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Abstract

In recent years, multivariate techniques have been utilized to evaluate reversed-phase high-performance liquid chromatographic data. In the
present study, 11 high-performance liquid chromatography (HPLC) columns were divided into several groups according to the retention factors
of 12 peptides. Principal component analysis (PCA) and cluster analysis (CA) were used in column and peptides’ comparison and grouping. CA
results indicated that all stationary phases may be generally grouped into several clusters, due to stationary phase structure and properties. On the
other hand, interesting results were obtained with the use of PC. There is almost linear relationship between classified HPLC columns in the space
of new PCs, which is connected with meaning of the PC’s reflected in their loading values. The first component describes non-polar properties of
peptides, whereas the second component is loaded with polar peptides having much lower log P values. PCA and CA were also used in peptides
comparison however, complete explanation of peptides grouping still remains unclear.

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

The significant importance of peptides for living organisms
is well known. The abilities to detect, quantify, and model bio-
logically significant molecules are important for studying basic
living function. These abilities are important especially in the
field of bioanalytics. The bioanalytic study focuses on specific
aspects of the biomolecular detection and the analysis of prob-
lems as in the case of peptides. Their analysis has numerous
applications (e.g. separation and purity control) [1]. The most
popular method for peptide analysis is high-performance lig-
uid chromatography (HPLC). Due to the specific structures and
properties of peptides, their chromatographic analysis may pro-
vide interesting information for column grouping or can be
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helpful to select proper column for peptide investigations. The
correct selection of stationary and mobile phases are crucial
points for the application of the HPLC technique for peptides
analysis. The majority of columns used in the studies are butyl,
octyl and octadecyl stationary phases [2]. Nowadays, there are
many different packing material types and their utilization in
peptide analysis seems to be a promising direction in case of
choosing the best column for peptides’ determination, e.g. in
biological sample.

On the other hand, there are often significant differ-
ences between similarly prepared and commercially available
columns, mainly due to the characteristics of the silica mate-
rial used as a support and the technique applied to synthesize
packing material. Not only individual adsorbents differ in their
dependence on the manufacturer, but the batch-to-batch repeata-
bility of the same producer is also rather poor in many cases [3].
Therefore, methods for column comparison and grouping are
essential. One of the most popular methods for column qual-
ity evaluation are simple chromatographic tests characterizing
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the properties of stationary phases such as column efficiency,
hydrophobicity, silanol activity, and ion exchange capacity
[4-9].

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

Grouping of data (objects or variables) is possible by means
of unsupervised methods [10,11]. Unsupervised methods iden-
tify natural clustering pattern and group objects (or variables)
on the basis of similarities between the samples. In these cases,
no supervisor is needed in the sense of known membership of
objects to classes and the classes are not defined. There are two
most common methods of partitioning, namely cluster analy-
sis (CA) and principal component analysis (PCA) with factor
analysis (FA). These methods are widely recognized as very
powerful tools for getting better information about the relations
within dataset [12].

In recent years multivariate techniques (principal compo-
nent analysis, factor analysis, cluster analysis, etc.) have also
been utilized to evaluate reversed-phase high-performance lig-

Table 1
Properties of peptides used in the study

uid chromatographic data [13-23]. The main goal of these inves-
tigations was to classify and select proper stationary phases,
recommend preferred solvents to a given separation, and iden-
tify selectivity measures, etc. Principal component analysis and
cluster analysis have frequently been used in chromatography
to extract maximum information from retention data matrices of
many dimensions [24-26]. Felinger et al. [27] used the principal
component analysis to determine the ultimate factors that influ-
ence the column-to-column and batch-to-batch reproducibility
of retention times and retention factors measured on five com-
mercially available columns. He concluded that when columns
from different batches are subjected to PCA, the same-batch
columns form a subset or a cluster on the score plot, while
the points corresponding to columns of different batches are
scattered, demonstrating that there are significant differences
between the batch-to-batch and the column-to-column repro-
ducibility of retention times.

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

In the present study 11 HPLC columns were divided into
several groups according to the retention factors of 12 peptides.
The columns utilized in the investigations contain various inter-
action sites. On the other hand, most of the used peptides have
the same amino acid skeleton, and they differ between each other
with one or two amino acids. Retention data obtained from the
HPLC analysis of those peptides were used for the column com-
parison.

Abbreviation Amino acid sequention Molecular mass [g/mol] Log P* Hydratation energy® [kcal/mol] Polarizability® [A3]
3d AF 254.28 0.59 —6.82 23.54
8d GM 225.28 —1.65 —5.20 18.72
2p VKGTEDSGTT-NH, 1156.00 —1.57 —38.57 91.92
3p EHADLLAVVAASQKK-NH, 1831.92 —1.49 —47.84 154.66
4p VVAASQKK-NH, 956.03 —6.96 —31.56 83.40
Sp LAQAVRSS-NH, 956.96 —6.56 —41.22 83.03
7p Ac-CEQDGDPE-NH; 1133.87 7.84 —27.91 82.67
8p YKIEAVKSEPVEPPLPSQ-NH, 2613.61 3.22 —44.19 198.16
9p LPPGPAVVDLTEKLEGQGG-NH, 2423.39 1.64 —39.84 183.16
11p DRVYIHPF 1246.34 3.63 —31.08 106.77
16p VAKETS 723.74 —0.36 —24.39 58.65
18p HTVAKETS 998.01 —2.42 —34.33 82.40
19p WHTVAKETS 1191.24 —1.50 —39.48 104.27
20p HWHTVAKETS 1346.4 —2.65 —35.52 118.61
21p LHWHTVAKETS 1477.58 -1.19 —36.97 99.37
58p Ac-EVRHQKLVFF-NH, 1506.65 0.73 —31.38 139.90
62p KTKEGVLY-NH, 1063.12 —0.11 —36.57 94.27
64p KEGVLY-NH; 797.81 2.02 —25.38 71.63
65p EGVLY-NH, 651.61 4.29 —18.95 57.31
68p MAGASELGTGPGA-NH,; 1409.32 —4.83 —25.11 102.04
69p AGGYKPFNLETA-NH; 1539.49 —2.57 —44.84 126.08
70p GAPGGPAFPGQTQDPLYG-NH, 2332.15 —7.24 —44.77 169.07
83p EVRHQKLVFF 1464.69 1.74 —36.11 134.02
88p Ac-EVRHQKLVFF 1506.72 1.18 —32.53 138.55

2 Values calculated with the use of HyperChem program.
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2. Experimental
2.1. Materials and reagents

Standards of peptides used in the study were obtained from E.
Merck (Darmstadt, Germany) and also from Professor Kaliszan
laboratory (Medical University of Gdarisk, Marii Sktodowskiej-
Curie 3a St., Gdansk, Poland). Amino acids’ sequence of ana-
lyzed peptides as well as their molecular masses and some of
QSAR descriptors are given in Table 1. Concentrations of sub-
stances were about 0.5 mM in water with addition of 0.1% of
trifluoroacetic acid (TFA) solution.

For the preparation of mobile phases, acetonitryle of “for
HPLC” purity (Lab—Scan, Dublin, Ireland), deionized water
from Milli-Q system (Millipore, El Passo, TX, USA), and tri-
fluoroacetic acid (Fluka, Busch, Switzerland) were used.

In the current studies, series of commercially avail-
able and home-made packing materials with different sur-
face functional groups such as cholesterol (SG-CHOL), n-
acylamide (SG-CHOL, SG-AP), aminopropyl (SG-CHOL, SG-
AP), cyanopropyl (SG-CN), phenyl (SG-Ph), naphthalene (SG-
Ar), butyl (SG-C4), octyl (SG-C8), octadecyl (SG-C18), tria-
contyl (SG-C30), and residual silanols localized on the silica gel
surface have been utilized. Properties of all the columns used in
the study are listed in Table 2. For the chemical modification
of the three columns silica surface (SG-Ph, SG-Ar, SG-CHOL),
the following reagents were used: y-aminopropyltriethoxysilane
and triethylamine (Fulka, Buchs, Switzerland); cholesteryl chlo-
roformate 98%, lauric acid chloride (Sigma—Aldrich, Gilling-
ham, Dorset, UK); phenylpropyldimethylchlorosilane (Wacker
GmbH, Munich, Germany); magnesium, 3-bromo-1-propene,
allyl naphthalene, allyl benzene, bromonaphtalene (Aldrich
Chemie, Steinheim, Germany). Toluene, hexane, methanol
(POCh, Gliwice, Poland), tetrahydrofurane, acetonitryle, 2-
propanol, petroleum ether, dichloromethane (J. T. Baker, £.6dz,
Poland) and morpholine (Reachim, Moscow, Russia) were also
used in the studies.

2.2. Bonded phase synthesis and column packing

The reaction mechanism and the conditions for cholesterolic,
phenyl and aryl stationary phases synthesis were described
earlier: SG-CHOL [29], SG-Ph [30], SG-Ar [30]. The packing
materials 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
phases were packed into 250 mm x 4.6 mm [.D. (SG-CHOL)
and 125mm x 4.6 mm LD. (SG-Ph, SG-Ar) stainless-steel
tubes using homemade apparatus, equipped with Haskel
packing pump (Burbank, CA, USA), under constant pressure.
As a packing pressurizing solvent, methanol has been used.

Structures of the stationary phases used in the investigations
are presented in Fig. 1.

2.3. Apparatus and chromatographic conditions

Two HP 1050 (Agilent Technologies, California, USA)
high-performance liquid chromatography systems equipped

Table 2

Characteristics of columns used in the investigations

Manufacturer

Part

Pore diameter

[A]

Silica particle
size [pm]

Column

Abbreviation

Column

Stationary phase type

P [%]

Pc [%]

dimensions [mm]

Alltech, Deerfield, IL, USA
Alltech, Deerfield, IL, USA

300
300
120
200
100
100

SG-C4 250 x 4.6

Macrosphere 300 C4 5 pum
Macrosphere 300 C8 5 pum
RP-18e Purospher™ Star

ProntoSIL 200-5-C30
Ascentis™ RP-Amide

Cholesterolic

Butyl

250 x 4.6

SG-C8

Octyl

E. Merck, Darmstadt, Germany

BGB, Anvil, Szwajcaria

18
20

250 x 4.6

SG-C18
SG-C30
SG-AP

Octadecyl, end-capped

Triacontyl
Amide

250 x 4.6

Supelco, Chicago, USA

19.5

250 x 4.6

Nicolaus Copernicus University,

Torun, Poland

1.47

13.85

250 x 4.6

SG-CHOL

Cholesterolic

Nicolaus Copernicus University,

Torun, Poland

133

125 x 4.6

SG-Ph

Phenyl

Phenyl

Nicolaus Copernicus University,

Torun, Poland

16.1

125 x 4.6

SG-Ar

Aryl

Aryl

BGB, Anvil, Switzerland

100
200
250

250 x 4.6

SG-CN
HILIC

Nucleosil CN
ZIC-HILIC
HyperCarb

Cyanopropyl
Zwitterionic
Carbonyl

SeQuant, Umea, Sweden

250 x 4.6

Thermo Electron Corporation,

Waltham, MA, USA

100

100 x 1.0

Carbon

Pc is the carbon content; Py is the nitrogen content.
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Fig. 1. Stationary phases schematic structures modeled with HyperChem pro-
gram.

with a UV-vis detector (Agilent Technologies, California,
USA) were selected for chromatographic measurements. One
of them was equipped with autosampler and the other
one with manual injection valve with 10-pl loop. Chem-
Station program was used for the data collection (Agilent
Technologies).

Elution was carried out with gradient mode conditions of
water with the addition of 0.12% of TFA and acetonitryle with
0.10% TFA. The gradient was established as linear from 0%
(v/v) to 60% (v/v) of acetonitryle in 20 min. The ‘dead time’
(tp) of each column was measured by injecting acetonitryle into
the system. The flow rate was 1 ml/min (except of carbon column
—0.1 ml/min). All chromatographic measurements were carried
outin constantroom temperature (20 °C). The retention time was
measured in peak maximum and peak asymmetry was between
0.9 and 1.2.

The obtained results have been evaluated by Statistica for
Windows v. 7.1 (StatSoft, Tulsa, USA). HyperChem v.5.1
package with the ChemPlus extension (HyperCube, Waterloo,
Canada) and was used in peptides geometry modeling.

3. Results and discussion

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

3.1. Column evaluation

Table 3 presents retention factor k-values data used for the
column comparison, which was done on the basis of all collected
values. Those values were used for statistical evaluation. The
Ward’s method for data agglomeration and Euclidean distances
for similarity measurements have been applied in the cluster
analysis. The dendrogram of all the columns is presented in
Fig. 2A. The grouping of different columns can clearly be distin-
guished. The dendrogram shows that all stationary phases may
generally be grouped into several clusters. The most similar are
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
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Fig.2. Columns comparison (A) relative Euclidean distances obtained by cluster
analysis; (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: 7y, ‘dead time’ of the column, #r, 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 2.07 222 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 R <t
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 R <t
4p 0.14 0.53 1.15 1.30 0.61 591 4.29 3.46 R <My 2.57 rR<My
5p 0.55 1.01 1.48 1.66 0.96 7.49 5.04 2.60 0.42 1.89 R <t
Tp 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 1.75 221 222 0.04
18p 0.03 0.58 1.19 1.35 0.69 0.71 4.28 2.22 0.78 2.76 R <t
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 2.16 243 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 2.50 245 2.81 1.72 2.16 6.93 4.53 1.96 1.81 11.06
70p 2.43 2.67 2.42 2.71 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

“Retention time longer than analysis time.

columns. In this case, short alkyl chains are chemically bonded
to the stationary phases, which reflect with less hydrophobic
character of the surface and, furthermore, easy accessible silanol
groups for interactions with the analyzed substances. SG-CHOL
and SG-AP columns create the next conglomeration. In this case,
organic groups which possess hydrophobic—hydrophilic charac-
ter are located on the surface of the modified stationary phases.
Both of them also have pseudo-membrane properties. The last
cluster that can be clearly seen, is formed by two hydrophilic
columns: SG-CN and HILIC. SG-Ph and carbon columns are
very dissimilar from the rest.

The same dataset was used to perform principal component
analysis. According to the eigenvalue-one criterion only the
principal components (PCs) with eigenvalues greater than 1 are
considered as the important ones. This criterion is based on the
fact that the average eigenvalues of the autoscaled data is just
1. The scree-plot shows that only two factors have fulfilled this
criterion. The cumulative explained variance for those PCs was
equal to 94.6%. Fig. 2B presents the score plot of all columns
in the space of the first two components. Principal component
loadings are presented in Fig. 2B and correspond to the corre-
lation coefficient of the particular variable. This figure indicates
one group of column. The rest of the stationary phases: SG-Ar,
SG-Ph and carbon cannot be assigned into this group. Those
packing materials appear to be different from the rest of the
columns (similar as in case of CA results). High loading values
of first component were found for the following peptides: 2p, 7p,
64p, 65p, 69p, 83p, 88p while for the second one there were: 3d,
16p, 19p, 68p, 70p. The structures of the mentioned compounds
were modeled in HyperChem at vacuum conditions (Fig. 3).

Fig. 2B also indicates a almost linear relationship between
classified HPLC columns in the space of new PCs. Enlarged view
of this group has been presented in Fig. 4. This linear correla-
tion concerns seven stationary phases used in the study: SG-C30,
SG-C18, SG-C8, SG-C4, SG-CHOL, SG-AP and HILIC. It is
connected with the meaning of the PC’s reflected in their loading
values (Table 4). It may indicate properties of peptides, which
decide about the affiliation of analyzed substances. No relation
has been found between molecular mass of peptides along both
components. However, another relationship has been observed.
Log P values calculated by HyperChem program received pos-
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
Tp —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
70p —0.067773 0.973092
83p —0.980514 0.014290
88p —0.976010 —0.010894
3d —0.281477 0.926840
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Fig. 4. Enlarged view of PCA score plot presented

in the Fig. 2B.

that are able to interact through hydrophobic interactions (e.g.
van der Waals) during the chromatographic analysis, whereas
second component is loaded with polar peptides with much
lower log P values. It can explain the linear relation between
the above mentioned columns. Retention of hydrophobic com-
pounds is increasing (negative values of first component loads)
with the increase in hydrophobic character of stationary phase
(from SG-C30 to SG-C4), while the retention of polar peptides
on hydrophobic packing materials is decreasing (positive val-
ues of second component loads). The presence of SG-CHOL,
SG-AP and HILIC stationary phases in this linear dependence
results from their intermediate polarity and can be used in the
future to predict and conclude their about hydrophobicity.

3.2. Peptides grouping

Retention factors obtained for the SG-C4, SG-C8, SG-C18,
SG-C30, SG-AP, SG-CHOL, HILIC, and SG-Ph columns were
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Fig. 5. Peptides grouping: relative Euclidean distances obtained by cluster
analysis.

used to group peptides according to their specific chromato-
graphic behavior. For this purpose, authors worked with less data
than for column partition. Results of chromatographic analysis
of peptides on SG-Ar and carbon stationary phases were omit-
ted because of lack of data. Some peptides were retained in
those columns for more than 20 min of analysis, which was the
main reason of data shortage. In case of obtaining more reliable
results, two chromatographic columns, for which lack of data
was significant, were not considered. The second run of cluster
analysis was performed to group peptides. All parameters used
in CA analysis were the same as in case of column partition.
The received dendrogram is presented in Fig. 5 and it allows
to discriminate peptides into two main clusters. Among those
two groups, some of the peptides create smaller clusters with
bigger similarity. Such effect is a consequence of resemblances
in peptides retention. Some of smaller clusters are formed by
peptides with similar molecular mass (64p and 65p; 18p and 4p)
(Table 1); however, few groups are created by compounds with
completely different masses (21p and 62p; 69p and 70p). Several
analyzed compounds are eluted from chromatographic column
at the same time, although they have different size and therefore
simple peptides grouping, according to the relationship between
retention and molecular mass, cannot be performed. Such effect
is probably the consequence of many other factors influencing
the retention, e.g. changes in the mobile phase composition dur-
ing the gradient elution, which can reflect in both stationary
phase and peptide conformations of variations. Peptides divi-
sion in two clusters is probably connected with their specific
structures, being created inside the chromatographic column.
Complete explanation of peptides grouping still remains unclear.
We could not find any straight correlation between compounds
assigned to the first or second cluster. For that purpose, we have
started a new experiment set.

4. Conclusions

The use of cluster and principal component analyses leads
to grouping chromatographic columns on the basis of retention

data. Cluster analysis allowed for dividing the columns into sev-
eral groups, where the most similar were SG-C18 and SG-C30,
while the most different were HILIC and carbon columns. PCA
provided another interesting result. There is almost a linear rela-
tionship between classified HPLC columns in the space of new
PCs, which is connected with meaning of the PC’s reflected in
their loading values. The first component describes non-polar
properties of peptides, whereas the second component is loaded
with polar peptides with much lower log P values. During every
chromatographic process peptides retention depends on specific
interactions between stationary phase, mobile phase and the
investigated compound. Therefore, as observed in the present
study, effects of peptides properties on retention will always play
an important role in HPLC process. It can be concluded that the
specific structure of peptides, which determines their properties,
is interesting in their application for column grouping. PCA and
CA were also used in peptides’ comparison, however there is no
clear dependence between retention of peptides and their molec-
ular mass, because of the changes in peptides conformations.
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