaluated within the pH range of 3.0-6.0. These weak acid
acceptor solutions chosen can be directly injected into the
UHPLC-MS/MS system without additional dilution steps.
Enrichment data of eleven antibiotics using both acceptors
were compared in Table S1 (see supplementary material). It
was observed from the EF using acetic acid as acceptor at

Aliquat 336 in dihexy! ether (%)

pH 4.0 (10.9-153) were better than the values obtained at
pH 5.0 (8.9-105) due to greater availability of protons. The
high pH may not provide sufficient gradient concentration
of counter-ions to create a high diffusion rate between
donor and acceptor solutions. Thus, acetic acid at pH 4.0
was chosen as acceptor solution in the carrier-mediated
mode to enrich multi-class antibiotics.

Effect of extraction time

Generally, carrier-mediated HF-LPME is an equilibrium-
based extraction method, while mass transfer is a time-
dependent process. Therefore, the extraction time is a
parameter that needs to be optimized to measure the
equilibrium time of the extraction process. At the equilib-
rium point, analytes in the acceptor phase are stable and
exist at their highest concentration, leading to the highest
EF. The effect of the extraction time (between 5-90 min) on
the simultaneous multi-class antibiotic enrichment was
studied. The results obtained revealed similar trends to
those reported in other works [18-20, 23, 25] showing that
EFs increased with extraction time, and that the pre-
concentration of analytes was highest at the equilibrium
point. Longer times gave no significant increase in EF. The
highest EF in this process was obtained at 60 min.
Although the entire procedure appears to have a relatively
long time, this can be compensated by the high-throughput
performance of method because several pieces of hollow
fiber can be simultaneously impregnated with organic
solvent.
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Due to the small amount of sample used (20 mL) and a
miniature size of HF-LPME configuration, several extrac-
tions can be performed simultaneously. In this work, 1-17
samples were extracted simultaneously using IKA multi-
stirrer device. Higher throughput can be obtained in a
similar way.

Evaluation of the method performance
Linearity, detection limits, enrichment factor and precision

To evaluate the performance of carrier-mediated HF-LPME,
the optimized conditions (immersion time 60 min, 20%
(w/v) Aliquat 336 in DHE, donor solution pH 8.0 20 ml
containing 100 pg L™'of each analyte, acceptor solution
(acetic acid) pH 4.0 20 puL, extraction time 60 min, stirring
rate 200 rpm) were employed. The figures of merit,
linearity, detection limits and precision were validated
under these conditions, and the results summarized in
Table 4.

The linearity of the carrier-mediated HF-LPME was
evaluated over a concentration range of 0.5-100 pg L™,
with three replicate extractions at each level. The UHPLC-
MS/MS peak areas were plotted against the analyte
concentrations (ug L™') to create a calibration curve for
all eleven analytes. All antibiotics exhibited linearity, with
correlation coefficients (r) between 0.9823 (STZ) and

Table 4 Analytical performance of the carrier-mediated HF-LPME
method for the simultaneous enrichment of 11 multi-elass antibiotic
analytes in water samples. The HF-LPME was performed using acetic

0.9974 (CFC); this implies that the method could be
applied for the simultaneous quantification of multi-class
antibiotic compounds. The limit of detection (LOD) and the
limit of quantification (LOQ)—which are the lowest
concentrations of analytes that provide chromatographic
signals 3 and 10 times higher than background noise under
MS/MS conditions, respectively—were calculated for each
analyte from the respective calibration curves. The evalu-
ated LODs and LOQs for the eleven antibiotic analytes
were in the range of 10-250 ng L™" and 40-850 ng L',
respectively (Table 4). Due to diverse pKa value of eleven
analytes, the EFs observed were in the wide range of 12.5
(ERY) up to 156 (OTC). Intra-day and inter-day precision
was investigated by extracting 10 replicate samples spiked
at 30 pg L™" within one and two days, respectively; and the
RSD values for these measurements ranged between 3.27%
and 11.0% (intra-day precision), and between 6.50% and
11.4% (inter-day precision). There is no official guideline
for the regulation of antibiotics in natural water resources.
The criteria set for this work was evaluated from several
review articles [5, 7] which published survey data of
antibiotics in real world waters (mostly reported at ng L™
to ug L™" level). The European Union’s criteria for
antibiotic residue in foodstuffs of animal origin [34] have
been also considered to extend the usefulness of the method
to different types of samples (Table S2, see Supplementary
inaterial). The validation data (LODs and LOQs) implied

acid pH 4.0 as the acceptor solution, 20% (w/v) Aliquat 336 in DHE
as the carrier and organic phase, with analytes in pH 8.0 sample
solution, 200 rpm stiming rate, and 60 min enrichment time

Analyte Linearity LOD* LOQ" Enrichment factor  Precision (%RSD) Recovery® (%)
(gL™) (ugL™)

Linear range  Correlation coefficient [ntra-day®  [nter-day®

(g L™ ®
Erythromycin 0.5-50 0.9966 0.02 0.07 12.5£2.2 1.0 10.8 110
Spiramycin 0.5-50 0.9886 0.08 0.27 19.2+2.6 7.98 1.4 79.2
Tilmicosin 0.5-50 0.9936 0.03 0.09 144£1.9 3.27 6.50 94.5
Sulfathiazole 0.5-50 0.9823 0.07 0.22 12.7£3.0 10.1 7.99 118
Sulfamethazine 0.5-50 0.9935 0.01 0.04 20.0+3.4 5.65 8.92 94.9
Sulfamerazine 0.5-50 0.9916 0.06 0.21 12.7£2.3 6.49 9.64 105
Oxytetracycline 0.5-50 0.9929 0.25 0.85 156+11 8.91 7.81 98.7
Tetracycline 0.5-50 0.9950 0.13 0.43 113£12 9.56 9.64 993
Ciprofloxacin 0.5-50 0.9974 0.06 0.20 68.9£8.7 7.66 7.19 84.2
Danofloxacin 0.5-50 0.9878 0.06 0.18 31.3£3.6 5.80 6.67 90.2
Enrofloxacin 0.5-50 0.9931 0.04 0.14 50.4£59 8.1 10.2 835

Data are shown as the meantl S.D., and are derived from 10 replicates

* LODs and LOQs at spiked level of 0.5 pg L™
b

Intra-day precision was calculated by cxtracting analyte samples spiked at 30 g L™ within the same day

© lnter-day precision was calculated by extracting analyte samples spiked at 30 yg L™ over a period of two working days

d Recovery performed at 2 pg L™' spiking level
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that the proposed method is sufficiently sensitive for the
detection of these eleven antibiotics in waters and in
foodstuffs at ng L™ level.

Application of carrier-mediated HF-LPME in spiked real
water samples

The proposed carrier-mediated HF-LPME method for the
simultaneous multi-class antibiotic determination was ap-
plied to river water samples collected from random sites
along the river banks of Bangkok, Thailand. The water
samples were first filtered to remove sediments, and then
stored in 100 mL amber glass vials before analysis. Since

none of these eleven antibiotics were detected in the
collected real waters, samples were spiked with the mixed
standard solutions and analyzed at two concentration levels:
2 and 8 ug L™". The pH of samples (donor solution) was
adjusted to 8.0. As can be seen in Table 4, under optimized
experimental conditions the recoveries for multi-class
antibiotic compounds in real water samples ranged from
79.2% (SPI) up to 119% (STZ) by calculating the observed
concentration (the calculation of obtained peak area in the
regression equation from standard calibration of each
analyte) compared with the spiked concentration. Figure 2
shows the UHPLC-MS/MS chromatogram obtained under
these optimized experimental conditions at a spiked analyte

Erythromycin Spiramycin Tilmicosin Sulfathiazole
F3:MRM of 14 channels.ES+ F3:MRM of 14 channels ES+ F3:MRM of 14 channels.ES+ F2:MRM of 10 channels.ES+
734.45>158.28 843.51>174.10 869.53>696.51 256.09>155.93
2.6438+005 98 Spiramycin_4.280e+004 Titmicosin 7.266e+004 Sulfathiazole 9.3356+004
987] 4.16 ] 438 98] 3.99
] 12794.41 {  20640.11 30987.38
] 1.2804 1 2.06e4 {1  3.10e4
% %] %J
] ] ] f \
-2 "_-‘Tn- min min -2 e T min -T-rrrrrw-vw-vvv—r-rrn—?ﬁ min
200 4.00 200 400 200 400 2.00 4.00
Sulfamethazine Sulfamerazine Ouxytetracycline Tetracycline
F2:MRM of 10 channels.ES+ F 1:MRM of 14 channels ES+ F3:MRM of 14 channels ES+ F3:MRM of 14 channels.ES+
279.09>186.02 265.08>171.99 461.10>426.14 445.08>410.11
4.6390+005 8.247e+004 ~ 3.2900+003 Tetracycling_3.6566+004
98 £ 987] 9] a6
1 { 1307346
) , 1 1.31e4
. % i ]
% / %
) \ ]
p J
-2 > = min -2 - min
2.00 4.00 2.00 4.00 2.00 4.00
Ciprofioxacin Danofloxacin Enrofloxacin
F1:MRM of 14 channels,ES+ F1:MRM of 14 channels.ES+ F1:MRM of 14 channeis ES+
332.05>314.09 358.15>340 360.14>245.09
Clprofioxacin_ 4.391e+004 3.173e4004 Enrofloxacin__3.825¢+004
981 4.02 98 ) 4.06
19563.39 12219.16
1 19604 1.2264
T
: J | N Lo\ n
-2 v min 22 min . STV, e min
200 400 2.00 4.00 200  4.00

Fig. 2 LC-MS/MS chromatograms at quantification levels of eleven
antibiotics. Each of the eleven antibiotics was spiked at 2 ug L™" in
river water sample and enriched and evaluated by HF-LPME under
the opuimized conditions (sample pH 8.0, 20% (w/v) Aliquat 336

carrier in DHE as the organic phase, acetic acid pH 4.0 as the acceptor
solution, a stirring rate of 200 rpm, and an extraction time of 60 min,
three replicates
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level of 2 pg L™'. No matrix effect was observed when
compares the data of mixed standard solutions to spiked
river samples. This implies to the added benefit of HF-
LPME that includes sample clean-up capability and analyte
enrichment together making it attractive for water analysis
purposes.

Conclusions

Carrier-mediated HF-LPME for the simultaneous pre-
concentration of multiple classes of antibiotics was success-
fully developed for the trace analysis of water samples with a
simple, inexpensive and selective sample preparation step
offering a high potential in enrichment and clean-up efficien-
cy. This allowed subsequent direct injection into the UHPLC-
MS/MS without dilution. The developed carrier-mediated
HF-LPME method provided enrichment factors ranging
between 12.5- up to 156-~fold enhancement, and good limits
of detection ranging from 10-250 ng L™', with quantification
limits in the range of 40-850 ng L™'. The validation data
imply that the method is suitable for water quality control
purposes in Thailand and elsewhere. Using this method, the
levels of eleven antibiotic analytes were successfully and
simultaneously determined in river water samples with
acceptable recoveries between 79.2% and 119%. This work
demonstrates an alternative, and environmentally friendly,
way to simultaneously enrich and identify a large variety of
drug residue compounds in water, which may be found at
very low levels in aquatic samples.
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Theoretical models of separation selectivity
for charged compounds in micellar
electrokinetic chromatography

Equations and theoretical models for MEKC separation selectivity (opgxc) were estab-
lished to explain a change in separation and electrophoretic mobility order of fully
charged analytes, in which oyggc is related to the dimensionless values of mobility
selectivity in CZE (aczg) and retention selectivity (o) in MEKC, and where oczg and oy
are defined as the ratio of electrophoretic mobility in CZE and the ratio of retention factor
(k) in MEKC for two charged analytes, respectively. Using four alkylparabens as test
analytes, excellent agreement was found between the observed aygxc and the proposed
amexc models of test analytes in MEKC over a wide range of SDS concentrations and
values of k. For example, in comparison with CZE separation of charged analytes, MEKC
separation can enhance separation selectivity up to the maximum value when the
selectivity ratio (p) is greater than 1.0 (p = ay/aczg), while lower separation selectivity is

obtained with p< 1.0 (ccze > o> 1).

Keywords:

Charged compounds / MEKC / Mobility selectivity / Retention selectivity /

Separation selectivity

1 Introduction

MEKC is one of the modes in CE in which the MEKC buffer
contains a surfactant, such as SDS, to form micelles acting
as a pseudo-stationary phase [1-5]. MEKC is widely used for
separation of neutral and charged compounds as reported in
reviews covering the literature up to 1999 [6], 2002 [7], 2003
[8], 2005 (3], and 2009 [9]. The MEKC separation of neutral
analytes is performed using ionic surfactants {1, 3-6, 9-13],
while charged analytes are separated using ionic, or non-
ionic surfactants [1, 3, 4, 6, 9, 10, 14-16]. With different
partitioning of analytes in the micelle, neutral as well as
charged analytes show differences in effective electrophore-
tic mobility (Ap), and therefore these can be separated in
MEKC [2, 3, 6, 14, 17, 18]. Typically, the resolution, R, of
two analytes in CE is given by [19, 20]:

Vi) s

4 [Htpg,

(1)
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where N is the number of theoretical plates or efficiency, p
is the effective electrophoretic mobility, Ap is the difference
in p, p—p;, for two analytes, and p,, is the electroosmotic
mobility. For two analytes with same direction of y, Eq. (1)
may be rearranged to relate to the resolution R; to the
efficiency term, the selectivity term, and the mobility term
as expressed in the following equation:

v () ()

where o, is the separation selectivity or mobility selectivity,
which is defined as the ratio of effective electrophoretic
mobilities for two analytes such as p,/p; for || > |-

In MEKC with normal elution mode, the same direction
of electroosmotic velocity (ve.), the observed velocity of
analytes and observed velocity of micelles (vq ), and
[Veo| > [Vincl. the resolution equation for neutral analytes can
be expressed to relate to the retention term as follows
(21, 22):

oo (VN (ak—1><_kz_> 1~ teo/tme )
T4 o 14k) \ 1+ (beo/ tmc )k
where k is the retention factor, oy is the retention selectivity
defined as the ratio of k such as k;/k,, and t,, and ¢, are the
migration times of an EOF marker and a micelle marker,
respectively.
With the normal elution mode of the MEKC separation

of fully charged analytes due only to the difference in
micellar partitioning and not in their electrophoretic

M
Pt Heo

(2)
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mobilities, the resolution equation is given as follows [21]:

(T

x ( l+£eo/tep - teo/‘mc ) (4)

1+ teo/tep +(teo/ tme )k

where ¢, is the migration time corresponding to the elec-
trophoretic mobility of the charged analyte, and
tep = lep2 = tepy for this case.

It can be seen in Eqs. (3) and (4) that the separation
selectivity may be now referred to the retention selectivity.
In the case of analytes with a difference in their electro-
phoretic mobility (uo) at zero concentration of surfactant or
CZE, the MEKC separation is based on the differences in
both k and po. In comparison with the CZE separation of
charged analytes, the addition of surfactant to the MEKC
buffer may result in improved separation for some analytes,
but lowered degree of separation for other analytes [4, 10,
13-17, 23-26). These dual effects are similar to those seen in
chiral separation using dual cyclodextrins as reported in our
previous work [27].

In order to explain the separation selectivity and elec-
trophoretic mobility order in MEKC for charged analytes
with differences in po, the aims of this work are to establish
theoretical models of MEKC separation selectivity which is
related to the dimensionless values of mobility selectivity in
CZE and retention selectivity in MEKC, and to compare the
observed and predicted separation selectivity in MEKC. The
MEKC separation with normal elution mode was carried out
using SDS surfactant in a 10-mM disodium tetraborate
buffer at pH 10.2, and the test analytes used were alkyl-
parabens.

2 Materials and methods
2.1 Chemicals

All the test analytes were purchased from Sigma-Aldrich
(Steinheim, Germany): isomethylparaben {methyl m-hydro-
xybenzoate; IP), ethylparaben (ethyl p-hydroxybenzoate;
EP), propylparaben (propyl p-hydroxybenzoate; PP), and
butylparaben (butyl p-hydroxybenzoate; BP). Sodium
hydroxide and disodium tetraborate  decahydrate
(Na;B40;.10H,0) were supplied by Fluka (Buchs,
Switzerland), SDS from Sigma (St. Louis, MO, USA), all
organic solvents obtained from Merck (Dramstadt,
Germany), and dodecylbenzene/micellar marker (M) from
Sigma-Aldrich.

2.2 CE conditions
CE experiments were carried out with a Beckman Coulter

MDQ-CE system equipped with a photo-DAD scanning
from 190 to 300 nm and monitoring at 220 nm. The data-
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handling system comprised an IBM PC and 32 Karat
Software. The uncoated fused-silica capillary, 40.2cm in
length (30 cm to detector) x 50 um id (Polymicro Techno-
logies, AZ), was used for CZE and MEKC separations,
thermostated at 25°C. Voltage was set at 15kV. A sample
solution was introduced by 0.5 psi pressure injection for 3 s.
Prior to each daily analysis, the capillary was rinsed
sequentially for 15 min with methanol, 0.1 M NaOH, water,
and a running buffer. Between consecutive runs, the
capillary was flushed with 0.1 M NaOH and then with a
running buffer, each for 2 min. All experiment runs were
performed in duplicate.

2.3 Buffering electrolytes

The electrophoretic mobilities were determined in two
buffer systems: (1) CZE with 10 mM disodium tetraborate
buffer, adjusted to pH 10.2 with 1.0M NaOH, and (2)
MEKC with 20 to 60 mM SDS in a pH 10.2 10 mM disodium
tetraborate buffer. All buffers were prepared using Milli-Q
water, sonicated for 30min, and then fltered through
0.45 um PTFE fhlters prior to use.

2.4 Stock and standard solutions

Each test analyte was separately dissolved in SmL of
ACN, and then each analyte solution was diluted with
Milli-Q water in a 10 mL volumetric flask to give 1000 ppm
stock solutions. Stock solutions of DB and thiourea
were also separately dissolved in ethanol, and then diluted
to 20000 ppm with Milli-Q water. A working standard
solution containing 2060 ppm of each test analyte, 30 ppm
thiourea, and 150 ppm DB was prepared by diluting each of
the stock solutions with a 1.0mM borate buffer. All
solutions were filtered through 0.45 pm PTFE filters prior
to analysis.

3 Results and discussion

3.1 Theoretical models of separation selectivity
in MEKC for charged compounds

In MEKC, effective electrophoretic mobilities of two fully
charged analytes, pyexc, are given by [21]

Ho1 Hhip

H(MEKC,1) = (MTklmc) (5)
Hoo+kap

H(MEKC2) = <M1+—kzmc) (6)

where p is the electrophoretic mobility at zero concentra-
tion of SDS or under CZE conditions, and py is the
electrophoretic mobility of the micelle marker. Subscripts 1
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and 2 refer to the analytes 1 and 2, respectively. The
separation selectivity in MEKC (oqekc), the ratio of pumexc
with k;>k;>0, may be rearranged to relate to the
dimensionless values as follows:

B+ 2k 1+k
OMEKC = o‘CZE< B:-c;:l l) (1(+:tk;<)l> v

where acz is the mobility selectivity in CZE or the ratio of
Uo. €.8- Mo2/Ho1, O IS the retention selectivity of the SDS
surfactant for two analytes or the ratio of k, e.g. k,/k;, and B
is the ratio for pg ) /pmc. It should be noted that oy is always
>1.0. The value of aczg>1.0 refers to the same order of |y|
in CZE and k in MEKC, e.g. k>k; and |p|>|p,|, whereas
acze < 1.0 refers to the reversed order of |u| in CZE and k in
MEKC, e.g. ko>k, and [p,| <ju,|.

According to Eq. (7) and our previous work on theore-
tical models of separation selectivity of chiral separation
using dual cyclodextrins [27], the proposed theoretical
models of appxc for two charged analytes in MEKC can be
classified into four types as listed in Table 1, based on the
ranges of dczg, o, p, and the order of |p| in CZE and k in
MEKC. In order to predict the value of apgxc for two
charged analytes, the value of § in Eq. (7) is assumed to be
equal to 0.5. Figure 1 shows plots of the opexc model of
Types [-II[ over a wide range of k,. Practically, an increase
in k may be obtained by an increase in the concentration of
SDS ({SDS]) in an MEKC buffer.

According to the apgxc model for Type [in Fig. 1A, ata
fixed value of p except in the case pa 1.0, the value of aygkc
increases with an increase in k; to a maximum value, and
then decreases at higher values of k. At a fixed value of k),
the higher the value of o, the greater the value of oygkc.
The k, giving the maximum oygkc value decreases as the
value of ay increases. Therefore, the aygxc model of Type |
shows that, with the same order of [u| in CZE and k in
MEKC for charged analytes, higher oy than oczg can
improve apgkc of two solutes in MEKC. In contrast to Type
[, the aygxc model for Type I (o <oczg) in Fig. 1B shows
that the value of oekc decreases with an increase in k),
implying poorer separation for two charged analytes. For the
reversed order of |u| in CZE and k in MEKC for charged
analytes as shown in Fig. 1C, the theoretical oyggc for the
Type I model starts from less than 1.0 (1/apggc>1) to
near 1.0 (poorer separation) with increasing k, and then
higher than 1.0 (better separation) at higher k; values. At an

Table 1. Types of theoretical models for amexc
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amekc of 1.0, the value of k, is given by:

(1 - ocze)

4~ Tocas )y~ 1)/B ©
The small value of oy gives a higher k; at amexc 1.0, which is
consistent with the bottom line for ayrxc of 0.99 in Fig. 1C.
It should be noted that for a theoretical value of aczr or
amekc < 1.0, the practical separation selectivity is equal to
1/acze or 1/apmekc. Therefore, an increase in k; may result
in a reversed order of electrophoretic mobility for two
charged analytes in MEKC. The model Type IV (o =1.0
and aczg = 1.0) indicates that no resolution is obtained for
two solutes (plot not shown).

As can be seen in Fig. 1, the theoretical model of amexc
can be employed to describe the separation of two charged
analytes. The greater the ayekc value (ox>1.0), the greater
the resolution. Better separation selectivity in MEKC over
CZE can be obtained for the opexc Type I (ax>0czg), or
Type Il models (oy>> aczg, or oy > 1/aczg) at appropriate
values of k.

It should be noted that the direction of EOF velocity and
total velocity does not affect the electrophoretic mobility of
analytes and micelles, and the retention factor of analytes in
MEKC. Owing to independence of the values of o, and ay
with the direction of these velocities, our proposed selectivity
models can be used for MEKC with normal, reversed, and
restricted modes classified by the direction of EOF and total
velocity as details given in [22].

3.2 Observed and predicted ameke for negatively
charged compounds in MEKC with normal
elution mode and anionic SDS surfactant

In this work, parabens such as IP, BP, PP, and EP, a weak
acid with HO-C¢H,COOR, were chosen as test analytes. In a
basic buffer with pH > pK, of parabens, these parabens can
carry a negative charge. The apparent pK, values were found
to be 8.80, 7.98, 8.00, and 7.97, respectively (literature values
of 9.2 for IP [28] and 8.4 for other parabens [29)). It should
be noted that the apparent pK, values were determined by
measuring effective mobility (peg) in CZE with a 10-mM
Na,B40, buffer at various pH values of 7.8-10.2, and
plotting 1/ g versus 107P¥ ({H;0*]) to obtain pK, from log
(slope/ Y-intercept) [30]. A pH 10.2 borate buffer was used to

Type Order of |u| in CZE and k in MEKC acze oy P Assumed values

xcze Ok B
i Same acze>1 oy > oeze = 1 p>1 11 1.2-33 0.5
I Same acze> acze =g =1 p<l 1.5 1.0-1.5 0.5
n Reversed acze <1 o= > oz p>1 0.8 1.0-6.4 0.5
v Co-migration oz = o = tgze = | p= _ _ 05
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Figure 1. Predicted models of the separation selectivity (amekc)
for two charged analytes in MEKC. Calculation using Eq. (7) and
data as listed in Table 1. a—e refer to the values of a,, for (A) 1.2,
1.4, 17, 2.2 and 3.3, respectively, (B} 1.0, 1.2 and 1.5,
respectively, and (C) 1.0, 1.6, 3.2, 4.8 and 6.4, respectively.

afford almost fully negatively charged analytes with degrees
of ionization of 0.96 for IP and 0.99 for other parabens,
calculated using apparent pK, determined under our CE
conditions and the equation for degrees of ionization
reported in the textbook [31].

In order to obtain the predicted value of apexc for two
charged analytes in MEKC, the following parameters must
be known: the mobility selectivity in CZE, the retention
selectivity in MEKC, and the retention factor in MEKC.
Figure 2 shows the separations of parabens using an SDS-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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free system (or a CZE system) and an MEKC system with
various SDS concentrations (20-60 mM). From CZE
separation (Fig. 2A), in which the electrophoretic mobility
vectors of negatively charged parabens are opposite to an
EOF vector, the migration time order EP>PP>BP>IP with
the effective electrophoretic mobilities p of —2.25, -2.13,
—2.03 and —1.97 x 1078 m*V™'s™", respectively, indicates
the |u| order EP>PP>BP>IP, in line with the charge-to-size
ratio for homologous series EP>PP>BP. The smaller |u| for
[P than other parabens may be due to the smaller degree of
ionization, and/or larger hydrodynamic size of IP.

Theoretically, for MEKC separation of neutral analytes
with normal elution mode in ionic surfactant, the migration
behavior depends only on the retention factors of the
analytes. The higher the retention factor, the longer the
migration time. However, for the MEKC separation of
charged analytes with the above conditions, the migration
behavior depends on the electrophoretic mobility and
retention factor of each analyte, and therefore it is difficult to
predict the order of the migration time or the effective
electrophoretic mobility in MEKC.

The retention factor k is calculated from MEKC elec-
tropherograms using the following equation [18, 21, 32|:
L = HmExc T Ho (9)

Hme — HMEKC

where all parameters are previously defined in Egs. (5) and
(6). From the MEKC electropherograms in Fig. 2B-D, the
retention factors (Table 2) for negatively charged parabens
were obtained in the order BP>PP>IP>EP, which are
consistent with the magnitude order of octanol-water
distribution constants in this series BP>PP>EP [33-35].

As seen in Fig. 2D for MEKC separation with 60 mM
SDS, the order of t,, or |umekc| is obtained to be BP>PP>
[P>EP, whereas different orders are obtained in MEKC at
20 mM SDS (Fig. 2B): BP>PP>EP>IP, and in CZE (Fig. 2A),
EP>PP>BP>IP. These differences in migration behavior can
be explained using the separation selectivity models in
Section 3.1.

Figure 3 shows the observed and predicted values of
amexc for parabens in MEKC over a wide range of [SDS)
(Fig. 3A) and k, values (Fig. 3B). The former is useful to
consider the SDS concentration giving the achieve resolu-
tion of all solutes and the reversed migration, whereas the
latter is useful to compare the observed and the predicted
model without known [SDS]. The predicted values of apmexc
at different [SDS] {6.0-60 mM) were calculated using data in
Table 2 and Eq. (7). Table 2 also lists the mobility selectivity,
retention selectivity, retention factor, selectivity ratio, and
predicted models of oygxc. As previously mentioned, for
MEKC separation of a particular analyte pair, such as PP
and IP, k, refers to the retention factor for the solute with
smaller k, such as kjp. Using a wide range of [SDS]
(20-60 mM), the observed k, can be plotted against [SDS] to
derive a linear calibration plot, allowing predicted values of
ky at various [SDS] to be obtained. Using data in Table 2 and
Eq. (7). the observed values of apekc in Fig. 3 were found to
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Figure 2. Electropherograms of parabens
using (A} 0 (CZE), (B} 20, (C) 40, and (D)
60mM SDS in a 10-mM Na,B,0; buffer
adjusted to pH 10.2 with 1.0 M NaOH. Other
CE conditions: uncoated fused-silica capi-
llary, 50pym id x40.2c¢cm (30cm to the
detector), a temperature of 25°C, an applied
voltage of 15kV, UV detection at 220 nm,
and 0.5 psi pressure injection for 3 s.

Table 2. Mobility selectivity (acze), retention selectivity (o), retention factor (k,), selectivity ratio (p), and types of amexc model

Pair Solute 1 ky = alSDS]+b oczE Uy B p Types of model for opexe in MEKC
IP/EP EP 0.00236({SDS]-0.013 0.888 kip/kep 0.575 p>1 i
PP/IP P 0.00871({SDS}-0.028 1.066 kpp/kip 0.511 p>1 |
BP/PP PP 0.01004[SDS|-0.035 0.953 kep/kpp 0.544 p>1 1l
BP 0.03068[SDS]-0.057 — — — -

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.electrophoresis-journal.com



208 C. Puangpila et al.

A 1.24
1.16 1
o gy
s 1.0 ]r / [ ] @ k/
; / b
1.00 =
iPEP
0.92 1
0.84 y
0 10 20 30 40 50 60
1SDS|
B 1.24
RP/PP

.84 T T T T T
0.00 0.14 0.20 0.30 0.40 0.50 0.60

ky

Figure 3. Observed (symbols) and predicted (solid lines) amekc
for two charged analytes in MEKC. (A) Various concentrations of
SDS and {B) various values of k,. Predicted values are obtained
using Eq. (7} and data as listed in Table 2.

be in good agreement with the predicted values, indicating
that Eq. (7) can be used for prediction of the appic values
over a wide range of [SDS] and k.

According to electropherograms in Fig. 2 and data in
Table 2, the same order of |u| in CZE and k in MEKC was
obtained, and therefore ocz¢>1.0 and aygkc>1.0. Although
the p value is greater than 1.0, a slight decrease in the
observed and predicted values of aygkce with an increase in
[SDS] and k, is due to small calculated values of p between
1.032 and 1.072 for 10-60 mM SDS. Therefore, a change in
amekc for PP/IP in MEKC is consistent with the oygkc
model of Type [ described earlier with small values of p.

Owing to the reversed order of |p| in CZE and k in
MEKC for IP/EP and BP/PP, and the theoretical value of
acze being less than 1.0, the reversed |p| order for IP/EP
and BP/PP at high [SDS] and at low or zero [SDS] is
consistent with the oyggc Type III model. At an apekc
value of 1.0, the predicted values of k, in Fig. 3B are esti-
mated to be 0.003 for BP/PP at very low [SDS], and 0.052 for
IP/EP which is in good agreement with the observed k, of
0.064. It should be noted that, employing Eq. (8) with an
average oy of 3.831 for IP/EP at 6.0-60mM SDS, the
predicted values of k, of 0.057 giving oexc of 1.0 are found
to be in good agreement with k; in Fig. 3B (0.052).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Concluding remarks

We have shown that a change in MEKC separation
selectivity for two charged analytes over a wide range of
[SDS] and k values can be explained and predicted using our
proposed equations and theoretical models of separation
selectivity, where the separation selectivity is related to the
dimensionless values of the mobility selectivity in CZE and
retention selectivity in MEKC. In comparison with CZE, the
ability of MEKC to improve or reduce separation selectivity
for two charged analytes depends on the model of separation
selectivity. In addition, excellent agreement was found
between the observed opmexc and the proposed oyekc
models of test analytes in MEKC over a wide range of
[SDS] and k values.
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