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bstract

In recent years, multivariate techniques have been utilized to evaluate reversed-phase high-performance liquid chromatographic data. In the
resent study, 11 high-performance liquid chromatography (HPLC) columns were divided into several groups according to the retention factors
f 12 peptides. Principal component analysis (PCA) and cluster analysis (CA) were used in column and peptides’ comparison and grouping. CA
esults indicated that all stationary phases may be generally grouped into several clusters, due to stationary phase structure and properties. On the
ther hand, interesting results were obtained with the use of PC. There is almost linear relationship between classified HPLC columns in the space

f new PCs, which is connected with meaning of the PC’s reflected in their loading values. The first component describes non-polar properties of
eptides, whereas the second component is loaded with polar peptides having much lower log P values. PCA and CA were also used in peptides
omparison however, complete explanation of peptides grouping still remains unclear.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The significant importance of peptides for living organisms
s well known. The abilities to detect, quantify, and model bio-
ogically significant molecules are important for studying basic
iving function. These abilities are important especially in the
eld of bioanalytics. The bioanalytic study focuses on specific
spects of the biomolecular detection and the analysis of prob-
ems as in the case of peptides. Their analysis has numerous
pplications (e.g. separation and purity control) [1]. The most
opular method for peptide analysis is high-performance liq-

id chromatography (HPLC). Due to the specific structures and
roperties of peptides, their chromatographic analysis may pro-
ide interesting information for column grouping or can be

� This paper was presented at the 10th International Symposium on Biochro-
atography, Lille, France, 26–28 April 2006.
∗ Corresponding author. Tel.: +48 56 6114308; fax: +48 56 6114837.

E-mail address: bbusz@chem.uni.torun.pl (B. Buszewski).

c
r
p
d
b
T
e
i

570-0232/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2006.10.048
ster analysis; Principal component analysis

elpful to select proper column for peptide investigations. The
orrect selection of stationary and mobile phases are crucial
oints for the application of the HPLC technique for peptides
nalysis. The majority of columns used in the studies are butyl,
ctyl and octadecyl stationary phases [2]. Nowadays, there are
any different packing material types and their utilization in

eptide analysis seems to be a promising direction in case of
hoosing the best column for peptides’ determination, e.g. in
iological sample.

On the other hand, there are often significant differ-
nces between similarly prepared and commercially available
olumns, mainly due to the characteristics of the silica mate-
ial used as a support and the technique applied to synthesize
acking material. Not only individual adsorbents differ in their
ependence on the manufacturer, but the batch-to-batch repeata-

ility of the same producer is also rather poor in many cases [3].
herefore, methods for column comparison and grouping are
ssential. One of the most popular methods for column qual-
ty evaluation are simple chromatographic tests characterizing

mailto:bbusz@chem.uni.torun.pl
dx.doi.org/10.1016/j.jchromb.2006.10.048
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he properties of stationary phases such as column efficiency,
ydrophobicity, silanol activity, and ion exchange capacity
4–9].

Due to specific structures and properties of peptides, their
hromatographic analysis may provide an interesting informa-
ion on classification of columns or allows for the selection
f proper column for peptide investigations. Chromatographic
ehavior of peptides is determined by the character of their
ide chains and substituent groups, which define their basic or
cidic character (presence of ionizable groups), or the degree of
ydrophobicity or hydrophilicity. Moreover, secondary struc-
ures of peptides with more than 15 amino acids in the sequence
egin to play an important role during the chromatographic elu-
ion. Furthermore, all stationary phases exhibit more than one
ype of interaction with the given solutes and the mobile phase.
imilar situation is observed in case of different peptides—there
re many possible interactions, which can take part in retention.

Grouping of data (objects or variables) is possible by means
f unsupervised methods [10,11]. Unsupervised methods iden-
ify natural clustering pattern and group objects (or variables)
n the basis of similarities between the samples. In these cases,
o supervisor is needed in the sense of known membership of
bjects to classes and the classes are not defined. There are two
ost common methods of partitioning, namely cluster analy-

is (CA) and principal component analysis (PCA) with factor
nalysis (FA). These methods are widely recognized as very
owerful tools for getting better information about the relations

ithin dataset [12].
In recent years multivariate techniques (principal compo-

ent analysis, factor analysis, cluster analysis, etc.) have also
een utilized to evaluate reversed-phase high-performance liq-

t
w
H
p

able 1
roperties of peptides used in the study

bbreviation Amino acid sequention Molecular mass [g/mo

d AF 254.28
d GM 225.28
p VKGTEDSGTT-NH2 1156.00
p EHADLLAVVAASQKK-NH2 1831.92
p VVAASQKK-NH2 956.03
p LAQAVRSS-NH2 956.96
p Ac-CEQDGDPE-NH2 1133.87
p YKIEAVKSEPVEPPLPSQ-NH2 2613.61
p LPPGPAVVDLTEKLEGQGG-NH2 2423.39
1p DRVYIHPF 1246.34
6p VAKETS 723.74
8p HTVAKETS 998.01
9p WHTVAKETS 1191.24
0p HWHTVAKETS 1346.4
1p LHWHTVAKETS 1477.58
8p Ac-EVRHQKLVFF-NH2 1506.65
2p KTKEGVLY-NH2 1063.12
4p KEGVLY-NH2 797.81
5p EGVLY-NH2 651.61
8p MAGASELGTGPGA-NH2 1409.32
9p AGGYKPFNLETA-NH2 1539.49
0p GAPGGPAFPGQTQDPLYG-NH2 2332.15
3p EVRHQKLVFF 1464.69
8p Ac-EVRHQKLVFF 1506.72

a Values calculated with the use of HyperChem program.
gr. B 845 (2007) 253–260

id chromatographic data [13–23]. The main goal of these inves-
igations was to classify and select proper stationary phases,
ecommend preferred solvents to a given separation, and iden-
ify selectivity measures, etc. Principal component analysis and
luster analysis have frequently been used in chromatography
o extract maximum information from retention data matrices of

any dimensions [24–26]. Felinger et al. [27] used the principal
omponent analysis to determine the ultimate factors that influ-
nce the column-to-column and batch-to-batch reproducibility
f retention times and retention factors measured on five com-
ercially available columns. He concluded that when columns

rom different batches are subjected to PCA, the same-batch
olumns form a subset or a cluster on the score plot, while
he points corresponding to columns of different batches are
cattered, demonstrating that there are significant differences
etween the batch-to-batch and the column-to-column repro-
ucibility of retention times.

Both methods have different approaches to analyze the cor-
elation of a dataset, but it’s often observed that the results of
A and PCA are similar [24,28]. The most common application
f CA and PCA in chromatographic result analysis is to find
he similarities between HPLC columns and as a consequence,
olumns assigned for the sample group are studied.

In the present study 11 HPLC columns were divided into
everal groups according to the retention factors of 12 peptides.
he columns utilized in the investigations contain various inter-
ction sites. On the other hand, most of the used peptides have

he same amino acid skeleton, and they differ between each other
ith one or two amino acids. Retention data obtained from the
PLC analysis of those peptides were used for the column com-
arison.

l] Log Pa Hydratation energya [kcal/mol] Polarizabilitya [Å3]

0.59 −6.82 23.54
−1.65 −5.20 18.72
−1.57 −38.57 91.92
−1.49 −47.84 154.66
−6.96 −31.56 83.40
−6.56 −41.22 83.03

7.84 −27.91 82.67
3.22 −44.19 198.16
1.64 −39.84 183.16
3.63 −31.08 106.77

−0.36 −24.39 58.65
−2.42 −34.33 82.40
−1.50 −39.48 104.27
−2.65 −35.52 118.61
−1.19 −36.97 99.37

0.73 −31.38 139.90
−0.11 −36.57 94.27

2.02 −25.38 71.63
4.29 −18.95 57.31

−4.83 −25.11 102.04
−2.57 −44.84 126.08
−7.24 −44.77 169.07

1.74 −36.11 134.02
1.18 −32.53 138.55
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. Experimental

.1. Materials and reagents

Standards of peptides used in the study were obtained from E.
erck (Darmstadt, Germany) and also from Professor Kaliszan

aboratory (Medical University of Gdańsk, Marii Skłodowskiej-
urie 3a St., Gdańsk, Poland). Amino acids’ sequence of ana-

yzed peptides as well as their molecular masses and some of
SAR descriptors are given in Table 1. Concentrations of sub-

tances were about 0.5 mM in water with addition of 0.1% of
rifluoroacetic acid (TFA) solution.

For the preparation of mobile phases, acetonitryle of “for
PLC” purity (Lab–Scan, Dublin, Ireland), deionized water

rom Milli-Q system (Millipore, El Passo, TX, USA), and tri-
uoroacetic acid (Fluka, Busch, Switzerland) were used.

In the current studies, series of commercially avail-
ble and home-made packing materials with different sur-
ace functional groups such as cholesterol (SG-CHOL), n-
cylamide (SG-CHOL, SG-AP), aminopropyl (SG-CHOL, SG-
P), cyanopropyl (SG-CN), phenyl (SG-Ph), naphthalene (SG-
r), butyl (SG-C4), octyl (SG-C8), octadecyl (SG-C18), tria-

ontyl (SG-C30), and residual silanols localized on the silica gel
urface have been utilized. Properties of all the columns used in
he study are listed in Table 2. For the chemical modification
f the three columns silica surface (SG-Ph, SG-Ar, SG-CHOL),
he following reagents were used: �-aminopropyltriethoxysilane
nd triethylamine (Fulka, Buchs, Switzerland); cholesteryl chlo-
oformate 98%, lauric acid chloride (Sigma–Aldrich, Gilling-
am, Dorset, UK); phenylpropyldimethylchlorosilane (Wacker
mbH, Munich, Germany); magnesium, 3-bromo-1-propene,

llyl naphthalene, allyl benzene, bromonaphtalene (Aldrich
hemie, Steinheim, Germany). Toluene, hexane, methanol

POCh, Gliwice, Poland), tetrahydrofurane, acetonitryle, 2-
ropanol, petroleum ether, dichloromethane (J. T. Baker, Łódź,
oland) and morpholine (Reachim, Moscow, Russia) were also
sed in the studies.

.2. Bonded phase synthesis and column packing

The reaction mechanism and the conditions for cholesterolic,
henyl and aryl stationary phases synthesis were described
arlier: SG-CHOL [29], SG-Ph [30], SG-Ar [30]. The packing
aterials were prepared on the basis of silica gels: Kromasil®

Eka Nobel, Sweden) (SG-CHOL), Sirpearl 40 (SG-Ph, SG-Ar)
Sklo Union, Votice, Czech Republic). The received stationary
hases were packed into 250 mm × 4.6 mm I.D. (SG-CHOL)
nd 125 mm × 4.6 mm I.D. (SG-Ph, SG-Ar) stainless-steel
ubes using homemade apparatus, equipped with Haskel
acking pump (Burbank, CA, USA), under constant pressure.
s a packing pressurizing solvent, methanol has been used.
Structures of the stationary phases used in the investigations

re presented in Fig. 1.
.3. Apparatus and chromatographic conditions

Two HP 1050 (Agilent Technologies, California, USA)
igh-performance liquid chromatography systems equipped Ta
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SG-C18 and SG-C30 columns. It is probably connected with
the use of long alkyl chains for the modification of the silica gel
surface, which give strong hydrophobic character of stationary
phase. The next cluster has been created with SG-C4 and SG-C8
ig. 1. Stationary phases schematic structures modeled with HyperChem pro-
ram.

ith a UV–vis detector (Agilent Technologies, California,
SA) were selected for chromatographic measurements. One
f them was equipped with autosampler and the other
ne with manual injection valve with 10-�l loop. Chem-
tation program was used for the data collection (Agilent
echnologies).

Elution was carried out with gradient mode conditions of
ater with the addition of 0.12% of TFA and acetonitryle with
.10% TFA. The gradient was established as linear from 0%
v/v) to 60% (v/v) of acetonitryle in 20 min. The ‘dead time’
t0) of each column was measured by injecting acetonitryle into
he system. The flow rate was 1 ml/min (except of carbon column

0.1 ml/min). All chromatographic measurements were carried
ut in constant room temperature (20 ◦C). The retention time was
easured in peak maximum and peak asymmetry was between

.9 and 1.2.

The obtained results have been evaluated by Statistica for

indows v. 7.1 (StatSoft, Tulsa, USA). HyperChem v.5.1
ackage with the ChemPlus extension (HyperCube, Waterloo,
anada) and was used in peptides geometry modeling.
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. Results and discussion

The main object of the study was the grouping of analytical
olumns on the basis of the retention data of peptides. Table 3
resents the retention coefficients for peptides on the selected
olumns. Obtained data allow to classify stationary phases on
he basis of the results of CA and PCA analyzes.

.1. Column evaluation

Table 3 presents retention factor k-values data used for the
olumn comparison, which was done on the basis of all collected
alues. Those values were used for statistical evaluation. The
ard’s method for data agglomeration and Euclidean distances

or similarity measurements have been applied in the cluster
nalysis. The dendrogram of all the columns is presented in
ig. 2A. The grouping of different columns can clearly be distin-
uished. The dendrogram shows that all stationary phases may
enerally be grouped into several clusters. The most similar are
ig. 2. Columns comparison (A) relative Euclidean distances obtained by cluster
nalysis; (B) PCA score plot.
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Table 3
Retention factors values (k) obtained during the chromatographic analysis (for conditions see in text), where: t0, ‘dead time’ of the column, tR, retention time

Peptide SG-C4 SG-C8 SG-C18 SG-C30 SG-AP SG-CHOL SG-Ph SG-Ar SG-CN HILIC Carbon

3d 0.23 0.57 2.07 2.22 1.47 8.72 5.59 3.25 0.42 0.81 0.37
8d 0.03 0.21 1.39 1.39 0.81 5.86 3.90 1.94 0.04 1.08 tR < t0
2p 0.04 0.54 1.14 1.22 0.63 6.25 4.15 3.10 3.48 2.55 7.59
3p 2.47 2.92 2.59 3.00 1.83 11.84 7.42 * 1.92 2.27 tR < t0
4p 0.14 0.53 1.15 1.30 0.61 5.91 4.29 3.46 tR < t0 2.57 tR < t0
5p 0.55 1.01 1.48 1.66 0.96 7.49 5.04 2.60 0.42 1.89 tR < t0
7p 0.74 1.11 1.40 1.57 1.03 9.68 4.82 2.74 0.63 1.87 11.25
8p 2.29 2.46 2.19 2.56 1.57 1.95 6.75 * 1.79 2.27 11.15
9p 2.87 3.30 2.86 3.33 2.08 2.83 8.14 * 2.35 1.74 0.29
11p 2.02 2.93 2.71 3.12 1.94 2.17 7.42 * 2.16 1.68 *

16p 2.15 2.68 2.70 3.13 1.92 2.19 3.83 1.75 2.21 2.22 0.04
18p 0.03 0.58 1.19 1.35 0.69 0.71 4.28 2.22 0.78 2.76 tR < t0
19p 0.97 1.55 1.87 2.10 1.27 1.34 5.54 3.69 0.92 2.29 0.25
20p 1.02 1.45 1.83 2.10 1.23 1.32 5.54 * 0.93 2.98 0.04
21p 1.27 1.95 2.11 2.45 1.48 1.69 6.19 * 1.29 2.51 0.97
58p 2.69 3.04 2.90 3.39 2.02 2.42 7.89 * 3.57 1.51 12.61
62p 1.18 1.75 2.12 2.38 1.44 1.48 6.04 * 1.10 2.15 0.02
64p 0.73 1.45 2.16 2.43 1.51 1.62 6.10 3.88 0.97 1.69 9.91
65p 1.04 1.54 2.31 2.51 1.65 1.86 6.34 3.77 1.03 1.05 9.98
68p 1.00 1.36 1.67 1.87 1.14 1.44 5.40 3.08 0.78 1.82 0.06
69p 2.14 2.50 2.45 2.81 1.72 2.16 6.93 4.53 1.96 1.81 11.06
70p 2.43 2.67 2.42 2.77 1.75 2.42 7.09 4.54 2.14 1.87 0.17
83p 2.58 3.16 2.96 3.45 2.02 2.35 8.11 3.42 2.35 2.08 11.22
88p 2.79 3.16 3.04 3.54 2.14 2.54 8.15 3.42 2.59 1.61 1.01

*
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itive values for peptides, which characterize first component,
and negative in case of the second one. It can be concluded
that first component describe non-polar properties of peptides

Table 4
Principal components loads calculated by Statistica program

Component 1 Component 2

2p −0.902429 −0.110173
7p −0.973796 −0.197347
16p 0.430977 0.795363
19p −0.170858 0.963020
64p −0.995359 0.000994
65p −0.993466 0.009125
68p −0.160541 0.979691
69p −0.995603 −0.027829
Retention time longer than analysis time.

olumns. In this case, short alkyl chains are chemically bonded
o the stationary phases, which reflect with less hydrophobic
haracter of the surface and, furthermore, easy accessible silanol
roups for interactions with the analyzed substances. SG-CHOL
nd SG-AP columns create the next conglomeration. In this case,
rganic groups which possess hydrophobic–hydrophilic charac-
er are located on the surface of the modified stationary phases.
oth of them also have pseudo-membrane properties. The last
luster that can be clearly seen, is formed by two hydrophilic
olumns: SG-CN and HILIC. SG-Ph and carbon columns are
ery dissimilar from the rest.

The same dataset was used to perform principal component
nalysis. According to the eigenvalue-one criterion only the
rincipal components (PCs) with eigenvalues greater than 1 are
onsidered as the important ones. This criterion is based on the
act that the average eigenvalues of the autoscaled data is just
. The scree-plot shows that only two factors have fulfilled this
riterion. The cumulative explained variance for those PCs was
qual to 94.6%. Fig. 2B presents the score plot of all columns
n the space of the first two components. Principal component
oadings are presented in Fig. 2B and correspond to the corre-
ation coefficient of the particular variable. This figure indicates
ne group of column. The rest of the stationary phases: SG-Ar,
G-Ph and carbon cannot be assigned into this group. Those
acking materials appear to be different from the rest of the
olumns (similar as in case of CA results). High loading values

f first component were found for the following peptides: 2p, 7p,
4p, 65p, 69p, 83p, 88p while for the second one there were: 3d,
6p, 19p, 68p, 70p. The structures of the mentioned compounds
ere modeled in HyperChem at vacuum conditions (Fig. 3).

7
8
8
3

Fig. 2B also indicates a almost linear relationship between
lassified HPLC columns in the space of new PCs. Enlarged view
f this group has been presented in Fig. 4. This linear correla-
ion concerns seven stationary phases used in the study: SG-C30,
G-C18, SG-C8, SG-C4, SG-CHOL, SG-AP and HILIC. It is
onnected with the meaning of the PC’s reflected in their loading
alues (Table 4). It may indicate properties of peptides, which
ecide about the affiliation of analyzed substances. No relation
as been found between molecular mass of peptides along both
omponents. However, another relationship has been observed.
og P values calculated by HyperChem program received pos-
0p −0.067773 0.973092
3p −0.980514 0.014290
8p −0.976010 −0.010894
d −0.281477 0.926840
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Fig. 3. Structures of peptides, which have high loading value

Fig. 4. Enlarged view of PCA score plot presented in the Fig. 2B.

t
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