Available online at www.sciencedirect.com

S(HENCE@DIRECT’ JOURNALOF
CHROMATOGRAPHY A

EL

EVIER Journal of Chromatography A, 1053 (2004) 201-216

www.elsevier.com/locate/chroma

Influence of ignored and well-known zone distortions on the
separation performance of proteins in capillary free zone electrophoresis
with special reference to analysis in polyacrylamide-coated fused

silica capillaries in various buffers
Il. Experimental studies at acidic pH with on-line enrichment

Sheila Mohabbadj Stellan HjerérP, Douglas Westerlurfd

a Department of Analytical Pharmaceutical Chemistry, Uppsala University, Biomedical Center, P.O. Box 574, SE-75123 Uppsala, Sweden
b Department of Biochemistry, Uppsala University, Biomedical Center, P.O. Box 576, SE-75123 Uppsala, Sweden

Abstract

The separation of acidic and basic model proteins was studied in capillary free zone electrophoresis in a polyacrylamide-coated,
electroosmosis-free capillary at pH below their isoelectric poinks yping various buffers at pH 2.7-4.8 with UV detection at 200 nm.
The separation performance was significantly dependent on the coating quality, which may even differ within the same batch of capillaries.
In addition, a washing step with 2M HCI and the storage of the capillary in distilled water was essential for the performance. For high
efficiency and resolution the choice of buffer constituents was extremely important which is discussed in quantitative terms in Part I. The
most promising buffers were ammonium acetate and ammonium hydroxyacetate at pH 4 (ionic strengths: 0.12 and 0.15 M, respectively)
with plate numbers up to 1700 000 plates/m, corresponding to a zone wigtlof(®nly 1 mm in a capillary with 40 cm effective length,
when the injected samples were dissolved in a 10-fold diluted background electrolyte (BGE), a zone even narrower than those obtained in
polyacrylamide gel electrophoresis, the characteristic feature of which is remarkably thin zones. In the experiment giving this plate number,
the calculated variance for longitudinal diffusion was larger than all the other calculated variances (those for the width of the starting zone,
Joule heating, sedimentation and the curvature of the capillary). Interestingly, the effect of capillary curvature was significant. In addition,
the sum of all other imaginable variances (corresponding to various types of slow on/off kinetics and hyper-sharp peaks) was in the most
successful experiments only 28-50% of the variance for longitudinal diffusion. One hundred- to two hundred-fold dilution of the BGE
improved the detection limits and provided high precision in both migration times and peak areas with ammonium hydroxyacetate and
ammonium acetate as background electrolytes. However, that high dilution increased the variance 140-400% for these buffers, respectively,
at least partly due to conductivity or pH differences between the sample and buffer zones (hyper-sharp peaks). Sedimentation of the enriched
sample, a factor that has not previously been treated theoretically or experimentally, was probably another reason for our finding that peak
heights did not increase when the sample was dissolved in a buffer diluted more than 200-fold, although pH changes and in some cases
thermal expansion in the capillary also may contribute. Loss of protein may occur at the ionic strength 0.01 and lower due to precipitation.
Limits of detection were in the range 4—-17 pmol of proteins with ammonium acetate as BGE. No indication of denaturation of proteins at
pH 4 was observed. However, the separation performance at pH 3 was not satisfactory and loss of proteins was observed, possibly indicating
such problems. The protein mobilities decreased unexpectedly from pH 4 to 3—a further indication of conformation changes.
© 2004 Elsevier B.V. All rights reserved.

Keywords: CZE; Proteins; Acidic buffers; Zone sharpening; Variance; Peak distortion; Joule heat; Sedimentation; Migration time; Conductivity and pH
distortions; Hyper-sharp peaks; CLOD; Protein/buffer interaction

1. Introduction

%
For Part |, see Refl]. . .. .
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as very high resolution, high separation efficiency, short anal- ing of coins on top of each oth§0]. These two enrichment
ysis times, minimal sample volume requirement, and auto- methods often give the same degree of concentrg8ah
mated instrumentatiof2—7]. Capillary electrophoresis of  but should not be mixed up; “stacking” is based on displace-
proteins has recently been reviewgd-7]. An obstacle to ment electrophoresis (isotachophoresis) and “zone sharpen-
such separations is the interaction of the negatively chargeding” on zone electrophoresis. However, in the literature the
silanol groups on the capillary surface with positively charged term stacking is frequently used for zone sharpening tech-
proteins, leading to loss of efficiency, poor reproducibility in niques, the original and correct meaning of this term being
migration times, low protein recovery and decreased sensitiv-ignored. A simple zone sharpening, an approach employed
ity [2,4]. However, hydrophobic interactions are also involved in this study, may increase the concentration of the proteins
since negatively charged proteins exhibit similar drawbacks 1-3 orders of magnitude.

although to a smaller exteifd]. To overcome or suppress It is well known that proteins frequently denature upon
this protein adsorption, a variety of techniques have beenprolonged exposure to low pH. Classical electrophoretic
developed. The simplest strategy consists of the use of elecimethods, such as moving boundary and paper electrophore-
trolyte solutions at high pH values, considerably higher than sis, are therefore most often conducted at neutral and ba-
the isoelectric point () of the proteins to make both the pro- sic pH. This type of denaturation is time dependent. How-
teins and the capillary wall negative, thus provoking strong ever, the much shorter analysis time in capillary free zone
electrostatic repulsioff,8]. However, a simple increase in electrophoresis with attendant less zone broadening seems
the pH of the background electrolyte (BGE) is often not suf- to make it possible to obtain reproducible electrophero-
ficient to completely eliminate adsorption of proteins onto grams with high resolution in the pH range 4{5,32]

the capillary wall since hydrophobic and other interactions The positive results obtained in our preliminary studies
are not negligible (see above). This strategy has further theprompted us to study in detail the different mechanisms
disadvantage of limiting the operational range of [@H In responsible for zone broadening effects. In order to min-
addition, prolonged exposure to highly alkaline pH may de- imize such effects we had to pay special attention to the
nature proteins. Therefore, other methods to reduce the wallchoice of the coating and washing procedures to eliminate
adsorption have expanded in popularity, including dynamic solute adsorption, the buffer constituents and their ionic
and static coating. Dynamic coating is performed by either strengths, the maximum degree of zone sharpening to avoid
adding neutral polymers to the BGE to shield the capillary sedimentation of the starting zone, the width of the start-
wall [10,11], or suitable cations to decrease, neutralize or re- ing zone, different types of interactions with the proteins,
verse the electroosmotic flow (EOR,12]. Many of those and the suppression of solute interactions characterized by
additives may cause a decrease in detector signals, incomslow on/off kinetics, etc. The theoretical background to
patibility with mass spectrometric detection and interactions known and ignored zone broadening phenomena in capil-
with proteins[2]. However, the presence of polymers in the lary zone electrophoresis is treated in Part | of this series
BGE may be an advantage in that they may increase the res{1].

olution by conferring a molecular-sieving structure on the

separation mediurfl3]. In static wall coating, a hydrophilic

neutral polymer is attached to the capillary wall, preferably 2. Experimental

followed by cross-linking10]. The quality of the coating can

be evaluated from EOF measurements and adsorption stud2.1. Chemicals

ies of basic proteins. Polyacrylamide is the most frequently

used polymer for wall coating and the method was firstdevel-  All reagents were of analytical grade and all solutions
oped by Hjerén[14] and later modified by Novotny and co-  were prepared in Nanopure water (Milli-Q water system, Mil-

workers[15], Chiari et al[16], Righetti and co-workerd 7] lipore, Bedford, MA, USA). Albumin (bovine serum), car-
and Blomberg and co-workef&8]. Other polymers, such  bonic anhydrase (bovine erythrocytes)}chymotrypsinogen
as methyl cellulos§l0,11] dextran[9], and polyvinyl alco- A (bovine pancreas), cytochrome (horse heart), holo-
hol (PVA) [19], have also been employed. Techniques basedtransferrin (human), lysozyme (chicken egg whit@),
on isotachophoresi20-24] isoelectric focusing23—26] lactoglobulin (bovine milk), myoglobin (horse skeletal mus-

zone sharpeninfl7,28], the use of hollow fiber§29], and cle) and ribonuclease A (bovine pancreas) were purchased
other techniques have been developed to enhance the sensfrom Sigma (St. Louis, MO, USA). The stock protein so-
tivity of protein detection. Sharp starting zones can be cre- lutions were made in the concentration range 46482
ated if the electrical conductivity of the sample is lower than (1 mg/ml) in diluted running buffer. Buffers with ionic
that of the buffer (BGE). This approach was introduced by strengths 0.06-0.15M were prepared from acetic acid
Haglund and Tiseliug30] and was called zone sharpening. (Riedel-de Han, Germany), phosphoric acid (Merck, Darm-
The required difference in conductivity (i.e. field strength) stadt, Germany), formic acid (Kebo, Stockholm, Sweden),
can also be achieved by displacement electrophoresis (or isomalonic acid and hydroxyacetic acid (Merchy,N,N’,N'-
tachophoresis as it was called later), as shown by Ornstein.Tetramethylethylenediamine (TEMED), ammonium persul-
He introduced the term “stacking” in analogy to the stack- fate and acrylamide (Bio-Rad, Hercules, CA, USA), and
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v-methacryloxypropyltrimethoxysilane (Sigma), were used with the running buffer, for 5 min with 2 M HCI (to eliminate
to coat the fused silica capillaries. possibly precipitated or adsorbed proteins, Seetion 3.)

The pH was adjusted to 2.72-4.00 by ammonia (Schar- and then for an additional 2 min with the running buffer fol-
lau Chemie, Barcelona, Spain), sodium hydroxide (Merck) lowed by a 60s application of voltage for electrophoretic
or triethanolamine (Riedel-de n). The Henderson- equilibration. The best reproducibility in migration time was
Hasselbalch equation (pH Kglog ([A~]/[HA])) was used achieved by replacing the used background electrolyte after
to calculate the concentration of the ionic component of each run with a fresh one (in experiments with ammonium
the buffers. The final ionic strengths were calculated using acetate at pH 4 (ionic strength 0.12 M) the pH in the electrode
equation;u = 1/2%" ciziz and was used to characterize the vials changed 0.1-0.2 units by electrolysis during arun). The

buffers. capillaries were stored overnight in water (hydrophobic in-
teractions are small at low ionic strengths) after a 5 min wash
2.2. Apparatus with 2 M HCI, for release of possibly precipitated proteins.

The samples were injected at the anodic end of the capillary,
The CE experiments were performed, using an Agi- primarily electrophoretically at 8—1 kV for 2—-16 s or, in a few
lent capillary electrophoresis system (Agilent Technologies, cases, hydrodynamically at 50 mbar for 3-6s. The proteins
Waldbronn, Germany), interfaced to an HP Pentium Il per- were dissolved in a 10-1000-fold diluted running buffer to a
sonal computer. Detection was accomplished on-capillary by final concentration of 2.3-164M (0.05-0.2 mg/ml). Stock
recording UV absorbance at a short wavelength (200 nm) for solutions were diluted down to 34—61 nM (0.00075 mg/ml)
high sensitivity. for studies on the concentration limits of detection, using en-
Fused silica capillaries (50m i.d., 365um o0.d.) were richment of the sample by dissolving the protein in diluted
obtained from Polymicro Technologies (Phoenix, AZ, USA) running buffer.
and MicroQuartz (Munich, Germany). A 0.25-cm section of
the polyimide coating was burned off by electrical heating for
on-column detectiof83]. The total lengths of the capillaries 3. Results and discussion
were 41.0-48.5cm (8.5 cm after the detection window).
3.1. Capillary conditioning
2.3. Polyacrylamide coating
Adsorption of one or more of the protein solutes may
The capillaries were coated with polyacrylamide to sup- occur at non-coated spots on the capillary surface, which
press electroosmosis and adsorption according to a modifi-will generate a local electroosmotic fld@4]. The attendant
cation of a procedure previously descriljéd]. In the pre- zone broadening will be superimposed on other types of zone
treatment step the capillaries were washed with 1 M NaOH, broadening. To prevent or at least minimize such distortions,
1 M HCIl and finally water in order to obtain a fresh and clean the efficacy of different conditioning procedures was eval-
inner capillary surface, which improves the homogeneity of uated.Fig. 1 shows two electropherograms with lysozyme
the surface structure and thus the reproducibility of the coat- as analyte following two different washing procedures per-
ings and consequently of the runs. Following drying with formed after previous runs. Thus, washing the capillary with
an air stream, the capillaries were filled with a 50% solution 2 M HCI for 5 min followed by conditioning for 2 min with
of y-methacryloxypropyltrimethoxysilane in acetone, leftfor BGE seems to be efficient to release proteins accumulated at
20 h and then rinsed with acetone. The polymerization was the capillary wall, probably in the form of precipitates (see be-
carried out with 15Qul of acrylamide, 3.l of ammonium per- low). Itis in agreement with previous observations by Hjart
sulfate and 3ul of TEMED, all three components being 5% and Kubo[9], that PAA coatings withstand low pH values
aqueous solutions (v/v for TEMED and wi/v for the othertwo (0.1 M HCI). However, to our knowledge, the use of such a
compounds). Non-covalently attached polymer was removed strong acid solution as that employed in this study has not pre-
after 20 h simply by rinsing with water delivered by an HPLC viously been reported. Less strong acid solutions (0.5-1.0 M)
pump. This procedure gave a thin, well-defined layer of the were not adequately efficient. The accumulation of proteins
polymer covalently bound to the fused silica wdl#t]. The at the capillary wall is probably caused by precipitation of
quality of the coating was tested with acetone (10% aque- proteins by the freely moving non-cross-linked polyacryl-
ous solution) as a neutral electroosmotic marker, detected atamide chains attached at a high ligand density to the capil-
280 nm; the coating was considered efficient at an electro- lary wall (free polymers are known to precipitate proteins),

osmotic mobility less than 1¢ cn?V—1s71. in analogy with the protein precipitates often observed at the
bottom of the sample wells in slab gels of cross-linked poly-
2.4. Separation conditions acrylamide, following electrophoresis and staining (these

precipitates are observed also when the protein sample has
The electrophoretic runs were performed at 2%t a field been freed from particulate material). In the bulk of the rigid
strength between 300 and 500 Vchwith 10s ramping. polyacrylamide gels the polymer chains are cross-linked and
Prior to each experiment the capillaries were rinsed for 2 min no precipitates can be detected and the zones are very narrow
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Fig. 1. The effect of capillary pre-conditioning with hydrochloric acid be-
tween runs. Analyte: lysozyme dissolved in 10 times diluted BGE to a final 0

ionic strength of 14.2M (0.2 mg/ml). After each run the capillary was (a) T T T T T 1

rinsed with BGE for 2 min; and (b) rinsed with 2 M HCI for 5 min followed 2 4 6 8 10 min

by a rinse with BGE for 2 min. BGE: 0.07 M ammonium acetate, pH 3.0.

Voltage: 15 kV. Hydrodynamic sample application: 50 mbarfor 6 s. Capillary Fig. 2. The separation of four proteins in two different polyacrylamide-

length to the detector: 37.2cm. coated capillaries from the same batch and coated simultaneously. Pro-
teins: (1) cytochrome, (2) lysozyme, (3) ribonuclease A, and (4}
chymotrypsinogen A. The proteins were dissolved in 100 times diluted BGE

) o ) to the final concentrations of 4.6—8§.& (0.1 mg/ml). The coated capillaries
and symmetrical, indicating that proteins do not adsorb to were washed with 2M HCI and then the BGE for 2 min. Separation condi-

the gel. Therefore, one cannot expect them to adsorb to thetions were the same for both runs: BGE: ammonium hydroxyacetate, pH 4.0
polymer chains in the wall coating, but rather to precipitate, (ionicstrength: Q.15 M). Voltage: 17.5‘kVWith 10 sramping. Electrophoretic
as discussed above. The fact that the peaks obtained upOI%ample application: 2kV for 8 s. Capillary length to the detector: 32.5cm.
molecular-sieving of proteins in non-cross-linked polyacryl- o o ]
amide solutions are symmetrical indicates also that proteins  Six different buffers were studied in an attempt to gain
do not adsorb to linear polyacrylamide chaiis,35,36] insight into the effectg of buffer character, ionic strength,
The degree of enrichment of proteins at the capillary wall @nd PH on the separation performance of some basic model
depends on the physico-chemical properties of the proteinsProteins.

(including their size) and the length and the concentration

of the polyacrylamide chains. Accordingly, factors affecting 3.2. Buffers (background electrolytes)

these properties, including electrolyte species, ionic strength

and pH, must be carefully considered in order to obtain a 3.2.1. Ammonium acetate

reproducible separation (these factors are of importance for  An initial pH of 3.0 was chosen for the BGE in order to
the separation pattern also for other reasons). In a 2M HCI make the proteins highly positively charged and thus min-
solution the proteins are strongly positively charged and the imize the run times (thelpvalues together with molecular
silanol groups uncharged, i.e. the electrostatic attraction of masses, diffusion constants and radii are listedahle J).

the proteins to possibly hon-coated surfaces of the capillary A disadvantage is the low buffering capacity of this solu-
wallis completely eliminated. The varying properties of fused tion (pKs = 4.76) noticeable as an increasing current dur-
silica capillaries may also have a significant influence on the ing the runs (an effect of electrolysis). However, the system
quality of the coatingf9]. Itis further known thatfused silica  gave highly consistent results in migration times. The electro-
capillaries from different batches and even different sections pherogram is presented lig. 3a. As the EOF is negligible,
within the same batch may have deviating surface structuresthe observed migration of the cationic proteins towards the
[9]. Fig. 2demonstrates a difference in the coating quality be- cathode is achieved entirely by electrophoresis. The effect
tween two capillaries from the same batch, coated at the sameof pH, i.e. the decrease in the net surface charge density of
time, using the same test protein mixture for the separation. the proteins on the separation performance, was studied by
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Table 1
Isoelectric points (f, molecular masses, diffusion constants, and radius of
the test proteins (at 2%&C)

Proteins b M, D(cmsl)  rp(A)2
Cytochromec 10.8 12200 1.4x 1076 141
Lysozyme 10 14000 1.1x 10°© 14.8
Ribonuclease A g 13500 1.1x10°® 14.6
a-Chymotrypsinogen A B 21600 0.9¢ 1076 17.1
B-Lactoglobulin 52 37000 20.4
Carbonic anhydrase @ 25000 17.9
Holo-transferrin & 79000 26.3
Albumin 45 68 000 25.0
Myoglobin >80 16 000 154

@ Calculated from the approximate equation in Section 2.10.2 in Part |

1.

205

interaction between this buffer constituent and the proteins
may, as an alternative, explain the lower migration velocities,
the asymmetry of the peaks, as well as changes in the relative
migration velocities. It is known that the non-charged form
of acetic acid forms a complex with proteif3¥], which is in
agreement with the observation that the cytochromeak in

Fig. 3ais (close to) hyper-sharp, whereas the pedkign 3

is not.

A strong improvement of efficiency was obtained at pH 4
compared to pH 3 (compafég. 3a and b). The separation
of small impurity/isomer peaks also improved significantly
at pH 4. Upon an increase in ionic strength of the BGE the
mobilities of proteins decrease which explains the longer mi-
gration times inFig. 3t compared to those iRig. 3 (Eq.
(19) in Part I[1]). The increase of the ionic strength from

running the proteins at higher pH values. At pH 3 the positive .07 to 0.12M at pH 4.0Rig. 3 and c) had a positive im-

net charge of the proteins should be equal to or larger com-pact on peak efficiency (50-100%) and resolution (more iso-
pared to the charge at pH 4 and, thus, the protein should mi-mers/impurities resolved, ségg. 5 for details). Upon an
grate faster. Observe, however, thata pH aslow as 3may causghcrease in ionic strength of the buffer, the difference in mo-
protein denaturation (see Sections 3.3, 3.5, and 3.6). An indi- pjlities of the buffer ions and the proteins increases (Eq. (19)
cation of conformation changes is the unexpected decrease ofn part |[1]), i.e. Ak (Eq. (8) increases and consequently
migration times at pH 3 compared to pH 4. Since at pH 3 the the asymmetry of the peaks should increase. Because of the
concentration of uncharged acetic acid is higher and possiblenigher buffering capacity of the more concentrated buffer
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Fig. 3. The influence of varying compositions and pH of ammonium acetate
buffers on the separation of four standard basic proteins. BGE: ammonium

acetate. lonic strengths and pH: (a) 0.07 M, pH 3.0; (b) 0.07 M, pH 4.0; (c)
0.12 M, pH 4.0 (for a magnified version see Fig. 5b); and (d) 0.12M, pH
4.76. Proteins: (1) cytochronme (2) lysozyme, (3) ribonuclease A, and (4)
a-chymotrypsinogen A. All proteins were dissolved in 100 times diluted
BGE to the final concentrations of 4.6—&®1 (0.1 mg/ml). The capillary
was pretreated prior to each run as described in the legd¥id.t. Voltage:
17.5kV with 10 sramping. Electrophoretic sample application: 1 kV for 16 s.
Capillary length to the detector: 40 cm.

ApH is smaller which further increases the asymmetry since
the distortions caused hyx andApH counteract each other
(see Section 2.7 in Parf1]). However, as mentioned above,
the resolution for isomers/impurities increased at pH 4; sev-
eral more peaks are visible Fig. 3c compared td-ig. 3b.

The seemingly broader and more asymmetric peakigirgo

are then probably due to co-migration of the main peaks with
isomers/impurities.

The ratios between the migration times of cytochrame
lysozyme, ribonuclease A ang-chymotrypsinogen at the
ionic strength 0.12 MKig. 3c) and 0.07 M Fig. 3b) were
1.19,1.21, 1.26, and 1.33. The ratios between the calculated
inversed values of the mobilities of these proteins were es-
timated at 1.17, 1.18, 1.17, and 1.3&( 1/u = (1/uo)(1 +
(/11/3)rp); see Eq. (19) in Part[lL]). The protein radius,
was calculated as described in Section 2.10.2.2. in BaJt |
(see alsorable 1. The agreements between the experimen-
tal and calculated values are surprisingly good, considering
the very approximate, calculated values of the protein radii
(Table 1.

Furthermore, the variance of adsorption (Eg. (6) in Part |
[1]) should increase at increasing field strength. Experiments
show Fig. 4) that the trend is opposite. Obviously adsorption
effects are negligible.

At pH 4.76, equal to K5 of acetic acid, a radical
impairment of the separation was observei)(3d) as well
as a dramatic decrease of the UV response. The migration
pattern is different; an explanation could be complex
formation between the protein and the acetate ion, which has
several-fold higher concentration at pH 4.76 compared to pH
4 (see Sections 3.9 and Ref. [3] in P]). A complex may
also shift the UV spectrum explaining the decrease in signal.
The results displayed iRig. 3illustrate the importance of



206 S. Mohabbati et al. / J. Chromatogr. A 1053 (2004) 201-216

—e— cytochrome C mAU | 2
—O—lysozyme @)
a— ribonuclease 40
1100000 —>¢— chymotrypsinogen 22
e 4
900000 25 3
- 20
E 700000 15
z | A = 10 bu
500000 i 5|
300000 6 7 8 9 10 1M1 min
O —O— 0 (b)
100000 ‘ . ; : : ; 140
300 320 340 360 380 400 420 120
Field strength (V/cm) 100
Fig. 4. A plot of efficiency N) against field strength, BGE: ammonium 60
acetate, pH 4.0 (ionic strength 0.12 M).
40
selecting suitable pH and ionic strength in protein separa- 20 J
tions a_nd protein purity studies; the effects can be rather 0 5 Y B 5 0 P min
dramatic.
Based on these studies, 120 mM ammonium acetate, pHFig.5. Separation of four proteins inammonium acetate, pH 4 (ionic strength
4.0 was considered as the most suitable buffer Ege5). 0.12M). The proteins (1) cytochronee (2) lysozyme, (3) ribonuclease A,

The migration times'l(able 3’ peak areas and peak widths a_nd (4)a-chymotryp_sinogen A, were introduced in (a) 10 and (b) 100 times
. . diluted BGE to the final concentrations of 4.6—8I2 (0.1 mg/ml). Separa-

at half the he!ght-(able_ 3 were _hlghly re_peatable. Qbserve tion conditions: Voltage: 17.5 kV with 10 s ramping. Electrophoretic sample

that the proteins were injected in BGE diluted 100 times (See appilication: 1 kV for 16 s. Capillary length to the detector: 40 cm.

Section 3.8or a general discussion on zone sharpening). The

studied proteins are basic and will be positively charged in when stored in this solution, some of the proteins seemed to
an acidic buffer, and since the number of theoretical plates, degrade with time; a few peaks (e.g. the cytochrarpeak)
atleast in theory, under certain conditions, is directly propor- even disappeared completely at consecutive runs. These ob-
tional to the number of charges, it is in general more favor- servations probably reflect the increased risk of denaturation

able to use acidic conditions to attain efficient separations. of proteins at this low pH (see Sections 3.3, 3.5, and 3.6).
One may expect the pH 4.0 buffers to be appropriate also for

acidic proteins, i.e. those withl palues 5-7, because they 3.2.3. Ammonium hydroxyacetate

are positively charged at this pH. High efficiency and resolution and excellent iso-
mer/impurity separations were accomplished with this buffer
3.2.2. Ammonium formate (Fig. 7), which had the ionic strength 0.15 M and pH 4.0. The

Ammonium formate is like ammonium acetate compati- repeatabilities for run-to-run migration time, peak area and
ble with MS detection and is, therefore, of great interest for peak width were good, only slightly lower than with ammo-
protein identification studies. It was used at pH 2.7 where the nium acetate fables 2 and B indicating no or negligible
buffer capacity is relatively low (fa = 3.75). Separation of  denaturation or loss of protein. The two-fold higher dilu-

both basic and acidic proteins s illustratedrig. 6. However, tion of the hydroxyacetate buffer for the sample application
Table 2
Migration time repeatabilities (R.S.D. %= 10)
Ammonium acetate, Ammonium hydroxyacetate, Triethanolamine- hydroxyacetate,
pH 4.0 Fig. Sb)f2 pH 4.0 Fig. T)i2 pH 4.0 Fig. 9P
Buffering capacity 0.036 0.35 0.58
lonic strength (M) 0.12 0.15 0.25
Proteins
Cytochromec 0.70 1.26 3.65
Lysozyme 0.55 1.13 3.78
Ribonuclease A 0.75 1.20 4.61
a-Chymotrypsinogen A 0.93 0.92 5.54

Samples in BGE diluteé100 and 200 times.
2 Injection: 1kV/16s.
b Injection: 8kV/2s.
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Table 3

Peak area and peak width (at half height) repeatabilities for four basic pro-

teins in two high-resolution running bufféréR.S.D. %,n = 10)

Ammonium Ammonium
acetate, pH 4.0 hydroxyacetate,
(Fig. 5o)t pH 4.0 Fig. 7o)t
Peak area Peak width Peak area Peak width
lonic strength (M) 0.12 0.15
Proteins
Cytochromec 2.2 2.7 4.5 8.2
Lysozyme 1.9 1.8 2.4 2.5
Ribonuclease A 1.8 15 15 1.8
a-Chymotrypsinogen A 1.1 1.6 14 1.7

a samples in BGE dilutetf100 andf200 times. Injection: 1kV/16's.

(samples dissolved in 200-fold diluted BGE compared to
100-fold inammonium acetate experiments) gives a sedimen-

tation rate and distance, which are two-fold highegg. (5)
and (6) that may explain the somewhat lower reproducibility
of peak area and peak widfBection 3.7)

3.2.4. Triethanolamine-malonate and
triethanolamine-hydroxyacetate

Triethanolamine has been demonstrated to be an efficient

capillary wall adsorption inhibitd88—40] It has a high affin-

ity for charged silanol groups providing at adequate con-
centrations a reversed electroosmotic flow in uncoated fused

silica capillaries. A drawback is that the compound or impuri-

ties have a relatively high UV absorbance at 200 nm. A sepa-

ration of five basic and acidic proteins with triethanolamine-
malonate, pH 3, as BGE is shown fig. 8 (malonic acid

has Ky1 = 2.75), illustrating an inadequate separation of
isomer/impurity peaks. The signal intensity of all proteins
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Fig. 6. Electropherograms illustrating instability of basic and acidic pro-
teins in successive runs in the BGE 0.068 M ammonium formate, pH 2.7.
(a) 1st run, (b) 3rd run, and (c) 4th run (the injected samples were taken
from the same vial). Separation conditions: voltage: 10kV in (a) and (b)

decreased continuously at successive runs again demonstraﬁ”d 15KV in (c) with 10 s ramping in all three runs; electrophoretic sam-

ing the unsuitability of using such a low pH as 3 for the test
proteins.

With triethanolamine-hydroxyacetate, pH 4K of
hydroxyacetic acid is 3.83) high efficiencies (up to
1000000 N/m) and good resolution of the isomer/impurity

peaks were obtained when the sample (in 100-fold diluted

BGE) consisted of basic proteins (the top fourTable J
(Fig. 9). However, less good repeatabilities in migration times

ple application: 8kV for 2s. Capillary length to the detector 37.2cm. Pro-
teins: (1) cytochrome, (2) lysozyme, (3) myoglobin, (4) ribonuclease A,
(5) B-lactoglobulin, (6) holo-transferrin, (7) carbonic anhydrase, and{8)
chymotrypsinogen A. The solutes were dissolved in 10 times diluted BGE
to the final concentrations 2.7—-4.81 (0.06 mg/ml).

the electropherogram 10a and the reduction in their heightsin
electropherogram 10b. The electropherograms were recorded

(Table 3, compared to the repeatabilities of ammonium ac- yp to 20 min without the appearance of additional peaks. It
etate and hydroxyacetate buffers were obtained; the reasois not likely that these variations in the appearance of the

might be the differentinjection conditions (higher voltage and

electropherograms are caused by adsorption of the proteins

sho_rte_zr injection times) used with this buffer, and_a_possible onto the capillary wall (Part [1]), because (1) the peaks
variationin current caused by bubbles and/or precipitates (se€n electropherogram 10a do not exhibit more tailing—rather

Section 2.10.3 in Part[LL]).

3.2.5. Phosphate

less—than those in electropherograms 10b and 10c and (2)
the relative migration velocities are roughly the same in all
these electropherograms: upon adsorption, different proteins

For phosphate buffers, pH 3, the separation profile was interact differently with the capillary wall (Eq. (6) in Part |
strongly dependent on their ionic strengths, as illustrated in [1]), which affects the migration velocities differently. Ob-

Fig. 10(observe the shorter capillary lengthHig. 10c). More

serve that tailing is a necessary, but not sufficient condition

peaks appear at higherionic strengths. The low ionic strengthsfor adsorption.

in (a) and (b) may have caused precipitation of some of the

Poor resolution with few visible isomer/impurity peaks

proteins and thus explain the absence of some of the peaks irand irreproducible migration times even at the highest ionic
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Fig. 8. Electropherograms illustrating instability of the proteinssirc-

cessiveruns in the BGE 0.1 M triethanolamine-malonate, pH 3.0. No-

tice the decrease in peak intensities and the variation in migration times.

Proteins: cytochromee, lysozyme, myoglobin@-lactoglobulin anda-

20 W,\J n chymotrypsinogen A: All proteins were dissolved in 10 times diluted BGE
to the final concentrations 4.6—8.&1 (0.1 mg/ml). Voltage: 15 kV with 10 s

I ramping. Electrophoretic sample application: 2kV for 8 s. Capillary length

T T T T to the detector: 32.5cm.
6 7 8 9 10 min

40

Fig. 7. Separation of four proteins using optimized buffer condition: am- conductivity is illustrated _by the dlﬁ_erences n Fhe limiting
monium hydroxyacetate, pH 4.0 (ionic strength: 0.15M). The proteins (1) Voltage between ammonium and triethanolamine hydroxy-
cytochromez, (2) lysozyme, (3) ribonuclease A (the peak is relatively small - acetate buffers, respectively. In spite of a much higher ionic
in experiment (a) for unknown reasons), and ¢4ghymotrypsinogen A, strength, 0.25M compared to 0.15 M, the limiting voltage

were introduced in (a) 10 times and (b) 200 times diluted BGE to the final is higher for the triethanolamine-based buffer. because the
concentrations 4.6-8;2M (0.1 mg/ml). Voltage: 17.5kV with 10 s ramp- ’

ing. Electrophoretic sample application: 1kV for 16 s. Capillary length to
the detector: 40cm. 2

strength were the main drawbacks of this buffer system. Fur- ™
thermore, of the seven proteins introduced only three to five 120
peaks were observed. The results add to our experience tha ,,,
a pH as low as 3 seems to be unsuitable for the separation of

studied proteins, irrespective of buffer components (acetate, 8o

formate, malonate, and phosphate). 3 4
60

3.3. The background electrolytes and some relevant 40

physical data
=

The generation of Joule heat in different buffers was stud-
ied by plotting the current against the voltadalfle 4 The 7 8 9 10 1 12 min
critical field strength, according to our definition, is the field
strength corresponding to a 10% increase of the current rel-Fig. 9. Separation of four proteins using 0.25M triethanolamine-
atively the extrapolated linear relationship between current hYdroxyacetate, pH 4.0, as BGE. Proteins: (1) cytochron) lysozyme,

d volt The effect of buff trati th itical (3) ribonuclease A, and (4-chymotrypsinogen A, all dissolved in 100
a_m voltage. ) eefiec 0_ utier concentration on the criica times diluted BGE to the final concentrations 4.6+48\2 (0.1 mg/ml). Volt-
field strength is reflected in the data for the phosphate buffer. age: 15 kv with 10's ramping. Electrophoretic sample application: 2KV for

The influence of the size of the buffer components on the 8s. Capillary length to the detector: 32.5cm.
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Development of Joule heat in the buffers studied
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Buffer pPKa (acid) pH lonic strength (M) Critical field strength (V crh) Buffering capacity (MApH)
Ammonium formate 3.75 2.7 0.068 288 0.005

Ammonium acetate 4.76 4.0 0.12 247 0.036

Ammonium acetate 4.76 4.8 0.12 329 0.29

Ammonium hydroxyacetate 3.78 4.0 0.15 268 0.35
Triethanolamine-malonate 2.85 3.0 0.10 371 0.23
Triethanolamine-hydroxyacetate 3.78 4.0 0.25 288 0.58

Phosphate buffer 2.15 3.0 0.06 412 0.023

Phosphate buffer 2.15 3.0 0.08 329 0.029

Phosphate buffer 2.15 3.0 0.1 247 0.046

larger buffer ions have lower mobilities and, thus, give lower richmentfactor is obviously inversely proportional to the con-
Ak values Eq. (8) and often less asymmetry.

3.4. Zone sharpening studies

ductivity of the diluted buffer, in other words approximately
directly proportional to the dilution of the buffer.

The proteins were generally introduced by electrophoretic
injection following their dissolution in diluted BGE at a

The conductivity of the sample (phase I) is considerably concentration of 4.6-8,2M (0.1 mg/ml). The higher elec-
lower than that of the running buffer (phase I1) (Fig. 8ain Part trophoretic migration velocity of the proteins in the low-
I [1]). The enrichment factor, ef, defined as the ratio between conductivity BGE zone gives rise to an enrichment of pro-
the protein concentration in phase Il and I, following the teins at thevirtually stationaryboundary between high and
enrichment can in a very approximate form be written:

where !

@)

and«"" are the conductivities of the sample and
buffer solutions, respectively (Eqg. (21) in Paffl]) The en-

mAU
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Fig. 10. Separation of seven proteins at different ionic strengths of the
BGE, sodium phosphate buffer, pH 3.0K{p= 2.1). lonic strengths: (a)
0.06 M, (b) 0.08M, and (c) 0.1 M. Voltage: 15kV with 10s ramping.
Electrophoretic sample application: 8kV for 2s. Proteins: cytochrome
¢, lysozyme, myoglobing-lactoglobulin, holo-transferrin, carbonic anhy-
drase, and-chymotrypsinogen A. All proteins were dissolved in 10 times
diluted BGE to the final concentrations 4.6—8 (0.1 mg/ml). Capillary

length to the detector: (a) and (b) 37.2 cm,do)y 32.5cm.

low BGE concentration (see Section 3.7 in PafL]). To
evaluate the effect of the magnitude of this conductivity dif-
ference on the zone sharpening, the proteins were dissolved
in 10—-1000-fold diluted high-resolving BGE: ammonium ac-
etate and ammonium hydroxyacetate, both at pH 4, with the
ionic strengths 0.12 and 0.15 M, respectivelyg( 11, the
same absorbance scale is used for all 10 electropherograms
to facilitate comparisons of the zone sharpening effects). The
intensity of the peaks was enhanced 10-30 times, when the
dilution factor increased from 10 to 1000, i.e. the enrich-
ment effect was lower than that predicted By. (1) The
repeatabilities of both peak areas and peak heights at 100-
and 200-fold dilutions forammonium acetate and ammonium
hydroxyacetate buffers, respectively, were higlakle 3,
demonstrating a high potential of the method for quantitative
determinations. However, the results were not reproducible
at the highest dilution factors, 500—-1000 times, and there was
no or only a small increase in peak heights or even a small
decrease when the dilution factor exceeded Fif. (L1d and

e). This is probably due to sedimentation and pH effects (see
Sections 3.7 and 3)&nd possibly thermal expansion effects
(see Part [1], Sections 2.10.1.1 and 2.10.1.3).

3.5. Migration times

A logarithmic derivation of Eq. (29) in Parf1] gives:

At AIAXo(W" /) + L] |Aup]

T AXoW ) Ll @)

Even if AXp < 1 mm, AXo(«" /«') can adopt large values at
large dilutions of the buffer and is in such runs not negligible
in comparison withL;. One can expect th& Xp-value to
vary in a series of experiments since they are extremely
small and, therefore, alsa\Ko(x''/«') + L;). Accordingly,
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Fig. 11. Zone sharpening effects on peak intensities. The proteins (1) cytocbhr¢&)dysozyme, (3) ribonuclease A, and @)xhymotrypsinogen A were

added to the BGE (A) ammonium hydroxyacetate, pH 4.0 (ionic strength: 0.15 M) and (B) ammonium acetate, pH 4.0 (ionic strength 0.12 M), diluted (a) 10
times, (b) 100 times, (c) 200 times, (d) 500 times, and (e) 1000 times. Voltage: 17.5kV with 10 s ramping. Electrophoretic sample application65kV for 1
Capillary length to the detector: 40 cm. Protein concentration: the same in all runs (4.64:8021 mg/ml). Observe that the scales for peak intensities in A

and B differ.

the migration times may vary considerably from runto runin hydroxyacetate (ionic strength 0.15 M), respectively, both at
a series of experiments with electrophoretic zone sharpeningpH 4 (Figs. 5 and ).

and more the higher the dilution of the buffer. These  The diffusion coefficients iffable 1refer to 25°C. They
inevitable variations in migration times appear, of course, were recalculated for the actual temperaturdiy (4) [41}
also when the migration time is calculated from the common

relationt = Lg/uE. In accordance with the above discussions _ T2n(T1) @

the largest variations in migration time was obtained for 2= T1 n(T2) &

the experiment with the highest dilution factdiaple 2. In

addition, alow buffering Capacity of the Separation medium and used to calculate the variances for diﬁusion, Joule heat-
(phase 1) may cause a change in its pH and, therefore, inind, and sedimentation (Egs. (2), (5), and (13) in PgH).

its conductivity during the course of a run, for instance by

e!ecFronsis in the electrode vessels an_d/or uptakel Qf carbon3.7. Zone broadening caused by sedimentation

dioxide from air and, consequently, in the mobilities of

the proteins (the second term). Nor are these alterations A possible explanation for protein losses and irrepro-

of re'e"‘?‘r?t parameters_ reproducible, _Wh'(?h cpntrlbL_lte ducible results at high sample dilution degrees is sedimenta-
to the_ difficulty to obtain repeatable migration imes N jon of the concentrated protein zone in the enrichment step
experiments where very strong zone sharpening is employedy ot the start of the run, as is described in detail in Fa}t |
(k" /" > 100-200). The concentrated protein sample is confined in a thin layer
(see Section 3.7 in Parf1]) close to the inlet of the vertical
section of the capillary with a much higher density than that

The t ¢ . ithin th i timated of the protein solution below the boundary (and that of the
€ lemperature nse within the capiiiary was estimated y, er in the electrode vessel). Part of the protein solution

from plots of the current against field strength (Fig. 3 in Part will, therefore, sediment and leave the capillary in its vertical

| [1]), using Eq. (4) in Refld0] and Eq. (71a) in ReR1]: section and an additional part of the sample will be washed
I(T2) — I(T1) away when the sample is replaced by the buffer vial (see Fig.
AT = =5 02710 () abinParti1]). | | | | |
. . The maximum sedimentation velocity and sedimentation
whereT andT; are the average values of the temperatures gjstance at the center of the capillary, including the effect of

3.6. Effect of Joule heat on the diffusion constants

at the start and at steady state, respectivgljz) is the cur- - radial diffusion, are determined igs. (5) and (6)respec-
rent at temperaturéy, i.e. at a certain field strengtti(7'1) tively (Part I[1]):

is the current at the lower temperature, corresponding to

the extrapolated straight line in the above plot, the coeffi- R3g

cient 0.027 is the increase in conductivity per degree. Using Umax » = SHM(IOS — Pb) ®)
Eqg. (3) the average temperature rise in the buffer was esti-

mated at 10 and C in the electrophoresis experiments in R3g/i

ammonium acetate (ionic strength 0.12 M) and ammonium dmax p = (6)
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whereg is the gravitational acceleratior:080 dyne crf), R

the radius of the capillary (0.0025cm in our experiments),
ps and pp the densities of the sample and buffer solutions,
respectively ps — pp = 0.003 (gcnTd) for a 1% aqueous
protein solution], and; the viscosity £0.0077 Pcmts™!

for the electrophoretic experiments in ammonium hydroxy-
acetate at 32C and 0.0076 P cm' s~1 in ammonium acetate
at 35°C, respectively (seBection 3.§]. The density differ-
ence can be calculated from the relatjda]:

()

wherecis the concentration of the solute, arithe partial spe-
cific volume of the solute (for proteins often 0.73%gt?).
Calculations applyingqgs. (5) and (63how that at a dilution

ps — pp = (1 — vppp)

211

is that the enrichment of the proteins at the concentration
boundary is highest in the experiments showhim 11A(e)

and, thereby, the sedimentation velocigg( (5) and pos-
sible pH changes. To conclude, the reproducibility upon the
enrichment of the protein sample may be low, because: (i)
the sedimentation distanagh{zx p) and possible pH changes
are both concentration and time dependent and (ii) upon con-
tact with the BGE following the enrichment the amount of
proteins washed out is probably not the same in a series of
experiments. Accordingly, a final dilution factor of 200 for
the ammonium hydroxyacetate system and 100 for the am-
monium acetate system were chosen as the most advanta-
geous regarding sensitivity enhancement and reproducibility
in zone sharpening, migration times, peak widths, and peak

degree of 100 times (we assume that the protein concentratiorpr€@s kigs. 10B(b) and 11A(candTables 2and

has increased 100-fold), the sedimentation velocity is ~ 1he efficiencies were impaired by the high dilution de-
0.003 mmy/s and the sedimentation distance is 0.17 mni (for 9rees Table 3: the number of plates decreased four to six-
= 30s) (see Section 2.10.1 in Paft]), which is significant folq for the ammonium acetate buffer when the _sample di-
since the enriched sample zone is located very close to theution degree was increased from 10 to 100 (Fig. 5). The
tip of the capillary (see Section 3.7 in Pajftl]) and the ex- decrease in plate number upon an increase of the dilution
perimentally determined length of the starting zone is only from 1/10to 1/200 for Fhe ammonium hydroxyacetate buffer
0.04-0.4mm, as a plot of plate height against the reciprocal Was smaller, 1.5-2.6 times. _

of the field strength indicated (details of the calculations are 1 Ne higher buffering capacity of this buffer and attendant
given in Part I[1]). This loss of protein is reinforced by the less increasing pH (caused by uptake of carbon dioxide from
subsequentwashing procedure (Fig. 8iiixand perhaps by the air and electrolysis at the cathode) yield a less decrease in
pH changes and an attendant decrease in protein mobilitiedhe mobility of the proteins and, therefore, higher protein con-
(see Section 2.10.1.5 [a]). In other words, one cannot ex- centrations in the starting zone, which may explain the higher
pect the enrichment factor to become as high as predicted byPeakK intensities ifrig. 118 compared to those iRig. 11A.

Eq. (1) particularly not at high dilution degrees (i.e. at high

protein concentrations at the interface), which cause the sed-3.8. Zone distortions caused by conductivity and pH
imentation and the pH change to become more pronounced differences

Therefore, itis not surprising that a dilution of the BGE more
than 200-fold did not increase the peak intensities.

The conductivity difference is determined by the expres-

The ratios between the areas of the peaks for a partic-sion[1,43,44]

ular protein in the electropherograms, i.e. the ratio of the

amounts of this proteinFig. 11a—d) are in agreement with

this conclusion, since their ratios increase at a rate much

less than the dilution of the buffeEq. (1). Interestingly,

cp
Ak = —(up — up)(ur — up)
up

(8)

where A is the difference in conductivity between sample

in Fig. 11B(e) (BGE: ammonium acetate) the peak areas are zone and surrounding BGE zones; the concentration of

smaller than those ifrig. 11B(d), although they should be
two-fold larger according t&q. (1) A likely explanation

Table 5

a protein in the solute zone (C/mba, up, andugr are the
mobilities of the co-ion (the buffer ion having the same sign

Efficiencies (number of theoretical plates per meter), calculated using statistical moments for basic test proteins separated in a polyaetgdcagdlary

at different buffer conditions. lonic strengths: (1): 0.12 M, (2): 0.15M

Sample dilution Ammonium acetate, pH 4.0

Ammonium hydroxyacetate, pH 4.0

BGE/10 fig. 5a)

BGE/100 Eig. 5b)

BGE/10 Fig. 7a) BGE/200 Fig. 70)

lonic strength (M) 0.12
Proteins
Cytochromec 464000 (4 200 000)
Lysosyme 750000 (4 700 000)

Ribonuclease A
a-Chymotrypsinogen A

1290000 (3 800 080)
1600000 (3 700 080)

0.15
120000 861 000 (4 200 000) 329000
161000 550 000 (4 700 00D) 390000
226000 No data (3 800 000) 670000
296 000 1660000 (3 700 000) 1040000

@ TheoreticaNmax (per meter), calculated fror¥ = Ld/Séiﬁ andaﬁiff = 2Dt wherelq is the effective length of the capillari, the diffusion constant (see
Table landSection 3.6.pndt the migration time (the width of the starting zone and all types of zone broadenings are assumed to be 0, except that caused by
diffusion). Proteins were dissolved in diluted BGE and were applied at a voltage of 1 kV for 16 s. Separation field strength: 360V cm
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(+ or —) as the protein), the protein and the counter ion, The variances in conductivity and pH have not been included
respectively. The mobility has a positive sign for a cation and here since in most experiments they are zero or negligible (see
a negative sign for an anion, as has the protein concentrationSection 3.2 Notice that the asymmetry of a peak caused
It should be noted that the asymmetry of the peaks increasedy a conductivity difference is often counteracted by a pH

with increasingA«, but not always (see Section 2.5.1in Part |
[1]). For restrictions in the application &f. (8) see Section
3.8in Part I[1].

To minimizeAk, the concentration of the protein should be
small, the mobility of the co-ion (the positive buffer ion in the
experiments herein where the protein is positively charged)
should be close to that of the protein, and the mobility) ©Of
the counter ion (the negative buffer ion in our experiments)
should be low. The differences between the mobilities of the
proteins and the buffer ionsi{ = up in Eq. (8) get larger
with an increase in the ionic strength of the buffer and thus
the zone distortion (Fig. 12 in RgR0]) provided thajupyot|
< |Upuffer -

difference (see Section 3.B)6], which explains why hyper-
sharp protein peaks (sé&gs. (9) and (1Q)seldom appear in
the electropherograms.
The experimental total variances were calculated from the
plate numbersTables 6 and )fusing the relation:
12
Otzot =

(12)

wherely is the effective length of the capillari\ is ob-
tained from the statistical moments calculated by the com-
puter program. A list of calculated variances contributing
to the total zone broadening is givenTables 6 and Tor
ammonium acetate and ammonium hydroxyacetate as BGE,

As expected, not only the conductivity in a protein zone respectively. The equations presented in Part | were used for
differs from that in the surrounding buffer, but also the pH. these calculations. For both buffers, when the injected sam-
Fortunately, in most cases the tailing (fronting) caused by ple is dissolved in BGE diluted 10-fold, among the calcu-
conductivity differences is counteracted by fronting (tailing) lated variances the longitudinal diffusion dominates, the cur-
caused by pH differencg$,45]. vature effects are significant (1.6-5.6%), and the injection

When the conductivity and pH distortions are so large plug contributes with 0.5-13%, Joule heat effects are small
that one boundary of the protein zone is hyper-sharp, i.e. corresponding to 0.02—-0.5%, and there is a non-negligible
it is perpendicular to the baseline, the zone broadening isrest variance. The rest variance is, however, not caused by
determined by the expressiofi§: adsorption of the proteins onto the capillary wall since in the
presence of adsorption the efficiency should decrease with an

AXAe = Lg 9) increase in field strength, but in our experiments it increases
« (Fig. 4). The rest variance may have its origin in relatively

and slow interactions between proteins and buffer constituents,
Av as well as in hyper-sharp peaks (see P4tt]). It is well

AXapH = L—= (10) known from moving boundary experiments that acetate ions

react with some proteins, such as ovalbufi@@]. The rest
variance increases strongly with the mobility of the proteins
(Tables 6 and )] which is a strong indication that the main
reason for its origin is an interaction with the proteins (see
alsoFig. 6in Part I[1]). The effects behind the development
of hyper-sharp peaks, caused by conductivity and pH differ-
ences, cannot be the reason behind such a relationship. The
conductivity effect increases with an increasing mobility dif-
ference between the protein and the buffer co-ion and would
consequently increase in the opposite direction, i.e. the effect
is larger for the slowest migrating protein. TheoH-effect

Observe that zone distortions originating from conductivity
and pH differences cause no or negligible zone broadening
except when one of the boundaries is hyper-sharp (Part |

[1]).
3.9. Other factors contributing to zone broadening

Many factors affect the width and the variance of a zone in
capillary electrophoresis, e.g. the plug length of the applied
sample zoneo(ixo), longitudinal diffusion (rgiﬁ), develop-

ment of Joule heabf . ). adsorption of analytes to the  fen s argest for the most rapidly migrating proteins. How-
capillary surface 43,9, conductivity 6%,) and pH differ-  ayer, it should be recalled thatk- and ApH-effects often
ences ﬁpH) between the solute zone and the surrounding counteract each other (see Section 2.7 in PEf)!
buffer, interaction between proteins and buffer ions, other |t should be stressed that the boundary between sample
proteins, etc.d?,), capillary coiling ¢Z,,) and sedimenta-  zone and running buffer is very sharp following zone sharp-
tion (agecp (all of the above factors are described in detail ening, probably hyper-sharp, which is in agreement with the
in Part 1). Since independent variances are additive, the to-experimental finding that the width of the starting zone is only
tal variance for zone broadening is given by the following 0.04—0.4 mmTables 6 and )7 Observe that these values are
general relationship (variances corresponding to zone broadfased on the assumption that diffusion is the predominant
enings appearing outside the column being ignored): cause for zone broadening. When also other types of zone
o2 broadening appear, the calculate®¥ values are larger than

tot = the experimentally obtained. In this case the plot is not linear
and one should only use the plate height for the lower field

2 2 2 2 2 2 2
OAxo T Odiff T 9Jrad diff T Fads ™ Tint T Ocurv T Osed
(11)



Table 6

Experimentally determined total variance @rand the calculated variances in ammonium acetate, pH 4.0, ionic strength: 0.12 M (Fig. 12a and b)

oo exp Uixo Ugiff "Jz rad diff Uszed*** Tury Ao? =
Ul%texp -
Z Ugalc
Cytochromec 8.62x 1073 * 459x% 10°° 1.31x 1073 3.43x 1076 2.34x 1078 2.16x 104 7.00x 1078
(33.3x 1079) *(1.22 x 1075) *(1.29 x 1079) *(4.26 x 1075) *(2.34 x 107) *(31.7 x 1079)
Zone width (mm)/zone 1.86 *(3.65) 0.23%(0.12) 0.72%(0.72) 0.037 *(0.041) 0.0031 0.29 1.67 *(3.56)
broadening* *(0.031)
Lysozyme 5.33x 1073 8.54x 1076 1.16x 1073 3.90x 1076 2.89x 1078 2.16x 104 3.90x 1073
*(24.8 x 1079%) *(9.44 x 1079) *(1.14 x 1073) *(4.84 x 107) *(2.89 x 1079) *(23.54 x 1079)
Zone width (mm)/zone 1.46 *(3.15) 0.10 *(0.11) 0.68 *(0.68) 0.039 *(0.044) 0.0034 0.29 1.25 *(3.06)
broadening* *(0.034)
Ribonuclease A 3.11x 1073 2.00x 1075 1.45% 1073 3.14x 1076 2.91x 1078 2.16x 1074 1.38x 1073
*(17.7 x 1079) *(1.63 x 1079) *(1.43 x 1073) *(3.92 x 107) *(2.91 x 1079) *(15.9 x 1079)
Zone width (mm)/zone 1.12 *(2.66) 0.14 *(0.14) 0.76 *(0.76) 0.035 *(0.040) 0.0034 0.29 0.74 *(2.53)
broadening* *(0.034)
a-Chymotrypsinogen A 2.50x 1073 3.20x 104 1.50x 1073 3.04x 1076 3.39x 1078 2.16x 104 0.42x 1073
*(13.5 x 1073) *(1.33 x 10°6) *(1.49 x 1079) *(3.75 x 10°6) *(3.39 x 10°6) *(11.7 x 107°9)
Zone width (mm)/zone 1.0 %(2.32) 0.36 *(0.069) 0.77 %(0.77) 0.035 *(0.039) 0.0037 0.29 0.41*(2.16)
broadening* *(0.037)
Samples were dissolved in 10-and *100-fold diluted buffer.
** 20, except foraXo(v120).
** The variance for sedimentation in the vertical section of the capiltarys(min).
Table 7
Experimentally determined total variance @rand the calculated variances in ammonium hydroxyacetate, pH 4.0, ionic strength: (i Baand b)
Totexp TR it 3 radi it Oed™ OBy Ao? =
Ut%texp -
Z o-(?alc
Cytochromec 4.65x 103 *(1.43 x 1079) 1.26x 1073 8.21x 1076 3.34x 1078 2.16x 1074 312 x 1073
*(12.2 x 107°9) *(1.25 x 1073) *(8.14 x 1076) *(9.39 x 1076) *(10.7 x 107°9)
Zone width (mm)/zone 1.36 *(2.21) *(0.04) 0.71%(0.71) 0.057 *(0.057) 0.0037 0.29 1.12 *(2.07)
broadening* *(0.061)
Lysozyme 7.27x 1078 *(1.41 x 1075) 1.13x 1073 9.06x 1076 2.89x 1078 2.16x 104 5.87x 1078
*(10.3 x 1079) *(1.12 x 1073) *(8.99 x 1076) *(1.15 x 1079) *(8.88 x 1079)
Zone width (mm)/zone 1.71 *(2.03) *(0.13) 0.67 *(0.67) 0.061 *(0.060) 0.0034 0.29 1.53 *(1.89)
broadening* *(0.068)
Ribonuclease A - *(1.11 x 1075) 1.40x 1073 7.27x 1076 2.91x 1078 2.16x 10°* -
*(5.97 x 1079) *(1.40 x 1079) *(7.27 x 107) *(1.17 x 1079) *(4.27 x 1079)
Zone width (mm)/zone - *(0.12) 0.75 *(0.75) 0.054 *(0.054) 0.0034 0.29 -
broadening* *(1.55) *(0.068) *(1.31)
a-Chymotrypsinogen A 2.41x 1073 *(1.11 x 1079) 1.43%x 1073 7.21x 1076 3.39x 1078 2.16x 10°* 0.71x 1073
*(3.86 x 1079) *(1.42 x 1073) *(7.28 x 107) *(1.36 x 1075) *(2.15 x 1079)
Zone width (mm)/zone 0.98 *(1.24) *(0.12) 0.76 *(0.75) 0.054 *(0.054) 0.0037 0.29 0.53*(0.93)
broadening* *(0.074)

Samples were dissolved in 10-and *200-fold diluted buffer.

** 20, except foraXo(v120).

** The variance for sedimentation in the vertical section of the capiltarys(min).
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strengths where the deviation from a straight line is small- Table 8 _ _
est. From the slope of the line2u) one can easily calcu- ~ comparison of CLOD values of four basic proteins

late the diffusion coefficient. If the value obtained is close Ammonium  Ammonium
to the literature value, diffusion is the largest contribution a'f_eta;rf“ 4.0 hdezogyaCEtatev
to the zone broadening, i.e. other types of zone broadening (Fig. ) ?Fig Ty
are negligible. When thB-value differs from the literature " vy S le'
value other types of zone broadening cannot be neglected ™ stength (M)
and the trueAXp-values are smaller than the calculated Proteins
ones Cytochromec (pmol/ml) 8 41
In the separation step, the very narrow enriched sample Lysozyme (pmoliml) > 18
n P p,' . y . . P Ribonuclease A (pmol/ml) 6 19
zone became blurred by diffusion and other zone distortions, 4-chymotrypsinogen A (pmol/ml) 4 12

with the advancing boundary sharpened and the rear bound-he proteins were dissolved in *100- and **200-fold diluted BGE to the
ary blurred by a conductivity difference singe, calculated final concentrations and were injected by applying 1 kV for 16 s. Separation
by Eq. (8) has anegative valua;pH is positive, whichmeans  field strength: 360V cm’.
that the advancing boundary of the peak became blurred and
the rear boundary sharpened, i.e. the electrodispersion andrder to determine the CLODs, defined as peak heights three
pH dispersion counteract each other, and, thus, create lesémes higher than the background noise. The CLODs were
peak asymmetry, as expected (Section 2.7 in Fai)l The significantly lower for ammonium acetate than for ammo-
shapes of the peaks in many of the electropherograms do nofium hydroxyacetatéfable §, although the efficiencies were
contradict this qualitative discussion. considerably higher with ammonium hydroxyacetate as BGE
The widths of the peaks at 60% of the peak heiglat)(2  (seeTable §. The reason is probably the lower background
for the ammonium acetate and ammonium hydroxyacetatein the UV signal at 200 nm for acetate compared to that for
systemsTables 6 and fdemonstrate the contribution of the ~hydroxyacetate. This relatively large difference in CLODs
different zone broadening effects in a complementary and need not be valid for other detection techniques, e.g. mass
enlightening way, some of them contributing significantly to Spectrometry. In an attempt to improve the detection limits,
zone broadening. Observe that the width of the starting zonethe volumes of the proteins introduced were expanded by in-
(o'ixO) is calculated from the expressiafil2o. creasing the hydrodynamic injection times (up to 30s). The
The efficiency (N/m) decreases drastically when the areas and heights of the peaks increased, although at the ex-
sample is injected in 100-200-fold diluted buffers pense of resolution.
(Tables 6 and )7 The rest variance is then the dominating
contribution (87-95% and 59-88% for ammonium acetate 3.11. Evaluation summary of the background
and ammonium hydroxyacetate as the BGE, respectively). electrolytes
This contribution decreases with increasing migration times
illustrating that it originates from interactions between the A summary of important parameters, determined in ex-
sample and the surrounding BGE zones. Careful studies ofperiments in different background electrolytes is shown in
peak shapes in related electropherograms (Fig. 12b) showedrable 9 Four of the BGEs gave excellent efficiencies; the
that atleast the first three peaks were hyper-sharp. This meanglate humber in some cases exceeding 1 million per me-
that the net contribution ok pH andA« effects will increase  ter (Table 5. Triethanolamine-hydroxyacetate provided the
the zone-broadening, and it is probable that those parametersiighest mean value for the four studied proteins. Upon a 10-
together with protein—protein and protein—buffer interactions fold dilution ammonium acetate and ammonium hydroxyac-
in the highly concentrated zones are responsible for the sig-etate (pH 4.0) have similar efficiencies, whereas the latter
nificantly larger rest variance when the sample solution is buffer gives higher efficiencies at higher dilution, probably
highly diluted. However, the advantage of injecting highly reflecting its higher buffering capacity.
diluted samples is improved detection limits, and the resolu-  Triethanolamine-hydroxyacetate was, along with ammo-
tion seems still to be adequate for studies on protein purity, nium acetate, the most efficient medium for the resolution of

see Sections 3.10 and 3.11. isomer/impurity peaks, followed by ammonium hydroxyac-
etate. The resolution seems to be strongly dependent on pH,
3.10. CLOD being high at pH 4 and low at pH 3. The pH was generally cho-

sen close to thelfy, value of the acidic component to obtain a
The concentration limits of detection (CLODSs) of the pro- high buffering capacity, the pH 3 of the formate buffer being
teins were determined at pH 4.0 in ammonium acetate andan exception. The comparison is, therefore, unfair towards
ammonium hydroxyacetate (ionic strengths 0.12 and 0.15 M, this buffer, which may give adequate isomer/impurity peak
respectively), the buffers giving the highest resolution among resolution at pH 4, where the buffering capacity is higher.
those tested in this study. The analytes were introduced byThe triethanolamine-hydroxyacetate buffer has the lowest
electrokinetic injection in 100- and 200-fold diluted BGE, conductivity ¢ = > c;u ), since its components are rela-
respectively. Stock solutions of the proteins were diluted in tively large and the pH is very close to th&of the acid
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Table 9
Summary of buffer performance
Buffers Efficiency  Resolution of Buffering k (seeTable 4  Protein stability = UV absorbance  R.S.D. (igy)
isomer/impurity  capacity
peaks
Ammonium acetate, pH4.0 ++++ +++++ ++ + ++ + +++++ ++++ +++++
(ionic strength: 0.12 M)
Ammonium hydroxyacetate, ++++ ++++ +++++ +++ +++++ +4++ ++++
pH 4.0 (ionic strength:
0.15M)
Ammonium formate, pH 2.7 - + ++ ++ - ++++ -
(ionic strength: 0.067 M)
Sodium phosphate, pH3.0  +++ - ++++ + - +++++ -
(ionic strength: 0.10 M)
Triethanolamine-malonate, — - +++++ +H+++ - + -
pH 3.0 (ionic strength:
0.10 M)
Triethanolamine- +++++ +++++ +++++ ++++ +++ + ++

hydroxyacetate, pH 4.0
(ionic strength: 0.25 M)

(3.8). The proteins were highly stable in three of the buffers 4. Conclusions

used: ammonium acetate, ammonium hydroxyacetate and

triethanolamine-hydroxyacetate, but seemed to be very un- The polyacrylamide coating was very stable at neutral
stable in ammonium formate and triethanolamine-malonate. and acidic conditions; washing of the capillary with 2M
Those two buffers were used at pH 3, as was the phosphateHCl increased the repeatability of migration times and peak
buffer, which also exhibited poor protein stability. Conse- areas. The separation of the four basic proteins at acidic
quently, the instability seems to depend more on the pH of the pH depends strongly on the type of the running buffer and
buffer than its composition. Most of the buffers have some UV its concentration. Acetic and hydroxyacetic acids titrated
absorbance at the wavelength used, 200 nm, especially thosavith ammonia provided high efficiency and resolution
containing triethanolamine, whereas the phosphate buffer isof the model proteins, as well as of isomer/impurity
the most transparent at this wavelength. The repeatabilitiespeaks Figs. 5 and Y. Another buffer, triethanolamine-

of the migration times were excellent for ammonium ac- hydroxyacetate, seemed also to be a promising buffer since
etate, good for ammonium hydroxyacetate, and reasonabldt gave high efficiency, as well as excellent resolution of
for triethanolamine-hydroxyacetat&able 3. However, in isomer/impurity peaks, but with two drawbacks: the high
the experiments with the latter buffer a longer injection time UV-absorbing cation and the low precision in migration
was used, which probably affected the precision. The mosttimes (Table 3. The reason behind the lower precision in the
favorable conditions for high efficiency and resolution of migration times might be shorter injection time used with
isomer/impurity peaks were obtained when the sample wasthis buffer (2 s) and a possible variation in current caused by
added to a BGE at pH 4 diluted 10 times. Electropherograms bubbles and/or precipitates (see Section 2.10.3 in P&}}.1
demonstrating these conditions are showhigs. 5a and 7a The other buffer types tested herein (such as ammonium
The efficiencies in the ammonium acetate buffer ranged from formate, sodium phosphate, triethanolamine-malonate) gave
464 000 to 1600000 for the four proteins and in ammo- less good repeatability and resolution; furthermore, at(8i
nium hydroxyacetate from 550000 to 1660 00@lgle 5. they probably caused precipitation and/or denaturation of the
The other three buffers, which all were used at pH 3, showed proteins. Among the tested ionic strengths of the two buffers
large variations in the migration times. To summarize, two of of choice, ammonium acetate and ammonium hydroxy-
the buffers showed excellent performance for the protein sep-acetate, 0.12 and 0.15 M were the preferred, respectively. Ef-
arations: ammonium acetate and ammonium hydroxyacetateficient zone sharpening was achieved with dilution factors as
at pH 4. One buffer, the triethanolamine-hydroxyacetate, was high as 100-200, improving the sensitivity and giving limits
excellent regarding most criteria but showed some drawbacksof detection at 200 nm in the order of 4—-8 pmol/ml of proteins
in migration time repeatabilitie3éble 2 and UV absorbance  for ammonium acetate and 12—41 pmol/ml for ammonium
(probably, this absorption can be decreased by distillation of hydroxyacetate, although a 10-fold dilution of the running
the triethanolamine or by treatment with active charcoal). The buffer gave the highest plate numbers. Sedimentation at the
precision in the migration times may be much better if other inlet may give rise to loss of protein, as can the washing
injection conditions are used, for instance lower voltage dur- of the inlet of the capillary. Moderate conductivity and pH
ing alonger time. Application of the sample by pressure may differences cause zone distortions, but no or negligible zone
also increase the precision. broadening at low dilution degree of the sample solution.
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However, at high dilutions of the sample hyper-sharp peaks[15] K.A. Cobb, V. Dolnik, M. Novotny, Anal. Chem. 62 (1990) 2478.
were obtained for which conductivity and/or pH effects [16] M. Chiari, M. Nesi, J.E. Sandoval, J.J. Pesek, J. Chromatogr. A 717
cause significant zone-broadening. The same is true for__ (1995) 1.

int fi bet tei d a buff tit t oth [17] C. Gelfi, M. Curcio, P.G. Righetti, R. Sebastiano, A. Citterio, H.
Interactions between a protein and a butter constituent, other Ahmadzadeh, N.J. Dovichi, Electrophoresis 19 (1998) 1677.

proteins, capillary coating, etc., provided that the on/off [1g] H. wan, M. ®hman, L.G. Blomberg, J. Chromatogr. A 924 (2001)
kinetics is slow enough (Part[1]). There are, accordingly, 59.

reasons why different buffers give different plate numbers. [19] D. Belder, A. Deege, H. Husmann, F. Kohler, M. Ludwig, Elec-
The rest variances calculated for ammonium acetate and__ trophoresis 22 (2001) 3813,

. hvd tate i t | ith i [20] L. Ornstein, Disc Electrophor. 121 (1964) 321.
ammonium nyadroxyacetate Increases strongly wi mcreas-[Zl] S. Hjerén, Electrophoresis 2 (1990) 665.

ing mobility of the proteins, indication of the presence of [22] . Foret, E. Saks, B.L. Karger, Electrophoresis 14 (1993) 417.
interaction between the proteins and the buffer components.[23] S. Hjerén, J.-L. Liao, R.J. Zhang, J. Chromatogr. A 676 (1994)
A closer study on the theoretical aspects on some of the  409.

data obtained experimentally is given in Part | of this series [24] S- Liao. R. Zhang, S. Hje#h, J. Chromatogr. A 676 (1994) 421.
[1] [25] Q. Mao, J. Pawliszyn, W. Thormann, Anal. Chem. 72 (2000)

5493.
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