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Abstract

Two different capillary electrochromatography (CEC) stationary phases, Hypersil phenyl and Hypgnsdve been characterised with
respect to their ability to separate the four basic peptides H-Tyr-(D)Ala-Phe-Ph¢TARP), H-Tyr-(D)Ala-Phe-NH (TAP), H-Phe-Phe-
NH, (PP) and H-Phe-NK(P). Optimal separation conditions were first established separately for the two phases by applying experimental
design in a stepwise procedure. The first step comprised a study to acquire basic knowledge about the variables, their influence on the responst
and their respective experimental domains for each of the two stationary phases. The second step was screening the significant variables ant
the third step was an optimisation with response surface modelling (RSM) to locate the optimum separation conditions for each stationary
phase. The experimental procedure was identical for both stationary phases, but their respective experimental domains were different. The
response functions were peak resolution and peak efficiency. This procedure enables specific optimal experimental conditions to be identified
for each of the two stationary phases. The optimal conditions identified for the separation on the phenyl stationary phase were to use 50%
ACN, 20% 50 mM Tris(hydroxymethyl)aminomethane (TRIS) pH 7.5, 309@tds BGE, operating at 2€ and 20 kV high voltage. For the
C,g stationary phase optimal separation was achieved using a BGE with 80% ACN, 20% 30 mM TRIS pH 8.5, again operatDguati 20
20KkV high voltage. Results show that the phenyl stationary phase is better suited for the separation of basic, hydrophilic peptides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction performance liquid chromatography (HPLC), for peptide
separations. However, HPLC is still the most frequently used
Peptides play a major role in the control and regulation of analytical technique in this contepit].
many vitally important processes of living organisms. They ~ CEC may be considered to be a hybrid technique between
are attractive drug candidates for many reasons, includingHPLC and CE, which (atleast theoretically) combines the se-
their natural abundance and their high specificity. However, lectivity of HPLC with the high efficiency offered by CE. Var-
similar peptides often have very similar behaviour patterns ious types of CEC can be distinguished: packed-column CEC
in most separation systems. Consequently, advanced meth{(PC-CEC)[2,3], open-tubular CEC (OT-CE(2,4] and, the
ods are required to separate, prepare, characterize, and denost recently developed, CEC based on monolithic or con-
termine peptides. Capillary electrophoresis (CE), and cap-tinuous bed$5—7].
illary electrochromatography (CEC), have recently become  CEC has been shown to be suitable for the separation of
recognized as excellent supplemental techniques to high-both acidic and neutral compounf$s-10]. However, prob-
lems may appear when analyzing basic compounds, since the
stationary phases normally used are not end-capped, so elec-
* Corresponding author. Tel.: +46 8 164 316: fax: +46 8 156 391. trostatic interactions may occur between the residual silanol
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Several reviews covering the basic principles of CEC The BGE was then degassed by passing helium through it
[11-15] the separation of basic compounds with CEC or treatmentin an ultrasonic bath for 10 min. BGE solutions
[8,10,16] peptide analysis with CE[1,8,9,17-20Rnd vari- were freshly prepared before use.
ables influencing separation in CED,21,22]have recently For each peptide a 1 mg/ml stock solution was prepared
been published. by dissolving and diluting 10 mg of it in 10 ml water. Sample

Experimental design is today a well-established technigue solutions were then prepared by diluting the stock solution
for optimising chemical processes that are affected by vari- to the desired concentration, 0.1 mg/ml, with water, if not
ables, many of which are controllab23,24] When com- otherwise stated.
paring the separation capabilities of different phases in CEC
it is important to ensure that each stationary phase is tested?.3. Instrumentation
under its own optimal experimental conditions, since the var-
ious phases will almost certainly differ in important respects, ~ All experiments were performed using an¥PE instru-

e.g. hydrophobicity. Therefore, comparing different station- ment (Agilent Technologies) equipped with a diode array de-
ary phases under identical experimental permissions will give tector and Chemstation software (version A.05.02) for data
results that are biased in favour of some phases at the expenskandling. All capillaries, obtained from Agilent Technolo-
of others that may perform much better, say at a different pH gies, had an effective length) of 25 cm and a total lengtit}

or temperature. of 33.5cm, an inner diameter of 1Q®n and an outer diame-

The approach taken in the study reported here was to op-ter of 350um. Before use, the dry, or partially dry, capillary
timise the separation conditions for two different stationary was conditioned by passing the mobile phase through it with
phases separately, thereby comparing their inherent and acthe aid of an HPLC-pump, at a pressure of 25-30 bars for at
tual separation capability in an objective way. The experimen- least 4 h. Prior to all runs the capillary was preconditioned
tal designs applied were similar for both stationary phases with the appropriate mobile phase for about 30—120 min and
and the same response functions were chosen, but the respe®etween every injection there was a 5min preconditioning
tive experimental domains differed. The separation capabil- period with BGE. The temperature of the capillary cartridge
ity of the respective phases was studied by monitoring the was varied within the range 15-4Q. The operating volt-
separation of the four basic peptides H-Tyr-(D)Ala-Phe-Phe- age (10-30kV) was ramped up over a time interval of 1 min,
NH, (TAPP), H-Tyr-(D)Ala-Phe-NH (TAP), H-Phe-Phe-  thereby inducing electrophoretic motion towards the cath-
NH, (PP) and H-Phe-NK (P). The two stationary phases ode. All samples were electrokinetically injected, at 5kV for
used in the investigation were compared in terms of the peak10s. A pressure of 8 bars was maintained over each mobile

resolution and peak efficiency obtained for the four test pep- phase vial to avoid cavities forming inside the capillary dur-
tides. ing the analysis. The eluting peptides were monitored by di-

rect UV detection at the cathodic side. Spectra were collected
at wavelengths between 210 and 600 nm, and the responses

2. Experimental were evaluated at 210 nm. Allcompounds were analyzed both
separately and together in a mixture to verify the identifica-
2.1. Chemicals tion. Spectra of the compounds were also used to identify the
peptides when analyzing the mixture.
The peptides H-Tyr-(D)Ala-Phe-Phe-NHand H-Tyr- The chemometric design and model evaluation were done

(D)Ala-Phe-Nh were kindly provided by Biochem Im-  using the MODDE 6.0 software package (Umetrics, @me
munosystems (Montreal, Canada), while H-Phe-Phe-NH Sweden). Thel§, and the lod values were calculated using
was purchased from Bachem (Bubendorf, Switzerland) the software ACD/K, DB, version 7.00 (Advanced Chem-
and H-Phe-NH was supplied by Sigma (St. Louis, istry Development Inc., Toronto, Canada).

USA). Phosphoric acid, acetonitrile (ACN), methanol,

Tris(hydroxymethyl)aminomethane (TRIS) and HCI (37%) 2.4. Capillaries

were obtained from Merck (Darmstadt, Germany) and were

of analytical grade. Purified water was obtained from a Wa- ~ Two different stationary phases were investigated, Hy-

ters Milli-Q system (Watford, Herts, UK). persil Gg and Hypersil phenyl, both commercially avail-
able from Agilent Technologies. These phases have differ-
2.2. Solutions ent properties due to the differences in the substituents on

the surface of their silica particles. The silica particles in

TRIS buffers were prepared by dissolving appropriate the Hypersil phenyl stationary phase have been reacted with
amounts of TRIS in water and adjusting to the desired pH chlorodimethylphenylsilane, thereby providing the silica sur-
using 5 M HCI. To obtain the desired background electrolyte face with phenyl groups. In the Hypersiigstationary phase
(BGE) composition, the respective buffer solution was mixed the silica particles have been reacted with chlorodimethy-
with appropriate volumes of the organic solute (modifier) and loctadecylsilane. This type of substitution gives greater hy-
water. The organic solute used was either ACN or methanol. drophobicity in comparison to the phenyl stationary phase.
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2.5. Evaluation procedure factor. Harang et a[35] have shown that the time factor is
sometimes far too dominant in the response function, despite

The resolution Rs) and efficiency K) were selected as  the weighting of the resolution factor. This results in models

response functions when evaluating the performance of thethat poorly describe the experimental data with poor ability

separation system. The basic requirements were that these reto predict optimum conditions. By modifying the chromato-

sponse functions should provide measures of baseline separagraphic functions, and excluding the time factor from the

tion and peak breadth for the four peptides. In addition, three equation, they obtained better mod@s]. Therefore, we set

chromatographic response functions were utilized: the chro- the time-factor in the COF to 0.

matographic optimisation function, CQe5,26], the chro-

matographic response function, CRE6-29} and the res-  CRR=a Y IN(Rso/Rs) +b Y _ In(Rs/ Rso) 4

olution productR, [30].
P R [30] whereRg,is the optimum resolution (1.5), afid is the reso-

25 1. Resolution lution between two neigh.bouring peaks. The weighting fac-
dors.a (the excess resolution factor) aln¢the overlap degra-
dation factor), were selected according28,29], and set to
5 and 50, respectively. This procedure gives more weight to
Rs=1.18 x 2—1n 1) f[he resoll_Jtion (_second) term. Only peaks_ WRh> 2 were
wo.5,1 + Wo5,2 included in the first term and only peaks with resolution <1.5
were included in the last term.

Peaks were integrated and the resolution was calculate
using Chemstation software according to

wheret; andt; are the migration times, angp 5,1 andwo s 2

are the peak widths at half peak heights. In this study four n—1

different peptides were separated, and the resolution betweerr, = H Rsiit1 (5)
each pair of peaks was calculated, giving a total of six re- i=1

sponses.

In this study a resolution of at least 1.5 between two peaks whereR; is the resolution between two neighbouring peaks.

was considered to give baseline separation, and the aim was

to get a resolution of at least 1.5 between all peak pairs. ~ 2.6. Modelling
2.5.2. Efficiency The data obtained from the statistical experimental design
The efficiency was calculated using the Chemstation soft- was fitted by means of multiple linear regression (MLR) and
ware, according to: partial least squares (PLS) analysis. The responses could then
) be described by a Taylor polynomial functif86]. The main
N = 5.54<’) @) difference between MLR and PLS is that PLS fits a model
wo.5 with all responses simultaneously, while MLR fits all re-

sponses separately. MLR cannot fit data to a model if there are
any missing data, whereas PLS can tolerate a small amount of
missing data (<10%). The MODDE software calculates the
fractions of variation of the response that can be explained
by the model R?), and predicted by the modeDf). RZ and
92 should be as close to 1 as possible in a good m&¥é|

The responses were differentiated into subgroups during

whereN is the number of theoretical platdghe migration
time of the respective peak amg s is its temporal width at
half its height.

2.5.3. Chromatographic functions
When several peaks are to be separated, a chromatographi

function describing all the resolutions in a chromatogram or the evaluation procedure, since the responses considered are
electropherogram in a single value can be useful. Many dif- i P e 'SP
very different and may be difficult to fit in the same model.

ferent chromatographic functions have been described in the e
grap Furthermore, a large number of responses may be difficult

literature[25—34] however, only the chrom raphi i- . X ) .
terature[25-34} however, only the chromatographic opt to interpret. One group contained the resolutions (six re-

misation function, COF, the chromatographic response func- sponses), the second group the peak efficiency data (four

tion, CRFs (modified according t¢29]), and the resolution responses) and the third group contained the results from

roduct,R, were used here. The chromatographic functions ) h
\?vere callzﬂlated according to equatic(6$—(5)? P the chromatographic functions (three responses).

n
COF =" A; In(Ri/Ria) + Bltm — 1) 3) 3. Results and discussion
i=1

whereR,; is the resolution of thih pair andRyq is the desired The investigation involved three steps. The first comprised
resolution (1.5)ty is the desired maximum analysis time and experiments designed to acquire basic knowledge about the
ty the time of the last eluting peak; andB are weights cho-  variables and to choose the appropriate dimensions of the ex-
sen by the operatd25]. In this paper the constant¢ andB perimental domain. The second step was a screening study to
were set to 2 and 0, respectively, thereby excluding the time evaluate which variables influenced the separation the most.
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The third and last step was an optimisation with response Table 1

surface modelling (RSM). The experimental domains in the screening study
Variable Experimental domains
3.1. Step 1: Initial studies Low High
Acetonitrile (%} 50 80
During the initial studies some of the experimental vari- PH 75 85

ables and their respective experimental domains were deter-Buffer concentration (mM) 10 50

mined for each stationa_ry phase individually. These variables ;Z?ﬁ:ﬁglzzge KV) 1155 3400
were the type of buffer in the BGE and the type and amount —; Only varied for the phenyl stationary phase
of organic modifier in the BGE. The amount of ACN was '
tested in the range from 50 to 80%.

The obtained results indicate that thgGtationary phase,

hich is a hydrophobic and thus st ly retardi hase, re- . . .
WRICh 1S & Nydrophobic and thus Srongly retarding phase, re After the initial experiments the variables and their respec-

quires a relatively high content of organic modifier in the i . tald ins for the two stali h
BGE. The separation of the analytes was unsatisfactory and Ve expenimental domains for the two stationary pnases were
chosen, se@able 1

the peak shapes were poor when low contents of ACN were . .
In the screening study a Plackett—-Burman design was ap-

present in the mobile phase, sEry. 1 Additional exper- lied for both stali h o oht !
iments were performed in which ACN was replaced with piied for both statiohary phases, comprising eignt experi-
ments and three additional centre points, resulting in a total

methanol in the BGE, and/or triethanolamine was used as the ) . . .
buffer in the BGE instead of TRIS. However. none of these of 11 experiments. For the phenyl stationary phase five vari-
efforts improved the resolution ' ables were varied at two levels, and for thgs@hase there

For the less hydrophobic phenyl stationary phase, the Were four\{ariables,varied at two Ievells.The. worksheets are
amount of ACN iri/thepBGE V\f)as n)(;t as criticayl gs for the presented ifables 2 and Data were fitted with both MLR

Cis phase. Even at low ACN levels some separation was and PLS, but the MLR models had very low descriptiRé)(

achieved between the peptides. The replacement of ACN with
methanol did not result in any improvement with respect to
the separation for either of the stationary phases.

The conclusion drawn from these sets of experiments was
that the BGE should consist of the TRIS buffer at various

3.2. Step 2: Screening

Table 2
Worksheet for the Plackett—Burman design on the phenyl stationary phase

Experiment Acetonitrile Buffer pH Temperature High
number (%) concentration (°C) voltage

mM kV
concentrations, with ACN as an organic modifier. However, (W) )
. 1 50 10 8.5 40 10
for the Gg stationary phase the amount of ACN added was 80 10 85 15 30
kept constant at 80% in all subsequent experiments. 3 80 50 85 15 10
4 80 50 75 40 10
N 5 50 50 8.5 40 30
=3~ 6 80 10 75 40 30
mAU 50 . ¥ 7 50 50 75 15 30
40 80% ACN = 8 50 10 75 15 10
9 65 30 8.0 25 20
10 65 30 80 25k 20
11 65 30 8.0 25 20
(a) 0 1 2 3 4 5 6 min Table 3
N Worksheet for the Plackett—Burman design on thg $ationary phase
mAU 50 < EE Experiment Buffer pH Temperature High
40 7 = 3 ’
60% ACN number concentration (°C) voltage
307 (mM) (kv)
20 1 50 75 15 30
107 2 50 8.5 15 10
03 3 50 8.5 40 10
4 10 8.5 40 30
(b) 0 1 2 3 4 5 6 min 5 50 75 10 30
6 10 8.5 15 30
Fig. 1. Electropherograms showing the change in selectivity for the analytes - 10 75 40 10
separated on a g stationary phase as a function of the (v/v) amount of g 10 75 15 10
acetonitrile (ACN) in the mobile phase. (a) Mobile phase: 80% ACN, 20% g 30 8 275 20
50mM TRIS pH 8.0, (b) mobile phase: 60% ACN, 20% 50mM TRIS pH 19 30 8 275 20
8.0, 20% HO. Experimental parameters: 20 and 20 kV; electrokinetic 11 30 8 275 20

injection at 5kV for 10 s.
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and predictive ability ©@?) so the PLS models were chosen J\‘;‘b'si ¢ for the COF-de oGt A
and exclusively used in all further evaluation of the variables. \Worksheet for the CCF-design on thggStationary phase

For the phenyl phase the pH and buffer concentration of Experiment Buffer pH
the BGE were significant when using any response function, "MPe" concentration (%)
and the amount of acetonitrile was significant for the effi- 1 10 75
ciency. These three variables were further investigated in the g ig ;g
optimisation modelling. Significant variables for the resolu- , 50 85
tion obtained with the ¢ stationary phase were the buffer 5 10 8
concentration and the pH of the BGE, but the only signifi- 6 50 8
cant variable for the efficiency was the buffer concentration. 7 30 75
Optimisation on the g phase was therefore continued with g gg 2'5
the variables buffer concentration and pH of the BGE. 10 30 8
11 30 8

3.3. Step 3: Optimisation with RSM

The optimisation step was carried out according to a cen- R_esponse surface plots were p_roduced in_l\_/IODDE for_aII the
tral composite faced (CCF)-design for each stationary phase.d'ﬁeren_t responses and the optimum cond|t|0ns Were_V|suaIIy
This allows interaction and quadratic terms to be investigated determined from th(_ase plots. The rgsults Pbtf"“”9d using all of
in order to detect curvature within the experimental domain. € résponse functions gave consistent indications concern-
The CCF-design for the phenyl phase with three variables ing the approxmate Iogatlons n 'the response sgrface plots
comprised 17 experiments (including three centre points). of j[he qptlmum separation congltlons. The best-fitted model
For the Gg phase only two variables were varied, so the (with h'ghﬁ_St ;/alue_s OR? an?Q g Wr?s fOL.md for t?]e chro- h
CCF-design contained a total of 11 experiments (including matographic function COF for both stationary phases. The

three centre points). The worksheets for the phenyl and C response surfaces for the COF response for the two station-
stationary phases are presentetihles 4 and Fespectively. ary phaser? are shown Hig. f2a an,g b ) be clearl
Chromatographic response functions were introduced into Frorr? the response ?u;:l acesmiy. 2a It can le c'er?ryh.
the analysis at this stage of the investigation to improve the S€€" that separation of the pept_ldes is optimal (within this
ability of the models to predict optimum separation con- teste_d domain) on the phe_nyl stationary phase when the BGE
ditions. This could have been counter-productive at earlier COES'StS of 50% gcetonltrllke: 2oog) S0mM TIFIS at EH 75
stages since the risk of ambiguity is obvious, and the results?’OA’ HO, operating at 20kV and 2@. An electrophero-

may be difficult to interpret when there are as many as six gram s.howing this §eparation ,is presentediign 3. ,
responses to consider. S|m|larly_, the optimal analytical system for the s_eparatlon
The responses were fitted by means of both MLR and ©f the peptides TAPP, TAP, PP and P on thg Slationary

PLS using the MODDE software, but for all responses the phase can be determined from the response surféag.idb.

PLS models gave better fits to the data according to the mea—The optimal separation conditions (within this tested domain)

sures of their descriptiveR®) and predictive ability ©2). include a BGE composit.ion of 80% acetonitrile; 20% 30 mM
TRIS at pH 8.5, operating at 20kV and 20. An electro-

Table 4 pherogram illustrating this separation is presentdeidn 3b.
Worksheet for the CCF-design on the phenyl stationary phase The additional peak seen ig. 3b is a system artefact.
Experiment Acetonitrile Buffer pH A comparison of the chromatographic parameters for the
number (%) concentration (mM) two phases separating the peptides under their respective op-
1 50 10 75 timal conditions is presented Table 6 As can be seen from
2 70 10 75 both the electropherogramshig. 3a and b and the data listed
3 50 50 7.5 in Table G the phenyl stationary phase provides the best sepa-
4 70 50 7.5 ration of the tested peptides under the tested conditions, with
2 38 ig g‘g respect to both resolution and efficiency. Theg €tationary
7 50 50 85 phase did not have the ability to fully separate (with a reso-
8 70 50 8.5 lution >1.5) all the peptides, and the peaks (except P) have
9 50 30 8 significantly lower plate numbers than those obtained with
10 70 30 8

the phenyl stationary phase. The phenyl stationary phase is

E 28 ég g the more polar phase of the two compared in this study, which
13 60 30 75 he.Ips explain .the experimental results from the peptide anal-
14 60 30 8.5 ysis. Calculations of the lof and K, values (sedable §

15 60 30 8 of the peptides show that they are rather polar at pH 8, and
ig 28 gg g thus the more polar phenyl stationary phase is better suited

for this separation.
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Buffer concentration (mM) Acetonitril (%)

g B 0 5 20 15 10 50 52 54 56 58 60 52 64 g6 65 7

P N P RN 0 DR NN (NN T N 2 N IS AP BN AN N 0 PRI O

(a)

Buffer con!

‘WJ—"}“'@‘

et
e AN [
RN

SSERIREKEY
SSRGS
’:".*83‘3?23“33.‘-‘\‘}“’
CEREPTNKN
’I::*:$s\:“\\“\\\t\\}}}\

;}1”, RS “ Jatibta
-10 ”?:O:O‘O‘Q‘Q;‘_\“%‘,{““\\\\\i{\\

cex;%ml}';an (mM) _

S A R
o) 255 ’¢‘:\\\\\\\‘\\‘\
8 s ‘0‘:““:“:‘\‘ 5

4
(b) CONENE

400

mAU TAP

60 3 l

50 -

40 |

30 13 ﬂ

204 f ’ ,‘ TAPP

104 ' .\

0 | . L \
@ o 1 2 3 4 5 6 7 8 min
mAU PP

20 \TAPP

15 TAP

»

10

5.

0
(b) 0 1 2 3 4 5 6 7 min

Fig. 3. Electropherograms obtained under optimal conditions for separat-
ing the four basic determinants using (a) the phenyl stationary phase with
BGE: 50% ACN, 20% 50 mM TRIS pH 7.5, 30%,8; and (b) the &g
stationary phase with BGE 80% ACN, 20% 30 mM TRIS pH 8.57@0

and 20KkV; electrokinetic injection at 5kV for 10 s; capillary dimensions,
effective length 25.0 (total length 33.5) canl00pm.

4. Conclusions

This work shows that the stationary phases used in CEC
can be swiftly and systematically characterised by applying
a three-step development strategy based on experimental de-
sign. Optimal separation conditions can be developed for each
phase individually and independently. The separation capa-
bilities for the stationary phases are preferably evaluated and
compared with respect to resolution and peak efficiency. For
the four selected basic peptides TAPP, TAP, PP and P a phenyl
phase seems to be better suited for the separation thag a C
stationary phase. Characterisation and comparison of other
stationary phases for the separation of basic compounds in
CEC according to the strategy applied in this paper is ongo-

ing.
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