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Abstract

In the present work, isoelectric pointlfseparation of proteins by pH-gradient ion-exchange chromatography (IEC) on packed capillary
columns is demonstrated. The development of a miniaturized flow-through pH probe for reliable pH monitoring of the column effluent,
which was an important technical challenge for adapting this technique to capillary dimensions, was solved by designing a low microliter per
minute flow rate housing to a commercially available micro pH probe. Highly linear outlet pH-gradients within the pH range 8.5-4.0 were
obtained when applying simple inexpensive buffers consisting solely of piper&kimethylpiperazine and imidazole on 10 cn0.32 mm
i.d. fused silica capillaries packed with anion-exchange poly(styrene divinylbenzene)-based macroporous materials, Mari®OP from
Amersham Biosciences and Lth PL-SAX from PolymerLabs. Furthermore, when using a pH-gradient from 6.8 to 4.3, both columns were
able to baseline separate the A and B genetic variangsla¢toglobulin, which differ with two amino acid residues only, but the PL-SAX
column provided almost a two-fold decrease in peak widths compared to the Mono P column. The influence of varying the buffer concentration,
injection volume and column temperature on the peak widths and resolution gfllcéoglobulins was investigated, e.g. a 10@ample
of dilute -lactoglobulins was injected directly on the column with practically no increase in peak width as compared to what obtained with
conventional injection volumes. Finally, a pH-gradient from 6.8 to 4.3 was used to separate proteins in skimmed bovine milk on the PL-SAX
column. The milk was simply diluted 1:10 (v/v) with water and filtrated before injection.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction more or less equal to theit galues, i.e. retained when pH
pI and non-retained when pH pl, and thus finally elute
lon-exchange chromatography (IEC) is a versatile separa-in order of the p values. In other words, pH-gradient IEC
tion principle for proteins due to its applicability for several combines the characteristics of isoelectric focusing (IEF)
classes of proteins, high resolution, simplicity, good repro- and the simplicity of chromatographic techniques to yield a
ducibility, and not to forget, the possibility of performing the  separation technique capable of high resolution of proteins.
separation under nearly non-denaturing conditions. Nowa- However, despite this features, the use of pH-gradient IEC
days, salt-gradient IEC is commonly applied for separation has been relatively limited, primarily because it is a more
of proteins, but when compared to pH-gradient IEC, the lat- delicate technique than salt-gradient IEC, but also because
ter technique has two prominent features: (1) the proteinsit generally has been difficult to obtain reproducible, linear
are eluted roughly in order of their isoelectric points\pl- outlet pH-gradients.
ues), and (2) the proteins are focused in narrow bands during |n the late 1970s, Sluyterman and co-workégis-5]
the separation, which give better peak shapes than usuallydescribed a form of pH-gradient IEC that utilized the
observed in salt-gradient IEC. By using a gradient pump to puffering capacity of the column to generate linear outlet
generate a pH-gradient over the ion-exchange column, thepH-gradients without external mixing of the buffers, which
individual proteins will focus in narrow bands where pH is  they termed chromatofocusing (CF). CF is most commonly
performed by titration of a weak anion-exchange column,
* Corresponding author. Tel:47-22-85-55-84; faxs-47-22-84-40-77.  €.9. DEAE-functionalized cellulose, which has initially
E-mail addressthan@kjemi.uio.no (T. Andersen). been equilibrated with start buffer (high pH) and loaded
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with the protein sample, with an elution buffer (low pH). Although Hirose and Ishij17-19]and Li et al.[20] have
To obtain as linear pH-gradients as possible, and hencedemonstrated capillary CF of proteins on particulate and
larger peak capacity, the buffers usually contain mixtures monolithic anion-exchange materials, respectively, no stud-
of polyampholytes with differentk, values to get an even ies, to the authors’ knowledge, have been published on
buffering capacity over the chosen pH range. However, CF capillary pH-gradient IEC. Miniaturized pH-gradient IEC
has unfortunately several important limitations. Primarily, has the potential of becoming an important tool within pro-
polyampholyte buffers may cause poor chromatographic teomics, not only for off-line pfractionation of small pro-
reproducibility because of batch-to-batch variability in the teins amounts, but also as a highly efficient reversed-phase
chemical composition of polyampholyte mixtures. They are LC compatible dimension in capillary two-dimensional
also often difficult to remove from isolated proteins due to LC-LC—electrospray ionization M321-23] Thus, the
formation of association complex§®], and they give high  main objective of the present study was to explore the
background absorption with UV detection. Secondly, CF capabilities of this technique for high-performance, sen-
also suffers from the inflexibility in choice of buffer concen- sitive separation of proteins when using a combination
trations. The technique is restricted to low concentrations of anion-exchange packed capillary columns and simple
of polyampholyte buffers in the mobile phase, i.e. typi- amine buffers. Bovine milk proteins were chosen as model
cally 2.5-5mM, since higher concentrations usually give proteins due to well-defined isoelectric characteristics and
steep pH-gradients and consequently poor resolution of theeasy accessibility. Besides, a second objective was to de-
proteins. Thus, linear pH-gradients are not straightforward velop a miniaturized flow-through pH probe for on-line pH
to generatg[7], and moreover, possible chromatographic monitoring of the column effluent.
gains using higher buffer concentrations cannot be realized.
Therefore, several researchers have investigated alternative
buffer compositions for generation of linear pH-gradients 2. Experimental
without external mixing of the buffers. For example, Hearn
and Lyttle [8], and Hutchens et al[9,10] used a large  2.1. Chemicals and materials
number of carefully chosen low buffering species in
the elution buffer to create multi-step pH-gradients that, in  Bovine B-lactoglobulins A and B were obtained from
practice, performed as linear gradients. Bates and [ArHy Sigma—Aldrich Chemie (Steinheim, Germany). Imidazole
on the other hand, used amine buffering species with mini- and 99% piperazine were purchased from Sigma—Aldrich
mal adsorption on a hydrophilic weak-base anion-exchangeChemie, while 99-% N-methylpiperazine was purchased
column, and thus utilized solely the buffering capacity of from Acros Organics (Geel, Belgium). Water was purified in
the stationary phase to create retained linear pH-gradients. the laboratory with a Milli-Q Ultrapure water system (Mil-
While CF generally exploits the buffering capacity of the lipore, Bedford, MA, USA). 10 micron PL-SAX particles
ion exchanger to obtain a retained intra-column pH-gradient, with an average pore diameter of 1000 A were purchased
the opposite should be stressed in pH-gradient[[EX]. Re- from Polymer Labs (Church Stretton, UK), while jén
cently, Liu and Andersoifil3,14] and Shan and Anderson Mono P particles were obtained by emptying a Mono P 5/50
[15,16] used pH-gradient IEC, which they termed gradient GL column purchased from Amersham Pharmacia Biotech
CF, to overcome many of the shortcomings of CF. They (Uppsala, Sweden). Polyimide-coated fused silica capillaries
used ion-exchange materials with small buffering capacities (0.32 mmid. x 0.45mm od.) were obtained from Polymi-
in the applied pH range in combination with buffer compo- cro Technologies (Phoenix, AZ, USA).
nents that are not adsorbed on the ion-exchange column, e.g.
amine buffering species on anion-exchange materials. Un-2.2. Miniaturized flow-through pH probe
der such conditions, the contribution from the column itself
to the delay of the pH-gradient is minimal. Consequently, In order to achieve on-line pH monitoring of the effluent
the outlet pH-gradient will roughly reflect the pump settings, from the capillary IEC system, a miniaturized flow-through
which gives enhanced flexibility in controlling the slope of pH probe was developed by constructing a modified version
the pH-gradienf13-16] In contrast to CF, pH-gradient IEC  of the plexiglass housing for the Micro Flow-through pH
also allows the use of high buffer concentrations without af- probe from Lazar Research Labs (Los Angeles, CA, USA)
fecting the slope of the pH-gradient. Accordingly, improved (Fig. 1). Unfortunately, the internal dead volume of the Plex-
chromatographic performance can be obtained with only a iglass housing could not be made as small as desirable, since
few common buffer components, while still attaining the the diameter of the micro pH probe glass membrane was rel-
characteristic focusing effect of the protein bands. atively large (approximately 8 mm). The internal dead vol-
During the last few years, packed capillary LC has ob- ume, including the dead volume of the transfer line from the
tained increasing attention since chromatographers are conUV detector, which was calculated to approximatelyul5
tinuously confronted with applications where only minute consequently caused a delay of the pH-gradient with respect
sample amounts are available for analysis, e.g. in studies ofto the UV chromatogram (e.g. a 2.5 min delay ai &in—1).
differential expression of proteins from whole cell lysates. With the pH-gradient slopes obtained in this study, a 2.5 min
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1 NOT TO SCALE with a 15 cmx 100pm i.d. fused silica capillary. The minia-
: turized flow-through pH probe was coupled on-line to the
’ | | ! UV detector with a 25cnx 50um i.d. fused silica capil-

lary. The capillary columns were prepared by packing the
ion-exchange materials into 10 cr0.32 mm i.d. fused sil-

ica capillaries using a downward high-pressure liquid slurry
technique that has been developed in the laboratory. Finally,
the columns were equilibrated with start buffer for approx-

pH- : PLEXIGLASS
ELECTRODE 2 HOUSING
o |

- imately 30 min before use.

B

| GLASS 2.4. Preparation of buffers and milk samples
MEMBRANE

: Five hundred mM stock solutions of piperazine,
FS CAPILLARY N-methylpiperazine and imidazole were prepared by dis-
e solving appropriate amount of each buffer in 100 ml Milli-Q
water. The stock solutions were filtered through Qu#%
Minisart-plus filters (Sartorius, Géttingen, Germany) and
| stored at 4-8C for no more than 2 weeks. Working buffer
FROM UV-DETECTOR solutions were prepared by appropriate dilution of the stock
Fig. 1. The miniaturized flow-through pH probe. solutions with Milli-Q water to desired buffer concentra-
tions, and then titrated with 1.0 M HCI to obtain the desired
) ~ pH. The working buffers solutions were degassed with
delay at Gul min~* generally corresponded to a 0.1 pH mis- 99 998% helium (AGA, Oslo, Norway) before use. Addi-
match between the two curves, which has not been sub-tiongajly, the buffer reservoirs were filled with argon (AGA)
tracted in the chromatograms presented. Nevertheless, thgnq sealed to reduce uptake of carbon dioxide during use
forced exchange of the effluent outside the glass membrane,, storage.
surface due to the positioning of the inlet and outlet ensured  The milk samples were prepared by diluting 1 ml of pas-
reliable and r_eproducible pH monitoring even at low flow e rized skimmed bovine milk (Tine, Oslo, Norway) in 9 ml
rates. Approximately, once a week, the pH electrode was of \Milli-Q water. The pH of the diluted milk was measured
detached from the housing and calibrated, while the hous-, approximately 6.8 and could therefore be injected (and
ing was flushed with Milli-Q water. The signal from the pH focused) directly on the column. The milk samples were

probe was translated with a CI-6507 pH amplifier and mon- fjtered through 0.4%:m Minisart-plus filters and stored at
itored with Science Workshop Data Studio software (both 4_goc yntil use.

from PASCO, Rosewille, CA, USA). This software allowed
simultaneous monitoring of the signal from the pH probe
and the UV detector.

TO WASTE

2.5. Calculations

o ) The resolutiorRs was calculated as described below:
2.3. Chromatographic instrumentation

2.354(tp — 11)

A non-spliting Eldex Micro-Pro binary gradientpump (EI- S~ 2(ty.1 + tw.2)
dex Labs, Napa, CA, USA) was used to deliver a constant
flow rate throughout the study. Manual injections were per- Wheret; andt; are the retention times of the two peaks,
formed with either a Valco Chemlnert model C2 or C4 injec- While t,, 1 andt,, » are the corresponding peak widths at
tion valve (Valco Instruments, Houston, TX, USA), which 50% peak height.
was mounted inside the column oven. The column oven was
a Mistral 880 oven (Spark Holland, Emmen, The Nether-
lands), while detection was accomplished using a Spec-3. Results and discussion
tra 200 UV-Vis Detector (Spectra-Physics, San Jose, CA,
USA) equipped with a laboratory-built on-column optical 3.1. Generation of linear pH-gradients on Mono P and
cell. The detector was operated at 280 nm, while the responsePL-SAX
time was set to 1.0s. For conversion of the recorded chro-
matograms from voltage (mV) to absorbance units (AU), Hydrophilically modified polystyrene-divinylbenzene
the following conversion factor should be used: 1mV (PS-DVB) particles are inherently better suited for
0.001 AU. The column inlet was connected to the injector pH-gradient IEC of proteins than silica-based particles,
with a 10 cmx 100um i.d. fused silica capillary, while the  e.g. PS-DVB particles are stable over the entire pH range
column outlet was connected directly to the UV-detector and silica-based particles usually have sevenalol m—2
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9 and 4 with buffers consisting of only piperazinek{p =
Mono P 5.76 and 9.73)N-methylpiperazine (ffa = 4.94 and 9.09)
and imidazole (K5 = 6.95). For example, when the pump
was set to deliver a pH-gradient to the PL-SAX column
that decreased from pH 8.5 to 4 in 30 min (i-€0.15 pH
units mir1), this generated an outlet pH-gradient that de-

E 71 creased with approximately-0.1 pH units mint in the
linear part of the curve. Since the obtained pH-gradients
generally were slightly retained compared to the pump set-

6_

tings, this indicates that there was some buffering capacity

present in the system.
RN,
5

0 10 20 | a T 3.2. Capillary pH-gradient IEC of genetic variants of
B-lactoglobulin on Mono P and PL-SAX

(A) time (min)

When the already developed pH-gradients from 8.5 to 4
9 were applied for separation @-lactoglobulins A and B,
PL-SAX a rapid increase in column backpressure, which finally led
to column clogging, was observed. This was believed to
occur from precipitation of the proteins, since whey pro-
teins, and particularly8-lactoglobulins, are becoming un-
stable above pH §4]. However, when the pH of the start
buffer was reduced to pH 6.8 (i.e. the pH of milk), a base-
line separation of the two proteins was obtained on both
the Mono P and the PL-SAX column, as shownFig. 3.
These two genetic variants @flactoglobulin differ by two
amino acid residues only, and are generally difficult to sep-
arate with reversed-phase liquid chromatography. In the ap-
plied pH range, the3-lactoglobulins exist as dimersvi¢
. . 2 x 184,00) and each monomer contains 162 amino acids
®) time (min) [25]. B-Lactoglobulins A and B eluted approximately 0.2
Fig. 2. Generation of linear pH-gradients on a 1032 mm i.d. Mono pH units closer to their actuall pralues (g = 5.13 and
P column and a 10cm 0.32mm i.d. PL-SAX column. Start buffer (A):  5.23, respectively26,27] on the PL-SAX column than on
10mM piperazine; 10 mMN-methylpiperazine and 10 mM imidazole, pH  the Mono P column. In addition, the PL-SAX material was
8.5, eluting_ buffer (B):. s.ame as s'ta.rt buffer, but pH 4.0. Grad.ient' pjggram: found to be superior over Mono P material in terms of peak
g;t?g:f’ ti;‘p(:r)at?r?fl;@(f)jg”;;éigg rf°;t3g£':;n'flow ratgel@nin~. widths, with almost a two-fold decrease in peak width for
bothB-lactoglobulins A and B (both in terms of time and pH
of non-reacted silanols that may provide buffering capac- units) at roughly identical elution timeSgble 1. There are
ity or simply retain the amine buffering species. Conse- at least two possible explanations for the difference in peak
qguently, the possibility of creating linear pH-gradients on widths: (1) the PL-SAX material has a higher surface con-
two commercially available macroporous PS-DVB-based centration of positively charged groups that interact in the
anion-exchange materials, i.e. Mono P (weak) and PL-SAX retention mechanism than the Mono P material, or (2) the
(strong), was initially investigated. The PL-SAX material is PL-SAX column is simply better packed than the Mono P
coated solely with polyethyleneimine, while the well-known column. Nevertheless, based on the results shoviAign3,
Mono P material has both quaternary and tertiary amino the PL-SAX column was preferred for further investigations.
groups on the surface. The buffering capacity of Mono P is It is also worthy noting that the application of a pH range
well documented in the literature, e.g. Shan and Andersonfrom 6.8 to 4.3 allowed the removal of imidazole from the
[16] found that the principal buffering range of this ma- buffers without affecting the shape of the pH-gradient. Thus,
terial was 10.5-9, with only a small capacity at pH9, linear pH-gradients were obtained with simple buffers con-
when titrating the material with 0.001 M HCI. Accordingly, taining only two amine buffer species.
both materials most likely have a small buffering capacity
below pH 9, and should therefore, in combination with 3.3. Influence of buffer concentration on peak width
solely amine buffering species, affect the pump-generatedand resolution
pH-gradients little below pH 9. As shown Fig. 2, linear
pH-gradients with slopes that were slightly less steep the The flexibility of pH-gradient IEC in allowing the use
pump settings were obtained in the pH range between 8.50f a wide range of buffer concentrations (without markedly
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Table 1
Figures of merit of3-lactoglobulins A and B irFig. 3

Elution time (min) Peak width (min) Peak widti{pH units)

Lact. A Lact. B Lact. A Lact. B Lact. A Lact. B
Mono P 27.72 (0.8) 24.53 (0.5) 1.02 (1.9) 0.76 (1.6) 0.06 0.05
PL-SAX 23.49 (0.2) 20.68 (0.3) 0.40 (3.3) 0.37 (2.4) 0.04 0.03

The relative standard deviations (%) of the experimental measurements are given in parentke8gs (
@ Calculated from the column to the left. The slopes of the pH-gradient at the portion of the gradient where the peaks elute were caleQlagd to
and —0.09 pH units min? for Mono P and PL-SAX, respectively.

affecting the slope of the pH-gradient) for optimizing the andN-methylpiperazine,i.e. 5, 10, 20 and 40 mM. As shown
separation is a significant advantage over CF. The influencein Fig. 4, the slopes of the pH-gradients were virtually not
of the buffer concentration on peak width and resolution of affected by using different buffer concentrations, which in-
B-lactoglobulins A and B was investigated by performing dicates that the buffering capacity of the column was small.
the separations at four different concentrations of piperazine Although shorter retention and somewhat larger spacing be-
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Fig. 3. Capillary pH-gradient IEC op-lactoglobulins B (1) and A (2).
Column: 10cmx 0.32mm i.d. Mono P column or 10cm 0.32mm

i.d. PL-SAX column. Start buffer (A): 10mM piperazine and 10 mM
N-methylpiperazine, pH 6.8, eluting buffer (B): same as start buffer, but
pH 4.3. Gradient program: 0-100% B in 25 min, then 100% B for 5min.
Flow rate: §umin~1. Injection volume: 0.Ju. Sample concentration:
5mgml?! of each protein (diluted in start buffer). Column temperature:

30°C. UV detection at 280 nm.

tween the peaks were observed at higher buffer concentra-
tions, the resolution was little affected due to increased peak
widths, as shown ifTable 2 However, slightly better reso-
lution was obtained with 10 mM buffers than with the other
concentrations.

3.4. Influence of injection volume on peak width
and resolution

The focusing effect in CF has been nicely demonstrated
by Sluyterman and Widjend8], who obtained no increase
in peak width, only double peak heights, when performing
two subsequent injections instead of one during the chro-
matographic run. Hirose and Ishil7,19] also exploited
this effect to perform large-volume injections of sperm
whale myoglobin on long 0.2-0.25mm i.d. packed capil-
laries with good column efficiency. Furthermore, Liu and
Anderson[13] observed the same focusing effect when
2 x 25ul (after 0 and 1.5 min) of 0.2 mg mt streptokinase
was injected on a 5¢cnx 5mm i.d. Mono P column and
eluted with a pump-controlled decreasing pH-grad[&8i,
which demonstrates that pH-gradient IEC has more or less
the same focusing capabilities as CF. However, the situation
becomes somewhat different when larger injection volumes
are applied, since the injection of a large volume (e.g. larger
than one void volume) of a sample dissolved in elution
buffer will overwhelm the pump-generated gradient and
most likely generate a too steep pH-gradient due to the min-
imized intra-column buffering capacity. When the samples
are dissolved in start buffer, on the other hand, the sample
solvent will retard the start of the pH-gradient and the pro-
teins are trapped at the column inlet. Thus, large volumes
can easily be pre-loaded, either on-column or with trace
enrichment column-switching techniques, before the elu-
tion starts.Fig. 5 shows the chromatograms obtained when
equal amounts of3-lactoglobulins A and B dissolved in
0.1-100Qul start buffer were pre-loaded on-column and then
eluted with a linear pH-gradient. As shownTable 3 only
a minor increase in peak widths, and thus a small decrease



222 T. Andersen et al./Journal of Chromatography A, 1025 (2004) 217-226
—70 0.64 7.0
0.64- 5mM 10 mM
2 . 2
S 16.5 S‘o 60 165
£ T g0 1
= 0.60 [ ~
§ ‘}‘ . 6.0 &’ 16.0
8 Lz g -
§056 | ;‘ 185 & % {55 &
@ \f ] (14 ™
\ 0.52 4~
| J - 50 150
052 M \\M
T T T T T 4.5 0.48 T T T T 4.5
0 5 10 15 20 25 0 5 10 15 20 25
. . time (min
time (min) e (min)
7.0 — 7.0
20 mM ’
0.60 1 0.604— 40mM
S \ S \ {65
£ S 1 2
@ 0561 9 \ 16.0
g 5
a Q0521 <
& 052 @ e {55
4 14
0.48+ 15.0
0.48
—— . ; —45 0.44 : : , 45
0 5 10 15 20 0 5 10 15 20

time (min) time (min)

Fig. 4. Capillary pH-gradient IEC oB-lactoglobulins B (1) and A (2) using different buffer concentrations. Column: 1&d82 mm i.d. PL-SAX
column. Start buffer (A): piperazine ard-methylpiperazine, pH 6.8, eluting buffer (B): same as start buffer, but pH 4.3. Gradient program: 0-100%
B in 25min, then 100% B for 5min. Flow rate:p @ min~1. Injection volume: 0.].l. Sample concentration: 5 mgmi of each protein (diluted in start
buffer). Column temperature: 3C. UV detection at 280 nm.

in resolution, was observed when the injection volume was 3.5. Influence of temperature on peak width and resolution
increased by a factor of 1000. An interesting feature of

capillary pH-gradient IEC is that the focusing effect com-  Although column temperature has been recognized as
pensates for any initial band-broadening caused by samplean important parameter for separation optimization in
overload. Thus, the sample capacity is more or less pro-salt-gradient IEC for more than 40 yed®8], it has hardly
portional to the column length, which is particularly useful been exploited in pH-gradient IEC. This is most likely due
when analyzing complex samples. Also, the focusing effect to the fact that the Ipof proteins and the i, values of
provides a significant advantage of capillary pH-gradient the buffers species are temperature-dependent and thus the
IEC over other techniques when using column-switching for separation becomes more difficult to control. For exam-
trace enrichment, because the proteins bands are focused ople, the diKa/dT (25°C) = —0.026 for piperazing29],

the analytical column even when the same material is usedwhich indicates that a 40C increment in column temper-

in both the enrichment column and the analytical column. ature will decrease theky value about one pH unit, and

Table 2
Figures of merit of3-lactoglobulins A and B irFig. 4, which illustrate the influence of buffer concentration on peak width (50% peak height) and resolution

Buffer concentration (mM)

5 10 20 40
Peak width (min),3-lact. A 0.45 (1.9) 0.40 (1.5) 0.44 (1.4) 0.43 (2.5)
Peak width (min)3-lact. B 0.39 (2.0) 0.38 (1.8) 0.39 (1.6) 0.43 (3.7)
Resolution Rs) 3.72 (1.7) 3.97 (1.9) 3.75 (5.5) 3.88 (3.0)

The relative standard deviations (%) of the experimental measurements are given in parentee8gs (
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Fig. 5. Capillary pH-gradient IEC op-lactoglobulins B (1) and A (2) using different injection volumes. The pH-gradient and the recording of the
chromatograms were started after the sample was loaded. Column:40.82mm i.d. PL-SAX column. Start buffer (A): 10 mM piperazine and 10 mM

N-methylpiperazine, pH 6.8, eluting buffer (B): same as start buffer, but pH 4.3. Gradient program: 0-100% B in 25min, then 100% B for 5min. Flow
rate: 8wl min—1. Sample concentration: 5, 0.5, 0.05 and 0.005 nTg'naf each protein (diluted in start buffer). Column temperature>?@0UV detection

at 280 nm.

consequently, it may affect the pH of the mobile phase. mise between increased transfer kinetics and denaturation

Nonetheless, to investigate the influence of elevated columnof the proteins at the highest temperatures.

temperature on the chromatographic performance when
separatingB-lactoglobulins A and B, the separation was 3.6. Capillary pH-gradient IEC of skimmed bovine milk
performed at four different column temperatures, as shown
in Fig. 6. Generally, increased column temperatures gave
reduced retention, e.g. increasing the temperature from 30bovine milk contains 2—6 mass% of proteins and peptides
[24]. Among the proteins, there are approximately 80% ca-

to 70°C decreased the retention @flactoglobulins A and

Besides water, fat, carbohydrates (lactose) and minerals,

B with 21 and 24%, respectively, but also gave a significant seins, while the residual (i.e. whey proteins) mainly con-
tains 10.2%3-lactoglobulins A and B, 5.0%-lactalbumin,

increase in peak widths. Hence, as indicatedahle 4 the

narrowest peaks and best resolution were obtained betweeri.3% bovine serum albumin (BSA), and 2.5% immunoglob-
30 and 50C. This can probably be explained by the fact ulins [24]. However, since milk fat is not compatible with
that an intermediate rise in temperature is the best compro-aqueous mobile phases, skimmed bovine milk that contained

Table 3

Figures of merit of3-lactoglobulins A and B irFig. 5, which illustrate the influence of injection volume on peak width (50% peak height) and resolution

Injection volume ful)

0.1 1 10 100
Peak width (min),3-lact. A 0.37 (2.2) 0.36 (2.3) 0.38 (1.7) 0.39 (2.3)
Peak width (min)3-lact. B 0.35 (1.9) 0.35 (2.0) 0.36 (2.1) 0.38 (1.8)
Resolution Rs) 4.60 (1.6) 4.81 (2.1) 4.27 (1.7) 4.18 (1.8)

The relative standard deviations (%) of the experimental measurements are given in parentke8gs (
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Fig. 6. Capillary pH-gradient IEC o8-lactoglobulins B (1) and A (2) at different column temperatures. Column: 18 €32 mm i.d. PL-SAX column.

Start buffer (A): 10mM piperazine and 10 mM-methylpiperazine, pH 6.8, eluting buffer (B): same as start buffer, but pH 4.3. Gradient program:
0-100% B in 25min, then 100% B for 5min. Flow ratepBmin~1. Injection volume: 0.Jul. Sample concentration: 5mg i of each protein (diluted

in start buffer). UV detection at 280 nm.

less than 0.1% fat was chosen to avoid fat-removing sam-discussed irBection 3.2peaks 2, 3 and 4 appeared to elute
ple preparation. Thus, the bovine milk samples were sim- at p/ = 5.75, 5.50 and 5.40, respectively, which is in good
ply diluted with water and filtrated before injectiohig. 7 agreement with the databasé ymlues of the three sug-
shows the separation obtained when loadind &f diluted gested proteing26,27] The peaks eluting in front (i.e. peak
milk (1:10 (v/v)) directly on the packed capillary PL-SAX 1) are most likely representing caseins, since most whey
column, followed by gradient elution from pH 6.8 to 4. proteins have isoelectric points well below 6.8. However,
When pure whey protein standards were injected, the re-it should be mentioned that some immunoglobulins have
tention time ofa-lactalbumin (g = 5.40) was identical to  a p value as high as 7.8 and will also elute in front, if
peak 2, while the retention time @-lactoglobulins B and present. The intra-day repeatability of the retention times,
A were identical to peaks 3 and 4, respectively. Due to the peak widths and peak areas of peaks 1-4 was investigated
delay between the UV detection and the pH-gradient, as by performing six subsequent injections of the diluted milk,

Table 4
Figures of merit of3-lactoglobulins A and B inFig. 6, which illustrate the influence of temperature on peak width (50% peak height) and resolution
Temperature°C)
15 30 50 70
Peak width (min),3-lact. A 0.43 (3.0) 0.40 (3.3) 0.40 (3.7) 0.52 (5.3)
Peak width (min)g-lact. B 0.43 (3.2) 0.37 (2.4) 0.38 (3.0) 0.42 (4.2)
Resolution Rs) 3.79 (1.7) 4.28 (1.2) 4.30 (2.2) 3.03 (8.6)

The relative standard deviations (%) of the experimental measurements are given in parentee8gs (
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Table 5
Figures of merit of the peaks obtained kig. 7

Peak no.

1 2 3 4
Retention time (min) 4.21 (1.7) 20.81 (1.0) 26.10 (0.8) 29.32 (0.3)
Peak width at 50% height (min) 0.25 (7.3) 0.52 (4.5) 0.43 (4.1) 0.44 (3.1)
Peak area (mV min) 0.065 (4.2) 0.023 (3.8) 0.020 (4.0) 0.013 (12.1)

The relative standard deviations (%) of the experimental measurements are given in parenteesgs (

as shown inTable 5 The R.S.D.s of the retention times 4. Conclusions
were highly acceptable and ranged from 0.3 to 1.7%, while
the R.S.D.s of the peak widths and peak areas were some- Although CF is inherently more compatible with packed
what higher. One possible explanation is that manual in- capillary columns than pH-gradient IEC due to the appli-
spection of the automatically drawn peak baselines was notcation of single step gradients, capillary pH-gradient IEC
possible with the chromatographic software applied, lead- overcomes many of the limitations of CF. Besides, several
ing to random errors in the calculated peak widths and reliable micro-flow pumping systems capable of delivering
peak areas. solvent gradients in the low microliter per minute range
The ruggedness of pH-gradient IEC has always beenhave become commercially available in recent years, such
an issue that needs to be considered, particularly whenas the one applied in this study, which significantly sim-
injecting relative large volumes of complex samples di- plifies the application of pH-gradient IEC on packed capil-
rectly on the column. Such samples often contain com- lary columns. The developed miniaturized flow-through pH
ponents that can affect the pH-gradient. However, if us- probe provided reliable pH monitoring of the effluent, but
ing column-switching techniques for fast loading of large due to the relatively large diameter of the glass membrane the
sample volumes on a short enrichment precolumn, which internal dead volume of the flow-through pH probe could not
is common in capillary LC, this step will also provide be made smaller than approximately dl5 Consequently,
further sample clean-up and reduce the impact on thethe authors hope to develop a truly dedicated flow-through
pH-gradient. Consequently, the ruggedness of capillary pH probe for packed capillary effluent flow rates in the near
pH-gradient IEC when analyzing such samples, with em- future, since pH electrodes designed for smaller volumes
phasis on column-switching techniques, but also with become available all the time. Nevertheless, the pH moni-
direct injection, is currently under investigation in our toring of the effluents revealed that reproducible and highly
laboratory. linear outlet gradients from pH 8.5 to 4.0 were obtained
with start and elution buffers containing the same amine
buffering species. Furthermore, as demonstrated in this study

o 70 with the on-column injection of al diluted milk, capillary
0.704 1 pH-gradient IEC allows the focusing of proteins when the
pH of the sample solutios p/, which, combined with the
= AN 16.5 focusing of the protein bands, is highly beneficial in trace
2 065 A enrichment column-switching techni H ill
= . g techniques. Hence, capillary
; \ pH-gradient IEC has the potential of becoming an important
2 0.60- 160 ZIQZ_ and sensitive separation technique in prospective proteomic
8 studies, not only for off-line pfractionation of low abun-
a 2 T 55 dant proteins, but also as a highly efficient reversed-phase
¥ 0.554 ] A VAN A ; : P g : : )
\ i compatible dimension in two-dimensional capillary LC sys
. b LWMJ\WAWM tems. Theoretically, capillary two-dimensional pH-gradient
0.50 — ——150 IEC x reversed-phase LC coupled to ESI-MS and NMR is
0 5 10 15 20 25 30 35 capable of generating highly automateddversusM; plots
time (min) of minute amounts of proteins, and is thus an attractive al-

_ , _ _ , o ternative to traditional two-dimensional gel electrophoresis.
Fig. 7. Capillary pH-gradient IEC of diluted skimmed bovine milk (1:10,

v/v) on a 10cmx 0.32mm i.d. PL-SAX column. Start buffer (A): 5mM
piperazine and 5mMN-methylpiperazine, pH 6.8, eluting buffer (B):
same as start buffer, but pH 4.3. Gradient program: 0-100% B in 25 min,

then 100% B for 5min. Flow rate: gl min—1. Injection volume: Hul. . .
Column temperature: 3@. UV detection at 280 nm. The pH-gradient T.A. aCknOWledges the financial support from the EU-
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