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a b s t r a c t

This study describes the ability of nanoscale liquid chromatography (nano-LC) coupled with UV or mass
spectrometry (MS) for the simultaneous determination of eight common penicillin antibiotics (amoxi-
cillin, ampicillin, penicillin G, penicillin V, oxacillin, cloxacillin, nafcillin and dicloxacillin) in commercial
samples (pharmaceuticals, milk, porcine tissues (liver and kidney)) for the first time. Material types of the
on-column polymeric frits (polystyrene-based and polymethacrylate-based monoliths) and the packed
stationary phase materials (C8 and C18 particles of 3 �m) used in the nano-LC for the influence of peni-
cillin separation were evaluated. The nano-LC and MS parameters such as the composition and flow rate
of mobile phase, capillary voltage and temperature of dry gas were examined in order to acquire high
separation resolution and detection sensitivity for penicillin analyses. Furthermore, a home-made in-line
filter (a nylon membrane of 0.2 �m pore size), was first used to connect with the flow cell of high sensitiv-
ity UV detector or the nanoelectrospray needle in MS detection. The result indicated it could effectively
improve the reproducibility of penicillin mass signals or prolong the lifetime of the flow cell. The nano-LC
methods provided good quantitative precisions in the range of 89.5–111.2% for UV detection at 0.5 �g/mL
penicillins, and 83. 1–94.9% for MS detection at 5 �g/L penicillins), respectively, as well as offered stable

retention repeatabilities (the relative standard deviation (RSD) of retention time was lower 0.30% in both
the UV and MS detections). Compared to other LC–MS methods, the proposed nano-LC systems provided
better detection sensitivity for these penicillins (the limits of detection (LOD) was of 2.27–4.06 �g/L for
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. Introduction

Penicillin antibiotics have been used extensively in both human
nd veterinary medicine practices to inhibit the infections of bac-
eria and fungi. Despite the positive effects of these antibiotics, the
ccurrence of penicillin residues in food or in discharge to aquatic
nvironment after consumption is a serious health hazard [1–4].
o far, most of the analytical methods reported in the literature for
enicillin group residue analysis are based on liquid chromatog-
aphy (LC)[5–23], in which only a few papers on the usage of LC
oupled with UV detection were reported because of poor detec-
ion sensitivities and qualitative abilities [22,23]. Although mass
pectrometry (MS) or tandem mass spectrometry (MS–MS) has
een employed as a major detection mode, however, inadequate

etection sensitivity is still a concern if no sample preconcentra-
ion method was employed (limits of detection (LODs) were around
3 �g/L for ion trap MS [6]). In order to improve the detection ability
or trace-level penicillins, a sample concentration step such as solid-
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phase or liquid–liquid extraction prior to LC separation is often
necessary, and in these cases their LODs were reduced to sub-�g/L
range [9–12,17,20].

Recently, a great amount of attention has been paid to the devel-
opment of capillary and nanoscale LC (capillary-/nano-LC) systems
because they can provide higher sensitivity than classic LC [24–26].
It has been reported that sensitivity can be improved hundreds of
times by using a 100-�m I.D. capillary column instead of a 4.6-mm
I.D. column [27,28]. In addition, the usage of capillary- or nano-
LC allows further reduction in solvent consumption and to make
possible the analysis of very small amount of solute. Because of
the use of a wide LC microspheres with high separation efficiency
for stationary phase, the packed column is major use of capillary-
/nano-LC and capillary electrochromatography (CEC) so far. In order
to retain successfully micrometer-sized particles inside narrow cap-
illary tubes, different retaining frits such as sol–gel or polymeric
frits have been proposed. Svec et al. first proposed macroporous

polymer frits in CEC by the UV photopolymerization of a solution
of glycidyl methacrylate and trimethylolpropane trimethacrylate
[29]. Recently, Rocco and Fanali showed the possibility to work
in CEC without external pressure but just used a packed capillary
with a polymeric frit [30]. These frits taken in capillaries to retain

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:hyhuang@cycu.edu.tw
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articles of chromatographic packing have been demonstrated to
e stable and reproducible. Compared to CEC, however, the usage
f polymeric frits in capillary-/nano-LC was not reported except
y Ding and co-workers [31]. In this case, an on-column frit was
repared by thermo-polymerization of a butylmethacrylate and an
thylenedimethacrylate solution.

To our knowledge, several high sensitivity nano-LC–MS methods
ave been reported for the analyses of pharmaceutical and biologi-
al compounds at trace levels [32–36]. As far as we know, however,
his type of penicillin antibiotic separations by capillary- or nano-LC
as not been reported to date [5–23].

In this study, analytical methods for the simultaneous separa-
ion and identification of penicillin residues in commercial products
pharmaceuticals, bovine milk, porcine tissues (liver and kidney))
ere developed based on both high sensitivity nano-LC–UV and
ano-LC–MS methods. Eight common penicillin antibiotics (naf-
illin, dicloxacillin, ampicillin, oxacillin, penicillin V, cloxacillin,
enicillin G, and amoxicillin) were chosen as analytes in this study.
100 �m I.D. capillary column packed with of 3 �m C8 or C18

ilica bonded stationary phase was used as separation column.
wo different polystyrene-based and polymethacrylate ester-based
orous monoliths were used as on-column frits, and their effects
n penicillin separations were compared. This polystyrene-based
olymeric monolith was first used as on-column frit of capillary
olumn either in CEC or capillary/nano-LC. Furthermore, several
arameters such as compositions of nano-LC mobile phase, MS
arameters and arrangement of capillary column coupled to nano-
lectrospray ionization (nano-ESI) source or UV detector (i.e., the
sage of a home-made in-line filter), were examined in order to
chieve optimal penicillin analyses.

. Experimental

.1. Chemicals and reagents

Dicloxacillin (Dic), ampicillin (Amp, pKa2 7.4), amoxicillin (Amo,
Ka2 7.20), cloxacillin (Clo), and penicillin G (PG) were purchased

rom Sigma (St. Louis, MO, USA). Penicillin V (PV) was bought
rom ICN (Bryan,OH,USA). Oxacillin (Oxa) was obtained from
luka (Buchs, Switzerland). Nafcillin (Naf) was purchased from MP
Eschwege, Germany). Since these penicillins have a carboxylic acid

oiety bonded to a thiazolidine ring in their structures, thus their
Ka (or pKa1) are around 2.6. The eight penicillin standards used as
ested analytes in the study were individually dissolved in deion-
zed water at a stock concentration of 2 mg/mL. C18 stationary
hase (Nucleosil, 3 �m I.D., 100 Å pore) was bought from CROM
Herrenberg, Germany). All other chemicals were reagent-grade.

.2. Sample pretreatment

Several commercial pharmaceutical, full-cream bovine milk and
orcine tissue (liver and kidney) samples used as testing samples
ere obtained from supermarkets in Taiwan. The pharmaceutical

amples were mixed with a suitable amount of deionized water and
onicated for 15 min. The resulting clear liquid was filtered through

0.2 �m membrane filter and it was then directly analyzed by
ano-LC without any other treatment. The extraction procedure for
orcine tissues and milk were followed the previous methods [8,17],
ut some part was modified in the study. Milk samples (20 mL) were
entrifuged by a high speed centrifuge (RC-5B, Sorvall Instrument,

averhill, MA, USA) for 30 min at 16,000 rpm (4 ◦C). The clear cen-

rifuged liquid was mixed with 0.1 M phosphate buffer (pH 8) in the
olume ratio of 1:1, and then diluted with the same volume of n-
exane followed with mixing with vortex for 10 min. The resulted
olution was centrifuged for 20 min at 16,000 rpm (4 ◦C). The clear
A 1216 (2009) 7186–7194 7187

aqueous layer was then collected and was ready for solid-phase
extraction (SPE) procedure described below.

C18 column (LC-18; Supelco, Bellefonte, PA, USA) used in SPE
was conditioned prior to use by washing with methanol (10 mL),
deionized water (10 mL) then followed with 0.1 M phosphate buffer
(pH 8, 10 mL). After the addition of the centrifuged aqueous phase,
the extraction column was washed with deionized water (2 mL)
followed with air flush to dry. The absorbed penicillins were then
eluted from the column with 5 mL of acetonitrile at a rate of approx-
imately 0.5 mL min−1. The eluted solution, which contained the
penicillins, was dried with nitrogen at 40–45 ◦C.

The porcine liver and kidney samples (2 g) were vortex-mixed
with 10 mL of methanol for 10 min. The mixture was centrifuged for
20 min at 6000 rpm. The clear liquid phase was collected and then
was dried with nitrogen at 40–45 ◦C.

The final dry extract (milk or porcine tissue) was dissolved with
20 mL of deionized water followed with a 0.2 �m membrane filtra-
tion, and then was ready to be analyzed by nano-LC.

2.3. Preparation of outlet frit and packed column

Two major steps are involved in the preparation of columns. The
first entails the in situ formation of porous monolith (the outlet frit)
inside a fused-silica capillary by using previously reported meth-
ods for the preparation of polymeric monolithic columns [37,38]. In
the second step, the fabrication of packed column is proceeded by
slurry packing procedure.

2.3.1. Pretreatment of capillary column
Fused-silica capillary was conditioned by washing first with

0.1 M sodium hydroxide (2 min), followed by deionized water
(10 min), and finally with methanol (2 min). After the capillary
was dried by N2 gas, it was filled by syringe injection with 3-
trimethoxysilyl propyl methacrylate (MSMA) mixed with methanol
in a volume ratio of 1:1. Both ends of the capillary were then sealed
and submerged overnight in a 35 ◦C water-bath. Finally, the capil-
lary was washed with methanol (5 min), then with water (5 min),
and dried by N2 gas.

2.3.2. On-column outlet frit
Two different porous monoliths, polystyrene- and poly-

methacrylate ester-based porous monoliths were used as
on-column frits of the packed column, and their preparation
was carried out according to the following procedure. Solution
composed of monomers, porogenic solvents and initiator (ben-
zoperoxide (BPO), 1.0% (w/w), of monomer) was used to prepare the
polymeric frits. The solution for polystyrene-based monolith was
made by mixing BPO, monomer solution (styrene (1200 �L) and
divinylbenzene (1800 �L)), and porogenic solvent (cyclohexanol
(1750 �L) and N,N-dimethylacetamide (1750 �L)). Alternatively,
the solution for polymethacrylate-based monolith was made
by mixing BPO, monomer solution (ethylene dimethacrylate
(914 �L) and butyl methacrylate (1611 �L)), and porogenic sol-
vent (n-propanol (3913 �L) and 1,4-butanediol (1262 �L)). The
mixture solutions were sonicated for 15 min until they became
homogeneous, then they were used to fill the preconditioned
capillary (15 cm) to a total length of 15 mm by syringe injection.
When both ends of the capillary were sealed with adhesive resin,
the capillary were submerged in a 70 ◦C water-bath for 17 h
(polystyrene-based monolith) or 20 h (polymethacrylate-based
monolith). An on-column monolithic frit of 1 mm was then fabri-

cated by using ceramic knife to cut the extra polymeric monolith
at the 14 mm position of the column. An LC pump was used to
wash the monolithic frit with methanol prior to introduction of
C18 stationary phase. The prepared on-column frits, polystyrene-
and polymethacrylate-based monoliths, were able to resist a high
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ressure of 5000 psi (340 bar). The pore size and the morphology
f the monolithic frits were studied with mercury intrusion
orosimetry (AutoPore IV 9500, Micrometritics, Norcross, GA, USA)
nd scanning electron microscopy S-4100 (Hitachi, Tokyo, Japan).

.3.3. Preparation of packed column
The pretreated column with outlet frit was then packed with

n ethanol slurry (25 mg/mL) of 3 �m C18 silica particles using a
C pump (Model 260D, ISCO, Lincoln, NE, USA) at 5000 psi for 2 h
hen followed by 1000 psi for 3 h. The packed column, which was
lled with silica particle bed, was cut at 10 cm in total length, and
as washed with methanol (20 min) and then water (20 min) at a

onstant pressure of 2000 psi using an LC pump. The packed capil-
ary with no inlet frit was directly connected to autosamplers, and
t could provide good performance and repeatability of replicated
eparations over 109 times. For example, randomly picking up run
, run 49 and run 109, the RSD of the plate numbers was in the range
f 1.78–4.16% for the eight analytes, while the RSD of the retention
ime was in the range of 0.46–0.87%. Once the capillary needed to
e removed from the autosampler, the flow rate of mobile phase
as first set as 0 �L/min, and took off the packed column after the

olumn pressure approached to 0 bar.

.3.4. Preparation of in-line filter
Before the packed column was coupled to UV detector or a nano-

lectrospray ionization source, a filter of nylon membrane (0.2 �m
ore size, 47 mm diameter, GE Water & Process Technology, West
akville, ON, USA) was inserted behind the outlet end of the packed
olumn without any adhesion. The column was then connected
irectly to the flow cell (UV detector) or the nanoelectrospray nee-
le (MS detector), this configuration can effectively improve the
enicillin signal stability and prolong life time of the flow cell and
anoelectrospray needle. This nylon membrane filter was called as

n-line filter in the study. This term was referred to previous reports
n LC, in which it was used to improve peak shape or to prevent col-
mn from particulates in LC system. Our home-made in-line filter
ad different design and much simpler than commercial product
39,40].

.4. Apparatus and operating conditions for nano-LC

All nano-LC experiments were performed with an UltiMate 3000
ano LC system (Dionex, Amsterdam, The Netherlands) equipped
ither with a UV detector model VWD-3000 (Dionex) or an ion trap
ass spectrometer model Esquire 2000 (Bruker Daltonics, Leipzig,
ermany). Both the nano-LC and UV detector was controlled by
hromeleon software suite (Dionex), whereas Data Analysis soft-
are was used for the mass instrumental control and MS data

nalysis. The Dionex UV detector that mounted with a z-shaped
ow cell (3 nL in cell volume and 10-mm in path length) was
xed at 200 nm. The ion trap mass spectrometer was coupled

o nano-LC system through an on-line nanoelectrospray (Bruker)
hen MS detection was used. A packed capillary column (10 cm

ength; 100 �m I.D.; 3 �m C18 silica particle) with an outlet frit of
olystyrene-based monolith was taken in separation column. The
ptimal gradient elution for penicillin separation was performed
ith an initial of 0% acetonitrile (i.e., 0.1% FA aqueous solution),

hen was linearly increased to a final of 90% acetonitrile in 20 min.
amples and standards were injected in the range of 0.05–1 �L by
utosamplers (Dionex) with 1 �L sample loop. The mobile phase
as renewed every 7 days.
The MS and MS–MS detection were performed in the MRM (mul-
iple reaction monitoring) mode. Since all penicillins had relatively
trong molecular ion signals which exhibited as [M+H]+ form, thus
hese molecular ion peaks (i.e., 366 m/z for amoxicillin, 350 m/z for
mpicillin, 351 m/z for penicillin V, 335 m/z for penicillin G, 402 m/z
A 1216 (2009) 7186–7194

for oxacillin, 436 m/z for cloxacillin, 470 m/z for dicloxacillin, and
415 m/z for nafcillin) were selected as monitored mass signals in
the following nano-LC–MS experiments. Positive ions were gener-
ated through the application of 1.8 or 1.5 kV for the spray needle
(New objective, Woburn, MA, USA), and end plate off-set was fixed
at −0.5 kV. Nitrogen gas was used as dry gas at 280 ◦C with a flow
rate 5 L/min, and no nebulization gas was needed for nano-LC–MS.
Scanning mass range was from 100 to 550 m/z with a maximum
accumulation time of 200 ms. Isolation time was determined by
the average migration time of each penicillin. Isolation width was
kept at 4 Da, and collision activation energy of 1 eV was used for
MS–MS detection. The MS–MS spectra of these penicillins showed
that each penicillin has a unique product ion spectrum, and the
result was consistent to that of previous LC–MS–MS result [16,17].

3. Results and discussion

3.1. Effect of types of on-column polymeric frits

In this study, a porous polymeric monolith was used for on-
column outlet frit to retain C18 silica particles of 3 �m I.D.
within the capillary. Two monolithic polymers, polystyrene- and
polymethacrylate-based monoliths, were used as porous frits, and
their influence on penicillin separation was compared. The results
indicated that no obvious difference in penicillin separation was
observed when either the polystyrene- or polymethacrylate-based
monolith was employed as the outlet frit (Fig. 1a). The results of
the monolithic pore size measured by mercury intrusion porosime-
ter indicated that the polystyrene-based monolith had a smaller
pore diameter and narrower pore size distribution when com-
pared to that of polymethacrylate type (for example, 67.8 nm vs.
80.5 nm, Fig. 1b). As a result, the polystyrene-based monolithic frit,
which may possibly provide a better retaining ability for C18 silica
particles, was used in the study. When only a polystyrene-based
monolithic frit was present inside the capillary (i.e., no C18 parti-
cle was exist) during penicillin separation, the result demonstrated
that the porous frit had a relatively weak separating ability for these
penicillins (Fig. 1a, the lowest profile). Consequently, the short poly-
meric monolith inside the capillary was simply used to retain the
C18 particles, and the penicillin separation in the packed column
was mainly relied upon the reversed-phase partition between the
C18 particles and mobile phase.

3.2. Effect of nano-LC chromatographic parameter on penicillin
separation

In the proposed nano-LC method, several chromatographic
parameters such as stationary phase material, gradient elution pro-
gram and column temperature had to be examined in order to
successfully separate the eight penicillins. Previous LC methods
studied on penicillin analyses all used C18 silica particles as sta-
tionary phase, but no C8 stationary phase was employed. Thus, the
influence of stationary phase type (C8 and C18 silica particles) on
penicillin separation was evaluated. Under the same gradient con-
dition, the C18 stationary phase provided a baseline separation for
the eight analytes, and a higher separation efficiency was achieved
especially for both Amp and Amo pencillins when compared to
that of C8 packed column (for example the smallest plate height
was 4.3 × 10−5 cm for Amp, and 9.3 × 10−5 cm for Amo). Thus, the
packed column prepared by C18 stationary phase was employed in
the study.
Next, gradient elution program used in the nano-LC was studied
in order to optimize penicillin separation. A binary gradient com-
posed of 100:0 0.1% FA aqueous solution/acetonitrile was used as
the initial condition, and the mixture was varied linearly to a mobile
phase composed of 10:90 0.1% FA aqueous solution/acetonitrile (i.e.,
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Fig. 1. Effect of different on-column frits on penicillin separation. (a) The chro-
matograms of nano-LC–UV were obtained by a 10-cm C18 packed column with
polystyrene-, polymethacrylate-based monolithic frit, or by only polystyrene-based
frit without C18 particles. The distribution of the polymeric frit pore size measured
by mercury intrusion porosimeter is shown in (b). An initial 0% acetonitrile (i.e.,
0.1% FA aqueous solution) was used, then it was linearly increased to a final of 90%
acetonitrile in 20 min with a flow rate of 0.2 �L/min, and this was employed as the
g
a
s
(

fi
m
i
a
r

Fig. 2. Effect of column temperature on penicillin separation in the nano-LC–UV
system. The column temperature was varied in the range of 20–40 ◦C. The plot of the
radient elution program in the nano-LC system. The column temperature was kept
t 25 ◦C; 200 nm wavelength was used for penicillin detection; and the amount of
ample injection was maintained at 0.05 �L. Amo (1), Amp (2), PG (3), PV (4), Oxa
5), Clo (6), Naf (7) and Dic (8).
nal condition) at various ramping time (5–20 min). The measure-
ents were finally performed with ramping time of 20 min, because

t enhanced peak intensity and provided better resolutions for the
nalytes, even though this ramping time of 20 min caused a longer
etention time (∼40 min). The flow rate that was used for conduct-
plate number (N) of Amo and Amp vs. column temperature, and the chromatograms
of penicillins are shown in (a) and (b), respectively. A 10-cm C18 packed column
with polystyrene-based frit of 1 mm in length was used as the separation column.
All other conditions were the same as in Fig. 1.

ing mobile phase was also varied, and with an increase in the flow
rate of mobile phase from 0.15 to 0.35 �L/min, the separation was
speed up from 50 to 27 min. Since the nano-LC system employed a
100 �m I.D. capillary as separation column, a larger flow rate was
likely to lead a higher column backpressure. As a result, the binary
gradient elution was carried out at a flow rate of 0.2 �L/min in the
study. Further trial was conducted to determine the effect of column
temperature on analyte separation. The column temperature was
controlled by oven in the study. Interestingly, the use of 20 ◦C led to
an increase in the separation efficiency and reduced the retention
time for Amo (the plot of the theoretical plate number (N) of Amp
and Amo vs. column temperature is shown in Fig. 2), whereas the
separation of the other seven analytes was not altered by column
temperature. Both Amo and Amp, which carried positive charges
in the mobile phase composed of 0.1% FA, have the same struc-
ture except for an extra hydroxyl group bonded to the benzene
ring on Amo (Fig. 2). A higher column temperature likely caused
the hydroxyl moiety to dissociate in a larger extent, and thus more
hydrophilic and charged Amo zwitterions were formed inside the
column. These charged Amo should not follow a reversed partition
with the C18 particles, thus a broader peak shape observed in high
temperature for Amo was reasonable. Consequently, the nano-LC
was performed under 20 ◦C column temperature.

3.3. Effect of nano-LC mass spectrometer parameter

Next, an attempt was made to develop a nano-LC separation
combined mass spectrometric detection for the eight penicillins.
The composition of mobile phase used in nano-LC such as acid
type (FA or acetic acid) and acid concentration (0.01, 0.1 or 1.0%
FA) were varied, and their influence for penicillin’s mass signal was
compared. Since the optimal mobile phase solution for penicillin
separation proposed in the above nano-LC–UV system (i.e., Section
3.2) with an initial of 0% acetonitrile (i.e., 0.1% FA aqueous solu-
tion), then was linearly increased to a final of 90% acetonitrile in
20 min, provided the highest mass sensitivities, and thus was also
employed as the running solution in the following nano-LC–MS

system. Several instrumental parameters of mass spectrometer
including capillary voltage, flow rate and temperature of dry gas,
were evaluated in order to acquire the highest mass signals for the
eight tested compounds. The results indicated that positive ions of
the eight penicillins were readily generated through the applica-
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ion of 1.8 or 1.5 kV (i.e., capillary voltage) for the spray needle in
he nano-ESI source, however, the use of 1.8 kV (vs. 1.5 kV) led to an
ncrease in signal intensity for Amo and Amp by 34.1% and 59.7%,
espectively, but the signal intensity decreased by 14.0% to 54.0% for
he other six penicillins. These observations were likely due to that
oth Amo and Amp were eluted out of the LC capillary with a mobile
hase composed of higher aqueous solution when compared to that
f other analytes, thus a higher capillary voltage was necessary for
mo and Amp. As a result, a capillary voltage of 1.8 or 1.5 kV was
sed to apply to the spray needle in order to obtain the best mass
ignals (1.8 kV for Amo and Amp, and 1.5 kV for the other six tested
nalytes). In addition, nitrogen gas was used as desolvation gas (i.e.,
ry gas) at a flow rate of 1–7 L/min (1, 3, 5 and 7 L/min). Basically,
ll of the analytes’ signals were enhanced with dry gas flow rate
hen it was increased from 1 to 5 L/min. Once the flow rate of dry

as was higher than 5 L/min, the analyte signals of most penicillins
ecame small except for Amp, however, the signal to noise ratio
S/N ratio) of Amp was not further enhanced when the dry gas flow
ate was more than 5 L/min. Consequently, the flow rate of dry gas
as kept at 5 L/min in the study, where all analytes had the highest
ass signal to noise ratio. Subsequently, the temperature of dry gas

n the nano-ESI also needed optimization in order to achieve stable
ass signals. The results showed that the mass signals of penicillins

aried with the temperature of dry gas, and higher mass signal was
lso obtained when the temperature of dry gas was kept either at
80 or 280 ◦C. Since 280 ◦C provided a higher signal stability, thus
t was chosen as the optimal dry gas temperature.
.4. Effect of nylon membrane filter on the stability of penicillin
ignals

So far, the operation conditions for nano-ESI coupled to MS
ave been optimized by the previous examination in the study. The

ig. 3. Effect of in-line filter on mass signal stability of penicillins under nano-LC–MS. Chro
n-line filter. Penicillins were determined by ion trap mass spectrometer under the scanni
t (a) 1 �g/mL, and (b) 50 �g/L (5 �g/L for Amp and Naf) for each analyte. The amount of
L/min and 180 ◦C, respectively. All other conditions were the same as in Fig. 2.
A 1216 (2009) 7186–7194

repeatability of the proposed nano-LC–MS method had to be eval-
uated prior to applying it in routine analysis. The results, however,
indicated that the mass signal intensities significantly decayed with
the operation time of this nano-LC–MS (Fig. 3a). In order to make
sure the decrease of mass sensitivity was not owing to the use of a
home-made packed capillary as the separation column in the nano-
LC system, thus a commercial C18 capillary column (LC Packings,
Dionex) was used instead of the home-made capillary. Unfortu-
nately, similar signal decay was still observed in the commercial
C18 column. This phenomenon was possibly due to the spray needle
used in the nano-ESI becoming blunt after repeated applied volt-
age or was clogged by some particulates produced in the nano-LC
system. Similar to an in-line filter used in traditional LC system, in
which some particulates can be avoided from clogging the separa-
tion column, in the case a nylon membrane filter (0.2 �m pore size),
it was considered to play the function of in-line filter in the nano-
LC–MS. This nylon membrane filter was placed between the C18
separation column and the spray needle of nano-ESI without adhe-
sive (its configuration was shown in Fig. 4), and the reproducibility
of mass sensitivity of all penicillins was markedly improved by the
usage of the in-line filter (Fig. 3b). Note that the standard concen-
tration for Fig. 3a was 1 �g/mL, while it was 20 or 200 times lower
for Fig. 3b (i.e., 50 �g/L (5 �g/L for Amp and Naf)). Furthermore, the
retention time of the tested analytes was not altered by the inser-
tion of this nylon filter. On the other hand, the in-line filter behind
the chromatographic column was also used to couple with the flow
cell of high sensitivity UV detector, in which there were very low
inner volume (3 nL) and narrow connection tube (<20 �m I.D.) in

the flow cell. The images of scanning electron microscopy (SEM) or
optical microscopy (Fig. 4b) also indicated that the nylon filter had
the smallest interval between the linked nodules when compared
to that of the packed material and on-column polymeric frit. Thus,
this in-line filter should effectively avoid some particulates from

matograms were obtained (a) without, and (b) with nylon membrane filter used as
ng mode of precursor ion. The concentration of penicillin standard was maintained
sample injection was 0.5 �L; the flow rate and temperature of dry gas were kept at
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ig. 4. Schematic diagram of an in-line filter connected with the C18 capillary colum
eedle through a nylon filter. SEM or optical microscope images of C18 particles, on

ntering the spray needle or the flow cell, and prevent them from
eing clogged. This study demonstrated that the usage of in-line fil-
er could further prolong the lifetime of the expensive spray needle
nd flow cell.

.5. Comparison of nano-LC–UV and nano-LC–MS for penicillin
nalyses

The qualitative and quantitative performance of the proposed
ano-LC–UV and nano-LC–MS methods under optimal conditions
re shown in Tables 1 and 2, respectively. The LODs of penicillin
ntibiotics were in the range of 2.27–4.06 �g/L for UV mode, and
.01–0.51 �g/L for MS mode (S/N = 3). Compared to the detection
ensitivity of penicillins obtained with the UV detection, the nano-
C–MS method provided about 4- to 340-fold reduction in detection
imit and without loss of separation resolution. Previous LC–MS
tudies on the analyses of these penicillin compounds reported
heir detection limits to be around 43 �g/L when no sample precon-
entration method was employed [6]. In the best case, the detection
imits of penicillins were reduced to 0.1–2.1 �g/L range if SPE sam-
le concentration step or high sensitive mass spectrometry such as
riple quadrupole (QqQ) and quadrupole time of flight (Q-TOF) was
sed in LC–MS system [9–12,16,17,20]. Consequently, the nano-LC
ethods from this study did provide better detection ability for the

nalysis of penicillin compounds when either UV or MS spectrom-
ter was employed as the detection mode. In addition, the RSDs of
eak area on LC–MS method were in the range of 1.87–6.88%, and
.54–7.92% at the penicillin standards of 5 and 25 �g/L, respectively
n = 5). On LC–UV method, they were of 0.17–1.03%, and 0.11–1.10%
t 1.0 and 2.5 �g/mL penicillins, respectively (n = 5).
The quantitative precisions of the nano-LC methods are also
hown in Table 3, that were comparable with previous LC–MS works
in the range of 74–115%) [6,12,16–18,21]. The results indicated
hat both nano-LC–UV and nano-LC–MS methods could be used to
etermine penicillin antibiotics in samples with satisfactory recov-
spray needle. (a) A 10-cm C18 packed capillary was coupled with a nano-ESI spray
n frit and nylon filter are shown in (b).

eries. Consequently, the above results indicated that the proposed
nano-LC–UV and nano-LC–MS methods should be acceptable for
the detection of trace-level penicillins. Compared to conventional
LC–UV or LC–MS method, the proposed nano-LC methods had a
higher separation efficiency (N > 260,000 plates for penicillin com-
pounds except for Amo (8000 plates) and Amp (33,000 plates), and
better selectivity (baseline separation for all of the eight penicillins),
even a longer separation time (42 min in the study vs. 35 min in the
previous report [18]). In this study, the nano-LC separation con-
ditions were optimized to obtain the best resolution and baseline
separation for the eight penicillins. With a mass selective second
dimension (mass extraction), however, the high resolution separa-
tion would not be necessary if components have different masses.

3.6. Real sample separation by optimal nano-LC methods

The chromatograms of penicillin standards and commercially
available samples (pharmaceuticals, milk and porcine tissues (liver
and kidney) derived by the optimal nano-LC methods are shown
in Fig. 5 (chromatograms shown on the top were measured by UV
detection, and others was obtained by MS detection). The penicillin
compounds in all real samples were identified carefully by migra-
tion times and/or comparisons of parent ion spectra (MS spectra)
and product ion scan spectra (MS–MS spectra). The result indi-
cated that Amp or Dic was determined by this nano-LC method
without any interference as the penicillin compounds present in
the pharmaceutical and porcine tissue samples (Fig. 5a–c medium
and right profiles), but no penicillin residues was founded in the
two tested bovine milk samples (Fig. 5d, left). In addition, in
order to examine the separation and detection ability for all peni-

cillin compounds, milk sample (free-penicillin antibiotics) spiked
with eight penicillins of 5 �g/L was also separated by the nano-
LC method. Consequently, these trace-level penicillin compounds
in the milk sample were successfully determined by the nano-LC
method either in MS (Fig. 5d) after a simple SPE. In this case, the
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Table 1
Qualitative and quantitative performance of nano-LC–UV for penicillin compounds.

Penicillin compounds Nano-LC–UV

LODa (�g/L or pg)
(S/N = 3)

LOQa (�g/L or pg)
(S/N = 10)

Retention timea

(min) (RSD%)
Repeatability of peak areab (RSD%) Calibration curvesc Coefficient of

determination for
calibration curves (r2)

Standard deviation
of slope (Sm)

Standard deviation
of intercept (Sb)

Concentration level 1 Concentration level 2

(1) Amoxicillin 4.06 13.54 22.82 (0.27) 0.44 0.35 y = 8.8398x + 1.3519 0.998 0.26 0.69
(2) Ampicillin 3.45 11.50 26.78 (0.05) 0.37 0.56 y = 6.1608x + 0.5821 0.999 0.13 0.33
(3) Penicillin G 2.54 8.47 36.46 (0.07) 0.64 1.10 y = 5.4067x + 0.942 0.997 0.18 0.46
(4) Penicillin V 2.45 8.17 37.83 (0.07) 0.63 0.59 y = 5.9082x + 1.9451 0.998 0.17 0.44
(5) Oxacillin 2.40 8.01 38.55 (0.06) 0.17 0.14 y = 7.0923x + 1.6906 0.995 0.28 0.71
(6) Cloxacillin 2.35 7.83 39.47 (0.06) 0.37 0.12 y = 6.3412x + 1.3143 0.996 0.22 0.56
(7) Nafcillin 2.32 7.73 39.99 (0.06) 1.03 0.17 y = 4.2043x + 1.1629 0.999 0.07 0.17
(8) Dicloxacillin 2.27 7.57 40.81 (0.08) 0.46 0.11 y = 7.0916x + 1.5069 0.997 0.22 0.55

a Values were determined by 2.5 �g/mL of each penicillin standard in a 1 �L loop with full loop injection for nano-LC–UV. The values in parentheses are the relative standard deviations of retention times. N = 5.
b The values were the relative standard deviations of peak area obtained at 1 �g/mL (concentration level 1) and 2.5 �g/mL (concentration level 2) of each penicillin standard (n = 5), respectively.
c The calibration curves were constructed from three replicate measurements at each concentration in the range of 0.05–5 �g/mL(0.05, 0.5, 1, 2.5 and 5 �g/mL) for nano-LC–UV.

Table 2
Qualitative and quantitative performance of nano-LC–MS for penicillin compounds.

Penicillin compounds Nano-LC–MS

LODa (�g/L or pg)
(S/N = 3)

LOQa (�g/L or pg)
(S/N = 10)

Retention timea

(min) (RSD%)
Peak area repeatabilityb (RSD%) Calibration curvesc Coefficient of

determination for
calibration curves (r2)

Standard deviation
of slope (Sm)

Standard deviation
of intercept (Sb)

Concentration level 1 Concentration level 2

(1) Amoxicillin 0.29 0.97 22.9 (0.24) 3.68 4.75 y = 62.586x + 0.0883 0.994 2.75 0.13
(2) Ampicillin 0.01 0.04 27.1 (0.17) 6.32 3.54 y = 386.79x + 0.0258 0.997 11.46 0.05
(3) Penicillin G 0.16 0.54 36.6 (0.12) 1.87 4.30 y = 26.94x + 0.0271 0.998 0.63 0.03
(4) Penicillin V 0.51 1.71 38.0 (0.12) 5.32 3.63 y = 9.5619x + 0.0132 0.997 0.33 0.02
(5) Oxacillin 0.15 0.48 38.8 (0.14) 6.88 7.92 y = 39.551x - 0.0047 0.999 0.79 0.04
(6) Cloxacillin 0.26 0.87 39.7 (0.11) 2.93 7.72 y = 21.885x + 0.0172 0.997 0.69 0.03
(7) Nafcillin 0.07 0.23 40.2 (0.00) 4.25 6.34 y = 82.701x + 0.0044 0.996 2.99 0.01
(8) Dicloxacillin 0.44 1.46 41.1 (0.11) 5.41 6.92 y = 9.9067x + 0.0208 0.991 0.54 0.02

a Values were determined by 2.5 �g/L of ampicillin and nafcillin standards, and 25 �g/L of other penicillin standards in a 1 �L loop with full loop injection for Nano-LC–MS. The values in parentheses are the relative standard
deviations of retention times. n = 5.

b The values were the relative standard deviations of peak area obtained at 5 �g/L of each penicillin standard (0.5 �g/L for ampicillin and nafcillin) (concentration level 1), and 25 �g/L of each penicillin standard (2.5 �g/L for
ampicillin and nafcillin) (concentration level 2) (n = 5), respectively.

c The calibration curves were constructed from five replicate measurements at each concentration in the range of 0.1–10 �g/L (0.1, 0.25, 0.5, 2.5 and 10 �g/ml) for ampicillin and nafcillin standards, and 1 to 100 �g/L (1, 2.5, 5,
25, and 100 �g/L) for other standards in the nano-LC–MS.
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Table 3
Qualitative precisions of nano-LC methodsa.

Penicillin compounds Nano-LC–UVb Nano-LC–MSc

Recovery 1 (spiked 1 �g/mL) (%) Recovery 2 (spiked 0.5 �g/mL) (%) Recovery 1 (spiked 25 �g/L) (%) Recovery 2 (spiked 5 �g/L) (%)

(1) Amoxicillin 110.8 (0.75) 89.5 (1.60) 114.5 (8.26) 87.7 (2.52)
(2) Ampicillin 103.58 (0.81) 100.4 (1.27) 109. 5 (9.00) 85.97 (6.79)
(3) Penicillin G 115.3 (0.55) 96.6 (0.38) 99.9 (9.70) 86.0 (8.03)
(4) Penicillin V 111.9 (0.08) 111.2 (0.59) 108.2 (9.71) 90.4 (9.34)
(5) Oxacillin 115.4 (1.07) 105.0 (0.90) 103.3 (1.72) 89.7 (8.55)
(6) Cloxacillin 115.7 (0.34) 108.87 (1.01) 117.2 (7.88) 94.9 (7.22)
(7) Nafcillin 109.5 (0.60) 96.7 (1.25) 115.0 (3.77) 83.1 (6.78)
(8) Dicloxacillin 113.6 (0.62) 108.4 (1.10) 113.8 (5.77) 89.4 (7.11)

a n = 3. The values in parentheses are the relative standard deviations of recovery. Recovery = (penicillin concentration obtained by nano-LC/spiked concentration of penicillin
standard) × 100%.

b The penicillin standard level of 1 or 0.5 �g/mL was repeatedly quantified on 3 different days by the nano-LC–UV method through the same calibration curves.
c The penicillin standard level of 25 �g/L (2.5 �g/L for ampicillin and nafcillin)(recovery 1) or 5 �g/L (0.5 �g/L for ampicillin and nafcillin) (recovery 2) was repeatedly

quantified by the nano-LC–MS method through the same calibration curves.

Fig. 5. The chromatograms of penicillin standards or commercial products determined by nano-LC methods. Penicillin signals were acquired by (a) UV (200 nm), and (b–d)
MS detection. The concentration of penicillin standard was maintained at (a, left) 1 �g/mL, and (b–c, left) 25 �g/L (2.5 �g/L for Amp and Naf) for each analyte. Mass signal
was determined by the precursor ions (b and d), and product ions (c). Samples were prepared by the procedure described in the Section 2. The amount of sample injection
w , respe

S
fi
t
c
b
s
p

as 1 �L; the flow rate and temperature of dry gas were kept at 5 L/min and 280 ◦C

PE step was taken in sample cleanup and matrix reduction, but the
nal dry extract was still dissolved with 20 mL of deionized water
hat had the same volume with the original sample. Thus the peni-
illin concentration in sample injection solution was not enhanced
y the SPE step. By this way, that could clarify the high detecting
ensitivity of the nano-LC method for the analysis of trace-amount
enicillin antibiotics in the real samples.
ctively. All other conditions were the same as in Fig. 1.

4. Conclusion
In this paper, a highly sensitive nano-LC method was devel-
oped for analyzing trace-level penicillin-related antibiotics present
in several commercial products. The composition and flow rate of
mobile phase, and column temperature were found to have appar-
ent influences on penicillin separation in this nano-LC system. Mass
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