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ABSTRACT 

This report contributes to a preliminary investigation of high-performance liquid chromatographic (HPLC)-mass spectrometric 
(MS) methods for confirming /3-lactam antibiotic residues in bovine milk. Initial work for each antibiotic evaluated the collisional 
activated dissociation (CAD) spectra that could be generated between the capillary and skimmer in the electrospray (ESP) 
interface. The drugs show various characteristic fragmentation, mostly within the p-lactam ring and the amide group. Response 
for a particular compound in a given solvent can vary drastically. Usually, the more organic component in the solvent, the higher 
the ESP response. In many cases use of acetonitrile also results in slightly better ion currents than for methanol when comparing 
equal percentages of either organic solvent in water. The ESP response of most of the tested antibiotics can be enhanced by the 
addition of formic acid or acetic acid to the mobile phase methanol-water (1:l). In general, the negative ion spectra are lower in 
intensity, exhibiting an [M -HI- ion and producing less fragmentation at higher CAD voltages as compared to positive ion 
spectra. An isocratic reversed-phase HPLC method for the separation of a mixture of five common /3-lactam antibiotics was 
developed using acetic acid as a mobile phase additive and optimized for detection with a new ESP HPLC-MS interface. A 
post-column split ratio of 7O:l for the eluent from a 150 X 2 mm I.D. column was chosen to provide the required lower flow-rate 
(approximately 4 pllmin). The limit of detection for the simultaneous determination of these antibiotics was estimated to be 100 
ppb. Electrospray HPLC-MS could be used to confirm these antibiotics for quantities down to about 100 pg entering the mass 
spectrometer. Multiresidue analysis with microbore HPLC-ESP-MS has the advantage that no post-column splitting of the eluent 
is required and all of the analyte (on-column injected) will be transferred into the ESP interface. Preliminary work showed good 
mass spectrometric sensitivity down to the level of regulatory interest, but chromatographic separation efficiency must be 
improved. 

INTRODUCIION 

Some penicillins and cephalosporins were pro- 
duced semi-synthetically and represent an inter- 
esting class of /3-lactam antibiotics because of 
their broad antimicrobial activity against both 
gram-positive and gram-negative organisms 
[ 1,2]. Penicillines contain bulky side-chains at- 
tached to a 6-aminopenicillanic acid nucleus 
(sulfur-containing thiazolidine ring fused to a 
p-lactam ring) and are degradable in presence of 
solvents [3] or by heat [4]. Acid labile penicillins 
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are rapidly inactivated at an acid pH. Addition- 
ally, all penicillins are rapidly inactivated at an 
alkaline pH in the presence of carbohydrates. 
Cephalosporin structures are based on the 
7-aminocephalosporinic acid nucleus (condensed 
dihydrotiazole ring in its skeleton) and are gener- 
ally stable in acidic media as well as in presence 
of penicillinase [5]. Many efforts have been 
made to synthesize cephalosporins with different 
physico-chemical properties (mainly liposolubili- 
ty) by variation of substituents [6]. Table I lists 
the chemical structures of p-lactam antibiotics 
discussed in this paper. They are commonly used 
as bacterial agents in excessive livestock farming 
and bovine milk production. The Food and Drug 
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TABLE I 

IDENTITY OF CAD FRAGMENTS -POSITIVE ION MS OPERATION 

M, = Molecular mass of the free acid drug; CAD voltage = voltage measured at the end of the capillary (Analytica QBV 25-AL 
electrospray interface); m/z = mass-to-charge ratio (relative intensity of the peak in % , type of fragment); F, , F,, F,, F, , F, , F, , 
and F, = different collisional activated dissociation (CAD) fragments seen in the ESP spectra. 

Drug (MC) CAD voltage m/z (relative intensity and tentative identification of 
CAD fragments) 

Penicillin G (334.4) 

I-FU 

F2- &OH 

Ampicillin (349.4) 

Amoxicillin (365.4) 

Cloxacillin (435.9) 
-R 

W- V-J 
Cephapirin (423.4) 

80 

160 

392 (54); 391 (51, [M + K+H,O]+); 367 (93, [M + 
H+MeOH]‘); 353 (41, [M+H+H,O]‘); 335 (41, 
[M + HI’); 309 (8); 279 (25); 176 (43, [F, + HI’); 167 
(33); 160 (49, [F, + HI+); 149 (14); 114 (25, [F, - 
COOH]+); 65 (43, [2MeOH + HI’) 
367 (27, [M + H + MeOH]‘); 335 (7, [M + HI’); 217 
(4, [F, +H]+); 202 (3, [F, +H]+); 176 (21, [F, + 
HI+); 160 (37, [F, + HI+); 149 (100); 121 (14); 114 (4, 
[F, - COOH]‘); 93 (19); 91 (15, [FJ+); 70 (14); 57 
(18)“; 52 (36) 

80 

160 

80 

160 

80 

160 

40 

160 

382 (18, [M + H + MeOH]+); 350 (100, [M + HI’); 65 
(16, [2MeOH + HI’) 
350 (89, [M + HI+); 192 (24); 174 (20, [FY +H - 
CO]+); 160 (22, [F, + HI+); 114 (89, [F, - COOH]+); 
108 (8); 106 (100, [FJ+) 

398 (12, [M + H+MeOH]+); 367 (29); 366 (100, 

[M+H])+; 349 (19, [M+H-NHJ+); 65 (19, 
[2MeOH + HI+) 
366 (62, [M + HI+); 349 (85, [M + H-NH,]+); 208 
(41); 160 (6, [F, + HI+); 114 (100, [F, - COOH]+); 70 

(14) 

481 (28, [M + 2Na]‘); 437 (84, [M + 2H]‘); 436 (100, 
[M + HI+); 148 (20); 74 (46); 65 (95, [2MeOH + HI+) 
468 (56, [M + H + MeOH]+); 454 (11, [M + H,O]+); 
436 (36, [M + HI+); 321 (cO.1, [F, + H+]+); 277 (64, 
[F,]‘); 222 (19, [F3+H]+); 220 (11); 178 (56, [F,+ 
HI+); 160 (100, [F, + HI+); 114 (68, [F, - COOH]+) 

446 (63, [M + Na]+); 424 (25, [M + HI+); 413 (100, 
[M-MeOH]+); 234 (32); 95 (8); 59 (33)“; 55 (36) 
424 (45, [M+H]+); 292 (41); 226 (15, [F, - 
COOH]‘); 193 (21); 181 (26); 152 (62, [F,]+); 141 
(23); 124 (59, [F2]+); 111 (62, [F, +H]+); 79 (33, 
[F, + HI+); 52 (100’) 

’ The indicated mass is outside the instrument’s (Finnigan MAT 4500) calibration range and is probably inaccurate. 
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Administration (FDA) has recently indentified 
approximately 60 drugs which are likely residues 
in such animal-derived human foods and for 
which current analytical methodology is deficient 
in some way [7]. Analytical methods for 
p-lactam antibiotic residues provide a means of 
monitoring, controlling and measuring residues 
in animal food products. 

Screening methods are often the most cost 
effective techniques because they use rapid sam- 
ple analysis and are usually amenable to mul- 
tiresidue analysis in field laboratory environ- 
ments. For these reasons the detection of an- 
tibiotics in milk continues to be carried out by 
bioassay techniques such as microbiological tests 
[8], immunoassay [9,10], competitive binding 
[8,11,12] and enzyme inhibition [13]. With the 
possible exception of immunoassay, none of the 
screening procedures can distinguish /I-lactam 
antibiotics from one another. Methods involving 
fluorescence [14] and thin-layer chromatography 
[15] were reported for analysis of penicillin G in 
milk. However, these procedures are not accept- 
able for current regulatory purposes. Therefore, 
specific chemical cleanup, separation and con- 
firmation procedures for p-lactam antibiotics are 
needed for accurate identification and quantita- 
tion of suspect trace level residues in biological 
matrices. 

Several methods using various extraction and 
deproteinization procedures [16] followed by 
high-performance liquid chromatography 
(HPLC) employing a variety of stationary and 
mobile phases for the separation have been 
investigated [ 17-231. Ultraviolet and fluores- 
cence detectors have been most routinely used 
but, where interferences have arisen, confirma- 
tion of analyte identity has been demonstrated 
through gas chromatography (GC)-mass spec- 
trometry (MS) thus introducing problems associ- 
ated with GC analysis [24,25]. Recently, 
Meetschen and Petz [26] described a method 
using GC for analysis of /3-lactams with neutral 
side chains which required a time-consuming 
partitioning cleanup and derivatization. Confir- 
matory methods, whether they are a second 
independent quantitative analytical method 
based on a different methodology or highly 
definitive MS, ideally provide unequivocal proof 

of the suspected drug residue. Thermospray 
HPLC-MS has been successfully used to analyze 
non-volatile and thermally labile compounds 
[27-291 including several B-lactams [30-341. 
Structurally different underivatived cephalospor- 
ins have been under extensive investigation by 
laser-induced vaporization, desorption chemical 
ionization, and fast atom bombardment mass 
spectrometry [35]. 

Another promising technique is atmospheric 
pressure ionization. Atmospheric pressure 
chemical ionization (APCI) forms ions in a 
discharge by means of chemical ionization [36- 
39] and electrospray (ESP) forms ions through 
ion evaporation in highly charged micron-size 
droplets [40,41]. The ESP ionization techniques 
is very mild and the obtained sensitivities are 
extremely good, although some restrictions are 
placed upon the conductivity and the flow rate of 
the mobile phase. Electrospray ion currents 
usually are maximized with solvents of low 
conductivities at flow-rates from 1 to 10 pl/min. 
These low flow-rates require liquid chromatog- 
raphy on the microbore scale to avoid post- 
column splitting. Recently, nanoscale capillary 
liquid chromatography and capillary zone elec- 
trophoresis have been successfully combined 
with quadrupole mass spectrometry via an ESP 
interface. These two microbore-scale methodolo- 
gies have been applied to the separation and 
determination of sulfonamides commonly ad- 
ministered in subtherapeutic doses to promote 
growth in animals [42]. Very recently, the related 
“ion spray” technique was used for the investiga- 
tion of veterinary drugs residues in bovine kid- 
ney. McLaughlin and Henion [43] applied re- 
versed-phase ion-pair HPLC coupled with pulsed 
amperometry and ion spray MS to determine 
trace levels of four aminoglycosides. 

Continuing our interest in developing new 
HPLC-MS methods for accurate determination 
of drug residues in biological matrices, we have 
studied the influence of different HPLC mobile 
phase and buffered solutions on the ionization 
process for p-lactam antibiotics. Both positive 
and negative ionization operational modes were 
applied to form characteristic ions. It was antici- 
pated that several drugs requiring confirmatory 
procedures would exhibit only a single ion (most 
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commonly [M + H] + in positive and [M - H] - in 
negative ion operational mode) making identifi- 
cation difficult. Therefore, work enhancing the 
fragmentation through use of higher collisional 
activated dissociation (CAD) was used to aid in 
structural elucidation. For HPLC-ESP-MS anal- 
ysis of a mixture of p-lactam antibiotics in milk, 
a post-column split ratio for 7O:l of the eluent 
from a 150 x 2 mm I.D. column was used to gain 
the required lower flow-rate for a successful 
ESP-MS operation. 

EXPERIMENTAL 

Material 
Water was bidistilled and purified with a Milli- 

Q water system (Millipore, Bedford, MA, USA) 
prior to use. Methanol (MeOH), acetonitrile 
(MeCN) and 2-propanol (IPA) were of “HPLC/ 
GC grade” quality (Baxter Healthcare, Mus- 
kegon, MI, USA). For mobile phase additives 
trifluoroacetic acid (TFA) (J. T. Baker, Mariet- 
ta, GA, USA), formic acid (FOA), acetic acid 
(HOAc), ammonium acetate (NH,OAc), hepta- 
fluorobutyric acid (HFBA), tetrabutylam- 
monium hydroxide (TBAH) (Aldrich, Mil- 
waukee, WI, USA) and ammonium hydroxide 
(NH,OH) (Fisher Scientific, Rochester, NY, 
USA) were used. Arginine and gramicidin S 
from bacillus brevis (Sigma, St. Louis, MO, 
USA) were employed as tuning compounds in 
positive ion ESP-MS operation. The /?-lactam 
antibiotic penicillin G (potassium salt), ampicil- 
lin (anhydrous), amoxicillin, cloxacillin (sodium 
salt) and cephapirin (sodium salt) were from 
Sigma. The drug standards were stored in a dry 
atmosphere at 4°C and were not dried or purified 
further before use. 

Znstrumentation 
For flow infusion (FI) experiments a Sage 

341B micro syringe pump (Sage Instruments, 
Division of Orion Research, Boston, MA, USA) 
and a SO-y1 PS C-160 FN syringe for a Waters 
U6K injector (Dynatech Precision Sampling, 
Baton Rouge, LA, USA) were utilized. 

The eluents used in the flow injection or 
separation of the drug mixture were delivered 
by an Isco (Lincoln, NE, USA) 1OOD syringe 

pump/pump controller Model 174262. The sam- 
ples were injected with an Actuator, Model 732 
with a 5~1 sample loop (Alcott Chromatog- 
raphy, Norcross, GA, USA) or with a Valco 
C14W.5 injector with a OS-p.1 sample loop (Isco) 
and separated on a 150 x 2 mm Ultremex 3, C,, 
column (Phenomenex, Torrance, CA, USA.) A 
Waters Model 484 MS tunable absorbance detec- 
tor (Waters Assoc., Milford, MA, USA) was 
linked to the higher flow-rate port of an Acu- 
Rate X-70 splitter (LC Packings International, 
San Francisco, CA, USA) and set to 230 nm. A 
Hewlett-Packard (Avondale, PA, USA) HP 
3396A integrator was used to record the ul- 
traviolet (UV) absorption chromatograms. 

For small sample injections in micro-HPLC- 
ESP-MS determination a Valco C14W.5 injector 
with an internal 0.5~~1 sample loop (Isco) and 
for larger injections a pheodyne 8125 injector 
with variable sample loop (Rheodyne, Cotati, 
CA, USA) was tested. The Rheodyne injector 
contributed to a larger void volume but was able 
to handle l-, 5- and 30+1 injections of drug 
mixtures. A 15 cm X 320 pm I.D. Fusica Cl8 
capillary column with a particle size of 3 pm 
protected by a p-guard precolumn (LC Packings 
International) was connected through a 5-cm 
inlet capillary transfer line to the injector. The 
35-cm column outlet capillary transfer line was 
linked to the Analytica electrospray needle. It is 
not recommended to directly interface the capil- 
lary column to the electrospray needle by remov- 
ing the outlet capillary. This would damage the 
column and also increase the void volume. 

An Analytica HPLC-ESP-MS interface Model 
QBV 25-AL (Analytica of Branford, Branford, 
CT, USA) was installed on a Finnigan MAT 
4500 single quadrupole mass spectrometer (Fin- 
nigan MAT, San Jose, CA, USA) and used for 
the initial F&CAD voltage experiments. For the 
FI-ESP-MS buffer studies and the negative ion 
ESP experiments a Analytica HPLC-ESP-MS 
interface, Model 100547-3, was connected to a 
Hewlett-Packard Engine, Model HP 5989A, 
single quadrupole mass spectrometer (Hewlett- 
Packard, Palo Alto, CA, USA). Two types of 
ESP needles were used with comparable results: 
The three layered original Analytica needle used 
a 50 pm I.D. stainless-steel tube to deliver 
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solvent, a 125 pm I.D. second layer tube to 
deliver an additional solvent to enhance ESP 
operation, especially when using high percen- 
tages of water. The third tube was used to add a 
gas to aid in nebulization of highly conducting or 
aqueous solvents. The 33-gauge Hamilton needle 
use a 110 pm I.D. SS-304 stainless-steel tube 
with a 210 pm O.D. and no second tube for 
additional solvent delivery (Hamilton, Reno, 
NV, USA). This needle was used in a cut length 
of 25 cm and with a 90” bevel at the tip. The 
same nebulization gas addition capability was 
maintained as with the original needle type. For 
all HPLC-ESP-MS determinations of the drugs 
a new computer controlled and more sensitive 
Analytica HPLC-ESP-MS interface, Model 
101737 with autotune capability, was applied. 
For instrument control and data acquisition a 
Hewlett-Packard HP Vectra 80486-33 EISA per- 
sonal computer/MS-DOS Chemstation software 
version M2.43 was utilized. Sample pH was 
measured with a Cole Parmer (Chicago, IL, 
USA) pH meter and an Orion Ross combination 
pH 81-15 electrode (Orion Research, Boston, 
MA, USA) as 20°C. 

FI-ESP-MS Conditions 
Mobile phases such as MeOH-water (8:2), 

(1:l) and (2:8) were tested for positive ion MS 
operation. A concentration of 100 nglr.l.1 of the 
drug was dissolved in the appropriate mobile 
phase. The mobile phase additives were dis- 
solved in MeOH-water (1:l) in the following 
concentration: 0.1% (v/v) TFA (pH 2.2), 0.1% 
(v/v) FOA (pH 3.1) 1% (v/v) HOAc (pH 3.4), 
50 mM NH,OH (pH 10.5), 10 mM HFBA (pH 
2.2) and 10 mM TBAH (pH 12.1). For negative 
ion ESP operation the mobile phases IPA-water 
(8:2) and (1:l) were applied. The analytes were 
infused at a flow-rate of 1.2 pllmin and 2.4 
pl/min. At both flow-rates similar signal re- 
sponses were observed and other flow rates did 
not improve the signal intensity. To avoid a 
severe corona discharge in the ESP interface 
oxygen was coaxially mixed with the nebulized 
liquid. 

For the flow injection-ESP-MS experiments on 
the Finnigan MAT 4500 instrument the ESP 
interface, Model QBV 25-AL, was operated at a 

needle voltage of 3.4 to 3.8 kV. Best results for 
positive ion operation was obtained with skim- 
mer (S) and lens (L) voltages of S, = 24 V, 
S,=17V,L,=-22V,L,=-4VandL,=-58 
V The potential difference between the skimmer 
and the end of the capillary controlled the 
extend of fragmentation through CAD. The 
potential difference was varied between 40 and 
240 V The mass spectrometer scanned from a 
mass-to-charge ratio (m/z) 50-500 at a step size 
of 0.1 units and a rate of 0.33 scans/s. In the 
ESP interface, Model 100547-3, for the HP 
5989A instrument, the needle is grounded and 
charging occurs by keeping the cylindrical elec- 
trode (V,) at about 2.7 kV, the end plate (V,) at 
2.7 kV and the capillary (V,) at 2.8 kV (positive 
ion operation required reverse polarity, and V,_, 
operated about 1 kV higher than in negative ion 
operation). Best results for negative ions were 
obtained with S, = -40 V, S, = -17 V, L, = 38 
V, L, = 83 V and L, = 37 V. Positive ion oper- 
ation required reversed polarity and only slight 
adjustments of L,, L, and L,. The CAD voltage 
was varied between -40 to -400 V (40 to 400 
V). The mass spectrometer scanned from m/z 
40-500 at a step size of 0.1 units and a rate of 0.5 
scans/s. The threshold value was set to 250. The 
system was checked by analyzing adenosineJ’- 
monophosphate in IPA-water (1: 1) for negative 
ion and arginine/gramicidin S in MeOH-water 
(1:l) for positive ion operation. 

Sample preparation procedure 
Blank milk was collected from p-lactam free 

cows at North Carolina State University 
(Raleigh, NC, USA). A 0.5-ml aliquot of milk 
was diluted with a equal volume of a solution 
consisting of MeCN-water (1:l). The sample 
was vortex-mixed for lo-15 s, placed in a mi- 
croseparation system with an M, 10 000 cutoff 
filter and centrifuged for approximately 30 min 
at 3000 g with a 40” fixed-angle rotor. The five 
tested p-lactam antibiotics were spiked at differ- 
ent lens and skimmer concentration levels into 
the milk blank. A 0.5-5-~1 aliquot of the color- 
less blank or spiked ultrafiltrate was injected into 
the HPLC system equipped with a UV and a MS 
detector. A synthetic mixture of the drugs was 



172 R.F. Straub and R.D. Voybner / J. Chromatogr. 647 (1993) 167-181 

made with the same solvent combination as used 
for the milk sample. 

HPLC-ESP-MS conditions 
HPLC separation was performed using a 

mobile phase consisting of 40% (v/v) MeCN and 
1% (v/v) HOAC in water (pH 3.0). The mobile 
phase flow-rate into the 7O:l splitter was 300 
pl/min. The splitting reduced the flow-rate of 
the eluent entering the ESP interface to 4.3 
pl/min. Higher flow-rates decreased the sen- 
sitivity of the ESP-MS system and produced 
instable signals. To estimate the dead time (t,) of 
the HPLC system, pure MeCN as an non-re- 
tained standard was injected. The measured 
values were in the range of 1.475 e to 6 1.480 
min. The resulting low flow-rate and the relative 
long transfer line to the MS detector gave a 
delay of about lo-15% in the total ion current 
(TIC) or extracted ion chromatogram compared 
to the retention time rR measured from the UV 
chromatogram: 

The Analytica HPLC-ESP-MS interface, 
Model 101737 has a different lens and skimmer 
arrangement compared to the former interface 
type used for flow injection or FI-ESP-MS ex- 
periments and was autotuned with a synthetic 
mixture of the five p-lactam antibiotics (100 ng/ 
~1 each). The mass spectrometer scanned from 
m/z 200-450 at a step size of 0.1 units and a rate 
of 0.33 scans/s. The threshold was 500 and the 
abundance of each mass was sampled six times 
during a scan. In single ion monitoring (SIM) 
data acquisition a dwell time of 200 ms resulted 
in 4.33 cycles/s. 

Microbore HPLC-ESP-MS Conditions 
Isocratic microbore HPLC separation was per- 

formed using a mobile phase consisting of 30% 
(v/v) MeCN and 1% (v/v) HOAc in water (pH 
2.9). The mobile phase flow-rate through the 
column and into the ESP interface was 4 pl/min. 
For injection volumes over 0.5 ~1 the sample was 
concentrated on-column by using pure water as a 
weak eluent. The elution time was dependent 
from the injected sample volume and varied 
from 1 to 8 min. 

The Analytica HPLC-ESP-MS interface, 
Model 101737, was equipped with a new fire 

polished gold plated glass capillary and au- 
totuned with a synthetic mixture of the five 
p-lactam antibiotics (100 ng/pl each). In SIM 
data acquisition a dwell time of 200 ms resulted 
in 4.33 cycles s. 

RESULTS AND DISCUSSION 

Effect of CAD voltage of positive ion MS 
spectra 

The initial work for /3-lactam antibiotics 
evaluated the CAD spectra that could be gener- 
ated between the capillary and skimmer in the 
ESP interface. The increase in potential different 
between the capillary and the skimmer trans- 
ferred of more internal energy into the molecule 
through collisional activation, resulting in the 
formation of structurally relevant product ions. 

Most of the CAD fragment ions detected for 
each antibiotic could be identified based on 
sample cleavages of various groups from the 
molecule. The mass spectra at two different 
CAD voltages are listed in Table I for all five 
tested antibiotics. Low CAD voltages (<+ 1OOV) 
generally form molecular adducts and only very 
few characteristic fragment ions. With CAD 
energies in the range of + 100 V to +200 V more 
fragmentations occurred. Usually, the frag- 
mentation followed a pattern with all tested 
penicillins showing a characteristic cleavage 
product of the p-lactam ring [C,H,HSO, + H]+ 
at m/z 160 and a further loss of COOH at m/z 
114. Fragments formed by the cleavage of the 
amide moiety are more specific for the different 
penicillins. Penicillin G formed a [C,H,CH,]+ 
ion at m/z 91, ampicillin exhibited a 
[C,H,CHNH,] + ion at m/z 106 as the base 
peak, amoxicillin showed a loss of NH, at m/z 
349, cloxacillin, that contains one chlorine, 
showed two fragments at m/z 321 and 178 
assignable to its amide moiety. The ESP ioniza- 
tion of the cephalosporin, cephapirin, produced 
no fragments from a cleavage inside of the 
P-lactam ring. Instead, a loss of the carboxylic 
group (-COOH) was tentatively identified at 
m/z 220. Several ions with lower m/z ratios had 
their origin from a successive cleavage of the 
amide groups. 
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Electrospray response in various mobile phase 
combinations 

Electrospray response using various mobile 
phase additives 

Sometimes, ESP intensity in a given solvent 
can vary drastically. The signal intensity is usual- 
ly dependent on the hydration of the analyte in a 
given solvent as well as if the analyte is charged 
in solution. Fig. 1 shows the trend of the relative 
ESP intensity of [M + H]+ ion of penicillin G, 
amoxicillin and cephapirin in different MeOH- 
water mobile phase combinations at a capillary- 
skimmer potential of 80 V. To compensate for 
slightly different instrumental tuning parameters, 
an internal standard of 100 ng/pl arginine was 
used. Usually, the more organic in the solvent, 
the higher the ESP response. Acetonitrile also 
resulted in slightly better ion currents compared 
to methanol when equal percentages of either 
organic component in water were used. Different 
solvent ratios changed not only the intensity of 
the detected fragments but also affected adduct 
ions. Higher methanol content increased the 
intensity of the [M + H + MeOH]+ ion. Higher 
water concentrations in the mixture increased 
the intensity of the [M + Na + H,O]+, [M + K + 
H,O]+ or [M + H + H,O]’ ions in the ESP mass 
spectrum. The mass spectrometer did not scan 
high enough to detect a dimer ion. Therefore, no 
valid evidence could be obtained to confirm 
dimer ion formations at a low capillary-skimmer 
potential depending on the mobile phase combi- 
nation. 

A general approach to HPLC-ESP-MS in- 
cludes minimization of eluent ion strength, use 
of as much organic modifier, such as methanol or 
acetonitrile, as practical and avoidance of buffer 
or other non-volatile mobile phase additives, 
unless they facilitate ionization. Mobile phase 
additives compete with sample ionization and 
result in a higher chemical background caused by 
adducts extending to a fairly high m/z ratio 
[44,45]. Therefore, it is necessary to compromise 
between ideal chromatographic conditions and 
conditions that support the ionization, desolva- 
tion and desorption processes of the HPLC- 
ESP-MS interface. 

We used FI-ESP-MS experiments to assess the 
effect of various acids, bases and salts which 
change the pH of the mobile phase, and ion- 
pairing compounds on sensitivity. A lower pH of 
the eluent should favor the free acid form of the 
drugs, and thus increases the ESP response in 
positive ion mode. Suitable reversed-phase (RP) 
modifiers are volatile acids such as TFA, FAO, 
HOAc, volatile salts such as NH,OAc, normally 
used in thermospray ionization to enhance ioni- 
zation, and basic NH,OH. There are an increas- 
ing number of reports using RP ion-pair HPLC 
methods to determine drug residues. Therefore, 
the effect of HFBA and TBAH addition to the 
eluent on ESP response of the five p-lactam 
antibiotics was tested. For this study, four differ- 
ent CAD voltages were applied for each drug 
infusion and the resulting mass spectra and the 
corresponding signal intensities were recorded. 
Fig. 2 presents bar graph plots of the relative 
ESP response of the [M + H]+ ion (left column) 
and a characteristic [fragment]+ ion (right col- 
umn) of 100 ng/pl of each /3-lactam antibiotic. 
The results obtained with the basic additive 
TBAH are not shown in Table II because the 
signals of all tested drugs were strongly sup- 
pressed in this eluent system. The only signal 
observed was the [TBAH] + ion at m/z 242. 
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Fig. 1. Electrospray intensity for penicillin G (*) amoxicillin 
(+) and cephapirin (A) in different mobile phase combina- 
tions at a capillary-skimmer potential of +160 V. 0 = 
Average response. 

In general, all five /3-lactam antibiotics showed 
higher [M + H] + intensity at CAD voltages of 
+80 V and +160 V. An increase of the CAD 
voltage to +240 V or +320 V caused a severe 
drop in signal intensity. Therefore, the results at 
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Fig. 2. Negative ion spectra of (A) penicillin G, (B) amoxi- 
cillin and (C) cephapirin at a CAD voltage of -120 V. 
Numbers at top right indicate ion counts. 

Negative ion electrospray MS spectra 
higher CAD voltages were not listed in Table II. Penicillin contains a 6-aminopenicillanic acid 
Comparing the intensity of characteristic frag- nucleus and cephalosporins possess a 
ment ions, a similar trend was observed through- 7-aminocephalosporinic acid nucleus. Due to 
out the whole palette of testing mobile phase their carboxylate group, the drugs are also suited 
systems. Using the mobile phase MeOH-water to negative ion MS detection. A concentration of 
(1:l) without further additives gave poor ESP 100 ng/pl of each drug in IPA-water (8:2) was 
response. Addition of the strong acid TFA infused into the ESP interface at a flow-rate of 
increased the ESP response of penicillin G and 1.2 pl/min. In general, the negative ion spectra 
cloxacillin. For the other three drugs no signifi- showed lower signal intensities, exhibiting all a 
cant increase or even distinct lower ESP re- [M - H] - ion and producing less fragmentations 
sponses are found. Addition of weaker acids at higher capillary-skimmer voltages compared 
such as FOA and HOAc drastically increased the 
ESP response of the [M + H] + ion as well as the 

to positive ion spectra. The mass spectra at lower 
CAD voltages normally formed only the molecu- 

fragment ions of all five drugs. A reasonable lar ion and higher CAD voltages increased the 
explanation for this increase may be a better background noise. The fragmentations seen in 
droplet formation and nebulization capability the mass spectra in Fig. 2 resulted mainly from a 
due to the higher volatility and lower viscosity of loss of COOH or HCO,CH, and opening of the 

these two acids. The near neutral pH of the 
eluent, achieved by the addition of NH,OAc, 
weakened the ESP response of amoxicillin, am- 
picillin and cephapirin. Penicillin G and clox- 
acillin showed reasonably high ESP responses at 
lower CAD voltages. The use of the base 
NH,OH as a mobile phase additive was well 
suited for penicillin G and cloxacillin. The addi- 
tion of HFBA showed a reasonably good signal 
intensity for these two drugs. For the other three 
drugs no real advantage of using the two addi- 
tives was found. 

Table III shows the average ESP respond of 
all five tested compounds in the seven mobile 
phase system at four different CAD voltages. 
Over all, best ESP responses for drugs were 
achieved with 0.1% (v/v) FOA and 1% (v/v) 
HOAc in MeOH-water (1:l). The stronger 
acids TFA and HFBA did not facilitate ioniza- 
tion and are therefore not an ideal choice for 
future HPLC-ESP-MS work. The use of the 
volatile salts NH,OAc and NH,OH increased 
the ESP response in comparison to the un- 
modified eluent but the gain of signal intensity 
was rather limited. The use of FOA, HOAc or 
NH,OAc to modify the mobile phase may be an 
interesting compromise between required chro- 
matographic and electrospray conditions for a 
successful RP chromatographic separation and 
ESP-MS detection of /3-lactam antibiotics. 
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TABLE II 

COMPARISON BETWEEN DIFFERENT CAD VOLTAGES AND MOBILE PHASE ADDITIVES 

CAD voltage = voltage measured at the end of the capillary (Analytica, Model 101737); relatvie intensity = relative signal 
intensity of the [M + H]’ ion or [fragment]+ ion; penicillin G, m/z 335 and m/z 160; ampicillin, m/z 350 and m/z 106; 
amoxicillin, m/z 366 and m/z 349; cloxacihin m/z 436 and m/z 277; cephapirin m/z 424 and m/z 111. 

Dwi Mobile phase additive in 
MeOH-water (1: 1) 

Relative intensity (%) Relative intensity (%) 
of [M+H]+ ion at of [fragment]+ ion at 
CAD=+8OV cAD=+16Ov 

Ampicillin 

Amoxicillin 

Cloxacillin 

Cephapirin 

Penicilin G None, pH 8.4 30 5 
+O.l% (v/v) TFA, pH 2.2 44 21 
+O.l% (v/v) FOA, pH 3.1 44 15 
+l% (v/v) HOAC, pH 3.4 91 100 
+50 m&f NH,OAc, pH 7.1 55 61 
+50 mM NH,OH, pH 10.5 100 50 
+lO mM HFBA, pH 2.2 68 41 

None, pH 8.4 4 16 
+O.l% (v/v) TFA, pH 2.2 5 6 
+O.l% (v/v) FOA, pH 3.1 100 100 
+l% (v/v) HOAc, pH 3.4 44 90 
+50 mM NH,OAC, pH 7.1 9 10 
+50 mkf NH,OH, pH 10.5 14 10 
+lO mM HFBA, pH 2.2 2 0 

None, pH 8.4 31 29 
+O.l% (v/v) TFA, pH 2.2 3 3 
+O.l% (v/v) FOA, pH 3.1 100 96 
+l% (v/v) HOAC, pH 3.4 73 100 
+50 m&f NH,OAC, pH 7.1 3 3 
+50 mM NH,OH, pH 10.5 16 11 
+lO mM HFBA, pH 2.2 6 43 

None, pH 8.4 3 0 
+O.l% (v/v) TFA, pH 2.2 63 67 
+O.l% (v/v) FOA, pH 3.1 31 100 
+l% (v/v) HOAC, pH 3.4 31 100 
+50 mM NH,OAC, pH 7.1 56 93 
+50 mM NH,OH, pH 10.5 100 93 
+lO mM HFBA, pH 2.2 34 63 

None, pH 8.4 2 4 
+O.l% (v/v) TFA, pH 2.2 9 5 
+O.l% (v/v) FOA, pH 3.1 100 100 
+l% (v/v) HOAC, pH 3.4 89 43 
+50 mM NH,OH, pH 7.1 0.4 2 
+50 mM NH,OH, pH 10.5 24 0.2 
+lO mM HFBA, pH 2.2 14 12 

/3-lactam ring, forming ions at m/z 289 and 192 glycosides, tetracyclines, and sulfonamides [46]. 
for penicillin G, m/z 319 and 222 for amoxicillin, Typically, pH 10 achieved through the addition 
and m/z 207, 167, and 110 for cephapirin, of 50 mA4 NH,OH resulted in highest ESP 
respectively. It was found that at higher solvent responses for [M-H]- ion for the three /I- 
pH, better ion currents were obtained from lactam antibiotics compared to the non-buffered 
selected antibiotics such as @lactams, amino- solution (pH 7). This observation is consistent 
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TABLE III 

COMPARISON BETWEEN DIFFERENT CAD VOLTAGES AND MOBILE PHASE ADDITIVES 

Averaged data from all five drugs. CAD voltage = voltage measured at the end of the capillary (Analytica, Model 101737); 
relative intensity = relative signal intensity of the [M + H]’ ion or [fragment]+ ion; penicillin G, m/z 33.5 and m/r 160; ampillicin, 
mlz 350 and m/z 106; amoxicillin, mlr 366 and mlz 349; cloxacillin, m/z 436 and mlz 277; cephapirin m/z 424 and mlz 111. 

Mobile phase additive in 
MeOH-Water (1: 1) 

Relative intensity (%) of [M + H]’ 
ion at CAD = 

Relative intensity (%) of [fragment]+ 
ion at CAD = 

+8OV +16OV +24OV +32OV +8OV +16OV +24OV +32OV 

None, pH 8.4 20 10 5 5 15 12 10 8 
+O.l% (v/v) TFA, pH 2.2 35 28 5 2 30 28 3 1 

+O.l% (v/v) FOA, pH 3.1 100 50 25 7 40 81 60 3 

+l% (v/v) HOAc, pH 3.4 75 57 38 8 48 100 47 18 
+50 mM NH,OAc, pH 7.1 35 12 5 2 20 42 6 2 
+50 mM NH,OH, pH 10.5 70 35 10 5 30 40 21 14 
+lO mM HFBA, pH 2.2 35 20 2 1 28 38 15 3 

with the formation of anions in solution for the 
samples analyzed but these negative ion ESP 
signals were only one-fourth as sensitive as the 
[M + H]+ peak in position ion ESP operation. 

HPLC-UV chromatograms 
Methodology was developed for the detection 

of the five /3-lactam antibiotics directly from milk 
ultrafiltrate by RP chromatography using W 
detection. Various elution systems consisting of 
MeCN, water, 1% (v/v) HOAc and 0.01 M 
NH,OAc were investigated for separation of the 
individual drugs from milk ultrafiltrate. The 
addition of NH,OAc to MeCN-water-HOAc 
mobile phase systems reduced the k’ values of all 
five drugs to under 6 and no baseline separation 
could be achieved. Removing the salt increased 
the k’ values and improved the peak symmetry. 
From the four tested mobile phase systems with 
20%, 30%, 40% and 50% (v/v) MeCN and 1% 
(v/v) HOAC in water an addition of 40% (v/v) 
organic resulted in a baseline separation of all 
five drugs in a reasonable run time (about 15 
min). Under these HPLC conditions the 
&lactam antibiotics were retained, permitting 

their separation from most bovine milk extract 
interferences and providing a clean analytical 
window for their detection. Fig. 3A shows the 
UV chromatogram generated at 230 nm of a 
blank milk ultrafiltrate. Chromatograms of 
bovine milk ultrafiltrate spiked with a concen- 
tration of 80 ppm of each drug are given in Fig. 
3B. The UV chromatogram of a synthetic mix- 
ture of 20 ppm of each drug reported in Fig. 3C 
showed a similar elution profile but a less intense 
solvent front at the beginning of the run. The 
average capacity factors of antibiotics in this 
mobile phase system were k; = 1.50, k; = 3.53, 
ki = 4.38, ki = 5.26 and kg = 8.17. 

HPLC-ESP-MS 
Full-scan mass spectra (m/z 200-450) were 

obtained by HPLC-ESP-MS in 40% MeCN with 
1% HOAc in water from injection of 500 ng per 
component. Fig. 4 displays the extracted ion 
current profiles of the five separated drugs 
(peaks l-5). Due to the 7O:l post-column split 
ratio, a longer elution time and a slight tailing of 
the peaks occurred. The determination in the 
selected-ion monitoring (SIM) acquisition mode 
of a blank milk ultrafiltrate (A), 143 pg per 
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Fig. 3. HPLC-UVchromatograms of (A) blank milk ultrafil- 
trate, (B) 40 ng of each drug spiked into milk ultrafiltrate, 
(C) synthetic mixture of 10 ng of each drug. Peaks: 1 = 
penicillin G; 2 = cloxacillin; 3 = cephapirin; 4 = amoxicillin; 
5 = ampicillin. Injection column 0.5 ~1; flow-rate 0.3 ml/min; 
A = 230 nm; AUFS = 1.0. 

component spiked milk ultrafiltrate (B) and 
synthetic mixture (C) of the five analytes is 
shown in Fig. 5. The 143 pg level corresponds to 
100% recovery from an injection of 0.5 ~1 of a 
200 ppm sample. For this amount injected, 
signal-to-noise ratios ranged from 2 for penicillin 
G, 2 for cloxacillin, 4 for cephapirin, 6 for 
amoxicillin, to 10 for ampicillin. In the SIM 
acquisition mode the [M + H]+ ion of each free 
drug was monitored and no interference from 
milk ultrafiltrate appeared. 

Linearity of the HPLC-ESP-MS method was 
determined by spiking drug standards in a con- 
centration of 20, 60, 80 and 200 ppm into blank 
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Fig. 4. Extracted ion current protiles of an HPLC-ESP-MS 
analysis of a synthetic mixture of the five analytes at a level 
of 7.1 ng per component corresponding to an on-column 
injection of 500 ng of each drug. Number at top right 
indicates ion counts. Peaks: 1 = penicillin G; 2 = cloxacillin; 
3 = cephapirin; 4 = amoxicillin; 5 = ampicillin. 

milk ultrafiltrate corresponding to 143, 428, 571 
and 1428 pg of each drug after splitting of the 
eluent from the HPLC system. Within this range 
I (n = 4) for penicillin G was 0.9997, for clox- 
acillin 0.9966, for cephapirin 0.9994, for amoxi- 
cillin 0.9979, and for ampicillin 0.9961 (Fig. 6). 

Approaches to determine ppb levels in complex 
matrices -preliminary experiment.9 

Determination at the levels of regulatory inter- 
est using this method would require on-column 
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Fig. 5. HPLC-ESP-MS reconstructed ‘total ion current 
profiles of (A) blank milk ultrafiltrate, (B) 143 pg of each 
drug in milk ultrafihrate, and (C) synthetic mixture of 143 pg 
of each drug in the SIM data acquisition mode. This corre- 
sponds to an on-column injection of 10 ng of each drug. 
Number at top right indicates ion counts. Peaks: 1= 
penicillin G; 2 = cloxacillin; 3 = cephapirin; 4 = amoxicillin; 
5 = ampicillin. 

detection of 5 pgIp1 penicillin G, 10 pg/pl of 
cloxacillin , amoxicillin, ampicillin, and 20 pg /CL 1 
of cephapirin according to the known tolerance 
levels for the particular drug used on dairy cows 
[47]. Ail of these amounts are currently below 
the instrument detection limits discussed above. 
To detect 5 ppb levels of these drugs, an injec- 
tion of about 30 ~1 is required to achieve a mass 
loading suitable for ESP-MS detection. Usually, 
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Fig. 6. Heights of peaks in total ion current profile versus 
amount for /3-lactam antibiotics introduced into the mass 
spectrometer. l = Penicillin G; + = cloxacillin; A = 
cephapirin; l = amoxicillin; 0 = ampicillin. 

an on-column concentration step is needed prior 
to elution at this higher injection volume [48]. 

Preliminary studies have demonstrated that 
p-lactam antibiotics can be concentrated directly 
on an analytical column from filtrates with a 
weak solvent such as water and eluted under 
isocratic conditions or with a solvent gradient. 
Similar approaches were already used successful- 
ly for determination of novobiocin [49], vir- 
giniamycin [SO] and tetracyclines [51]. Samples 
with high matrix interference can be treated 
under a procedure sometimes termed “heart- 
cutting” [17], and rechromatographed under 
different conditions. This approach has been 
successfully used for determination of penicillin 
G and lincomycin resides in milk and tissue [19]. 

Another possibility would be the utilization of 
a recently introduced mechanical vibration-as- 
sisted ESP source [52]. This ultrasonic mechani- 
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cal vibration nebulization-assisted electrospray 
(ultraspray) allows consistent charged droplet 
production less affected by solution flow rate, 
conductivity and solution chemistry than with a 
conventional ESP interface. The initial charged 
droplet size produced is primarily a function of 
the frequency of mechanical vibration. This new 
interface type has the advantage that it can 
directly operate at flow-rates up to 400 pl/min 
and the disadvantages stemming from a post- 
column splitting of the eluent would be omitted 
without loosing the ability to work with well 
suited and efficient 150 x 2 mm columns. The 
signal intensity of the [M + H]+ peak of 100 
nglyl penicillin G in MeOH-water (1:l) with 
addition of 1% (v/v) HOAc within the flow-rate 
range of 2-50 pl/min was nearly constant. 

To further investigate the feasibility of a direct 
HPLC-ESP-MS separation at flow-rates under 
10 pl/min, we also tested a packed RP capillary 

Fig. 7. Extracted ion current profiles of an microbore 
HPLC-ESP-MS analysis of a synthetic mixture of the five 
analytes at a level of 5 pglpl per component. Number at top 
right indicates ion counts of the particular mass peak seen in 
the ion trace. Peaks: 1= cloxacillin; 2=penicillin G; 3 = 
cephapirin; 4 = amoxicillin; 5 = ampicillin. 

column system operating at a flow-rate of 2-10 
pl/min [53] and, therefore, more favorable 
operation without splitting of the solvent flows. A 
synthetic mixture of 5 pglpl of each drug was 
eluted with the mobile phase containing 30% 
(v/v) MeCN and 1% (v/v) HOAc in water. The 
separation was performed on a 15 cm X 320 pm 
I.D. Fusica C,, capillary column. The void 
volumes of various parts (e.g., injector, transfer 
lines, connections, conventional stainless-steel 
electrospray needle and large injection volume) 
caused band broadening which reduced resolu- 
tion. Fig. 7 presents the ion trace of all five 
p-lactam drugs acquired under the SIM mode. 
Also, remarkable is the change in elution order 
of penicillin G and cloxacillin on the microbore 
column compared to the 2.1 mm I.D. column. 
To effectively pursue this promising small scale 
separation technique we are currently working 
on the reduction of void volumes which will 
improve spray formation and ESP ionization 
efficiency. 

CONCLUSIONS 

The HPLC-ESP-MS method described for a 
multiresidue analysis of /3-lactam antibiotics was 
developed based on preliminary flow injection 
and infusion experiments clarifying CAD and 
solvent dependence of the analysis. Due to the 
low flow-rate limitation required for successful 
ESP ionization, a post-column splitting of the 
eluent from the column was necessary. The 
lower amount of analytes entering the ESP 
interface also produced a necessary sacrifice of 
overall detection sensitivity. Therefore, the 5 
ppb level of regulatory interest was not reached 
with this method despite good chromatographic 
resolution of the analytes. 

Further improvements are suggested by discus- 
sing on-column concentration techniques and 
possibilities for an elimination of the eluent 
splitting prior to ESP ionization and MS detec- 
tion. So far, the use of a RP microbore HPLC 
column shows promising results if the chromato- 
graphic separation can be improved and void 
volumes reduced to reasonable levels. 

Future work will focus on the optimization of 
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instrumental parameters, improvement of ap- 
paratus performance, and evaluation of other 
chromatographic modes to multiresidue analysis. 
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