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a b s t r a c t 

High-performance thin-layer chromatography (HPTLC) is a suitable method for the analysis of peptides 

and proteins due to a wide selection of stationary and mobile phases and various detection options. 

Especially, two-dimensional HPTLC (2D-HPTLC) enables a higher resolution compared to one-dimensional 

HPTLC in the separation of complex peptide mixtures. Similar to 2D electrophoresis, characteristic peptide 

patterns can be obtained, allowing a differentiation of ingredients based on varying protein origins. 

The aim of this study was to evaluate 2D-HPTLC with regard to its suitability for the characteriza- 

tion of proteins/peptides and to verify whether it is possible to predict the retention behavior of pep- 

tides based on their properties. As models, the five most abundant milk proteins α-lactalbumin, β- 

lactoglobulin, α-, β-, and κ-Casein were used. In order to determine the repeatability of the peptide 

separation by 2D-HPTLC, each tryptic protein hydrolyzate was separated eight times. The standard de- 

viations of the retardation factors for the separated peptides varied between 1.0 and 11.1 mm for the 

x-coordinate and 0.5–7.3 mm for the y-coordinate . It was also shown that after the chromatographic sep- 

aration, peptides of the individual protein hydrolyzates were located in specific areas on the HPTLC plate, 

so that a clustering could be obtained for the whey proteins‘ as well as the caseins‘ hydrolyzates. For es- 

tablishing correlations between the properties of the peptides and their retardation factors, 51 of 85 se- 

lected peptides were identified by matrix-assisted laser desorption/ionization time-of-flight tandem mass 

spectrometry (MALDI-TOF-MS/MS). On this basis, statistically significant correlations ( α = 0.05) between 

the retardation factors of the peptides and their isoelectric points, as well as the percentage of anionic 

and non-polar amino acids in the peptides were established. Finally, it was investigated, whether the re- 

tardation factors for peptides can be predicted on the basis of a linear regression of the percentage of 

non-polar amino acids in a peptide. For this purpose, a mixture of artifical (synthetic) peptides ( n = 14) 

was separated by 2D-HPTLC and the measured retardation factors were compared with the correspond- 

ing retardation factors calculated. Absolute deviations of 0.3–17.9 mm were obtained. In addition, the 

universal applicability of the method to other protein sources other than milk proteins (animal protein) 

was tested using a mixture of pea peptides (plant protein, n = 3) resulting in absolute deviations of 

0.7–8.6 mm. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Proteomics is a powerful research tool for protein characteriza- 

ion and biomarker discovery [1] . For analyzing protein mixtures, 

hotgun proteomics, also called bottom-up approach, is often ap- 

lied. For this purpose, proteins are enzymatically hydrolyzed and 

he resulting complex peptide mixtures are usually analyzed by 
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igh-performance liquid chromatography coupled to tandem mass 

pectrometry (HPLC-MS/MS) [2] . An alternative for characterizing 

omplex peptide mixtures with low equipment requirements and 

inimal costs can be high-performance thin-layer chromatography 

HPTLC). The advantages of HPTLC include the choice of a wide va- 

iety of stationary phases and eluents, the simultaneous analysis of 

ultiple samples, and various detection options [3–15] . For a sep- 

ration of complex peptide mixtures, two-dimensional HPTLC (2D- 

PTLC) seems suitable in particular, as it offers increase resolution 

ompared to one-dimensional HPTLC (1D-HPTLC). Similar to 2D gel 

lectrophoresis, 2D-HPTLC enables the evalution of compound pat- 

erns, as it also separates analytes in two different directions, but 

ased on the use of two eluents with different properties. For ex- 

mple, by choosing a basic and an acidic solvent system, the ioniz- 

ble groups of the peptides change their degree of dissociation ac- 

ording to their specific pK values. This leads to varied retardation 

actors ( R f ) and thus to a better separation of the analytes [11–19] .

n addition, separation selectivity can be increase by switching be- 

ween a normal phase (NP) and reversed phase (RP) system. This 

an be achieved by differences in the polarity of the mobile phase 

nd the strength of the ion pairing reagent. These many degrees 

f variation possibilities for changing the separation selectivity are 

ot given in 2D gel electrophoresis. 

However, when 2D-HPTLC is used without subsequent coupling 

o mass spectrometry (MS) or effect-directed analysis, only the in- 

ormation about the R f values of individual peptides can be ob- 

ained. Thus, it is not possible to make predictions about certain 

roperties of the peptides, such as the isoelectric point (IEP) or 

he amino acid composition, based on the R f values alone [ 19 , 20 ].

or this reason, correlations between the properties of the pep- 

ides and their R f values need to be established so that a charac- 

erization of peptide properties is also possible without immense 

nstrumental effort. On the one hand, this would allow to charac- 

erize the peptides separated by 2D-HPTLC according to their R f 
alues. On the other hand, this could be a way to make predic- 

ions about the R f values of peptides with known amino acid se- 

uences. The correlations between the peptide properties and their 

etention behavior could be described mathematically via regres- 

ions and, based on this, the retardation factors could be calcu- 

ated via the properties of the peptides. This would simplify, for 

xample, the identification of biomarkers, the selection of internal 

tandards, or the analysis of posttranslational modifications (PTM). 

TM are often discriminated during HPLC separation, due to a loss 

n the pre-column or at the beginning of the separation column 

 19 , 21 ]. 

In the past, 1D- and 2D-HPTLC have already been applied 

or studying protein hydrolyzates. The characterization of certain 

roperties of the peptides (e.g., hydrophilicity), PTM (e.g., phos- 

hopeptides), or even intra- and intermolecular interactions (e.g., 

rotein-protein-interactions, polyphenol-protein-interactions), have 

een among the studies [ 3 , 6 , 15 , 16 , 18 , 19 , 21 ]. Nontheless, the re-

eatability of 2D-HPTLC for the separation of complex peptide 

ixtures has not yet been sufficiently investigated, which is prob- 

bly due to the limited studies on 2D-HPTLC of peptides. The de- 

ermination of the repeatability would be crucial for verifying the 

pplicability of the method for routine analysis. 

Additionally, numerous ways of coupling to mass spectrome- 

ry were described for the identification of TLC-separated pep- 

ide bands or spots and also a mapping of the identified pep- 

ides was performed [ 3 , 7 , 11 , 16 , 18 , 19 , 22–25 ]. However, mass spec-

rometric identification of the separated peptides is not ideal: 

ntil now, MS analyses have been performed mainly from non- 

erivatized HPTLC plates. This was done by, using either undirected 

ane scans or by analyzing only individual regions in comparison 

o derivatized reference plates with the same samples and sepa- 
2 
ation conditions. Consequently, two plates needed to be prepared 

or the determination of the R f values, which is laborious and cost- 

onsuming [ 3 , 11 , 16 , 19 , 24 ]. Although both, the lane scans and the

etermination of specific regions of non-derivatized plates, pro- 

ided good results for peptide identification so far, these meth- 

ds also had their drawbacks. An example for a lane scan would 

e the direct coupling of 2D-HPTLC with matrix-assisted laser des- 

rption/ionization (MALDI) with time-of-flight (TOF) after coating 

he plate with the (MALDI) matrix. This leads to diffusion of the 

nalytes on the plate and thus, to a loss of intensity and shifting 

f R f values [ 7 , 11 , 24 ]. Another possibility for direct MS-coupling

ith a lane scan would be the desorption electrospray ionization 

ass spectrometry (HPTLC/DESI-MS). However, this method identi- 

es hydrophilic peptides with small R f values more poorly in com- 

arison to hydrophobic peptides in the presence of an NP system. 

his is caused by stronger binding of the peptides to the polar sta- 

ionary phase and thus, a more difficult desorption [ 7 , 16 ]. When

 reference plate is used, it cannot be guaranteed that the R f val- 

es on both plates are identical, which sometimes results in an- 

lytes only partially measured or not being measured at all. For 

his reason, a mass spectrometric investigation of already deriva- 

ized peptides from the same HPTLC plate after full resolvatisation 

f the peptides is of great interest. This should neither cause any 

oss of intensity or shift in R f values, nor should it discriminate po- 

ar peptides. Bakry et al. described an approach by derivatizing the 

eptides with fluorescamine prior to HPTLC separation, which al- 

owed them to determine the exact R f values of the analytes based 

n exposure with UV light [20] . Another possibility in MS-coupling 

s to use an MS-interface that extracts the peptides from a spe- 

ific spot on the HPTLC plate and transfers them directly to the 

S. However, the selected spot is limited to diameters of approx. 

 mm. Consequently, for complex mixtures with many spots such 

s protein hydrolyzates, an isolated extraction of single spots is of- 

en difficult [26] . 

To avoid MS-identification at all, a method for characterizing 

eptides separated by 2D-HPTLC, being solely based on its R f val- 

es, which means x - and y-coordinates , would be useful. However, 

here are not many methods yet to determine the properties of 

eptides based on their R f values or, conversely, to predict the R f 
alue areas of known peptides based on their amino acid composi- 

ion under given chromatographic conditions. Up to now, only the 

roup of Baczek et al. predicted the retention behavior of homol- 

gous peptides as a function of the content of acetonitrile in the 

obile phase but not related to the peptide properties [27] . A year 

ater, Baczek and Sparzak predicted the retardation factors for 30 

eptides at a given content of ionic liquid in the mobile phase 

28] . That time, however, they also included the properties of the 

eptides, such as the n -octanol/water partition coefficient and the 

efraction index, in their calculations. For a 2D-HPTLC system, no 

tudies predicting the retention behavior of peptides are known 

et. 

Consequently, it was the aim of this study to characterize the 

eptides of tryptic protein hydrolyzates using 2D-HPTLC and to de- 

ermine the capabilities and limitations of this method. For the 

ifferent experiments, the five most abundant milk proteins ( α- 

actalbumin, β-lactoglobulin, α-, β- and κ-casein) were selected 

s model proteins. It was intended to evaluate the repeatabil- 

ty of the separation and to determine whether the peptides of 

he different milk protein hydrolyzates are located in different 

reas on the HPTLC plate after the two-dimensional separation. 

urthermore, it should be determined, whether correlations can 

e established between the properties of the peptides and their 

 f values. It was hypothized that R f values can be predicted for 

eptides of different protein origins based on their amino acid 

equence. 
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Table 1 

Protein origin, amino acid sequences, and composition of the whey 

peptide and the pea peptide mixtures. 

whey peptide mixture 

protein origin amino acid sequence composition [vol%] 

α-LA EQLTKCEVFR 9.35 

α-LA CEVFR 5.61 

α-LA ALCSEK 5.61 

α-LA IWCK 5.61 

β-LG VYVEELKPTPEGDLEILLQK 9.35 

β-LG SLAMAASDISLLDAQSAPLR 9.35 

β-LG LSFNPTQLEEQCHI 5.61 

β-LG TPEVDDEALEK 7.48 

β-LG LIVTQTMK 5.61 

β-LG IDALNENK 5.61 

β-LG ALPMHIR 5.61 

β-LG IVTQTMK 5.61 

β-LG QLEEQCHI 5.61 

β-LG PMHIR 14.0 

Pea peptide mixture 

legumin A IESEGGLIETWNPNNK 33.3 

legumin A QEEEEDEDEER 33.3 

vicilin ILENQK 33.3 
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. Material and methods 

.1. Materials 

.1.1. Reagents 

Acetone, acetic acid, ammonia, and methanol (HPLC-grade) 

ere purchased from VWR International GmbH (Darmstadt, Ger- 

any). Fluorescamine and iodoacetamide were obtained from Ap- 

liChem GmbH (Darmstadt, Germany). 2-Butanol, sodium carbon- 

te, and sodium bicarbonate were purchased from Grüssing GmbH 

Filsum, Germany). Acetonitrile (MS-grade), ammonium bicarbon- 

te, dithiotreitol (DTT), trifluoroacetic acid (TFA), and urea were ob- 

ained from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). 2,5- 

ihydroxybenzoic acid and trypsin from porcine pancreas with a 

pecific activity of 13,0 0 0–20,0 0 0 BAEE units/mg protein were pur- 

hased from Merck KGaA (Darmstadt, Germany). Pyridine was ob- 

ained from Fisher Scientific GmbH (Schwerte, Germany). The pep- 

ide calibration standard II for MALDI-TOF-MS analysis was pur- 

hased from Bruker Daltonik GmbH (Bremen, Germany). Purified 

ater (18.2 M �) was obtained from a water purification system 

ELGA LabWater, Veolia Water Technologies Deutschland GmbH, 

elle, Germany). Unless otherwise specified, ACS grade was used 

or all reagents. 

.1.2. Proteins 

The five most abundant milk proteins were chosen as model 

roteins for subsequent tryptic hydrolysis: α-lactalbumin ( α-LA, 

85% purity), β-lactoglobulin ( β-LG, ≥ 85% purity), α-casein ( α- 

A, ≥ 70% purity), β-casein ( β-CA, ≥ 98% purity) and κ-casein ( κ- 

A, ≥ 70% purity) were all purchased from Merck KGaA (Darm- 

tadt, Germany). 

.1.3. Peptides 

For the prediction of the R f values of the peptides with known 

mino acid sequences, synthetic whey and pea ( Pisum sativum ) 

eptides without any modifications (98% purity) were purchased 

rom Synpeptide Co. Ltd. (Shanghai, China). Peptide sequences 

ere selected based on a in silico tryptic digest of α-LA, β-LG, 

egumin A, and vicilin with one or zero miscleavages ( Table 1 ). 

eptide sequences were determined using the UniProtKB protein 

atabase in combination with the protein cleaver PeptideMass 

rom ExPASy. 
3 
.1.4. HPTLC plates 

HPTLC silica gel 60 plates (20 × 10 cm) were purchased from 

erck KGaA (Darmstadt, Germany). 

.2. Methods 

.2.1. Sample preparation 

ryptic hydrolysis of proteins. According to Morschheuser et al. [4] , 

-LA and β-LG were dissolved in purified water, whereas α-, β- 

nd κ-CA were dissolved in 10 mM carbonate buffer (protein con- 

entration = 4 mg/mL). Caseins were dissolved in a carbonate 

uffer to maintain a neutral pH value to ensure their solubility. At 

H values below 6, solubility is diminished [29] . The samples were 

rst incubated on an orbital shaker (200 rpm, 30 min) and then 

entrifuged (2200 × g, 5 min). Five hundred microliters of the su- 

ernatant was lyophilized and used for hydrolysis according to Gi- 

nsanti et al. [2] . Briefly, samples were digested using trypsin for 

2 h at 37 °C (protein:enzyme ratio 75:1) and cleaned-up by solid 

hase extraction using Sep-Pak® C18 cartridges (Waters GmbH, 

schborn, Germany). The cartrdiges were conditioned with 100% 

v/v) acetonitrile, equilibrated, and washed with 0.6% (v/v) acetic 

cid in water. The desalted peptides were eluted with an elution 

uffer made out of 80% (v/v) acetonitrile and 0.6% (v/v) acetic acid 

n water. At last, the eluate was lyophilized, re-dissolved in 500 μL 

f elution buffer, and applied to 2D-HPTLC. 

ynthesized peptide mixtures. The synthetic peptide standards were 

issolved in purified water (peptide concentration = 2 mg/mL). A 

hey peptide mixture, consisting of 14 peptides and a pea peptide 

ixture, consisting of three peptides, were prepared. The amino 

cid sequences of the peptides and their mixing ratios are shown 

n Table 1 . The mixing ratios were calculated based on a previously 

erformed 1D-HPTLC experiment (data not shown). There, equal 

olumes of the synthetic peptide standards were applied onto a 

PTLC plate, separated in the first dimension, and derivatized with 

uorescamine. The intensities of the individual peptide bands were 

etermined visually and compared with each other. The standard 

olutions of peptides that showed weaker bands make up larger 

ercentage of the volume in the peptide mixture and vice versa. 

.2.2. Two-dimensional high-performance thin-layer chromatography 

2D-HPTLC) 

2D-HPTLC was performed following a protocol described by 

asilis et al., Tscherch et al., and Morschheuser et al. [ 3 , 4 , 11 ]. Pri-

arily, silica gel HPTLC plates were pre-washed with methanol 

nd activated at 100 °C for 10 min. Ten microliters each of 

he protein hydrolyzates and the pea peptide mixture or 15 μL 

f the whey peptide mixture were applied using an HPTLC 

utosampler (ATS4, CAMAG AG, Muttenz, Switzerland). Samples 

ere sprayed as spots (1 mm bands) under a flow of nitro- 

en 8 mm from the left edge and 8 mm from the lower 

dge of the HPTLC plates (10 × 10 cm). For the follow- 

ng chromatographic separations twin-through chambers were 

sed. The solvent system of the first dimension consisted of 

-butanol/pyridine/ammonia/purified water (39/34/10/26; v/v/v/v), 

hat of the second of 2-butanol/pyridine/acetic acid/purified wa- 

er (44/32/8/20; v/v/v/v). The development of plates was carried 

ut up to a solvent migration distance of 80 mm under room 

emperature and atmospheric pressure. After each development 

he remaining solvents were evaporated overnight (12 h). For pro- 

ein/peptide specific derivatization, the fully developed plates were 

mmersed in a fluorescamine solution (0.05% in acetone) for 1 s 

t a speed level of 1 using the chromatogram immersion de- 

ice III (CAMAG AG, Muttenz, Switzerland). After the solvent was 

vaporated, the analytes were visualized under UV light (254 nm, 
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66 nm) using a photodocumentation system (TLC visualizer, CA- 

AG AG, Muttenz, Switzerland). To determine the repeatability of 

he method, 2D-HPTLC measurement was performed eight times 

or each of the five milk proteins (c.f. Section 2.1.2 ), with one mea-

urement including development in both directions. 

.2.3. Identification of separated peptides 

esolvatization of the separated peptides. Fifteen to twenty of the 

erivatized peptide spots per protein hydrolyzate were selected for 

n identification of the amino acid sequence. The main selection 

riteria were the intensity of the peptide spots and the separation 

rom other spots in the chromatogram. The x-coordinates over the 

ntire width and the y -coordinates over the entire length of the se- 

ected peptide spots were determined using the software winCats 

version 1.4.8, CAMAG AG, Muttenz, Switzerland). The spots on the 

ilica gel were scraped out with a scalpel and transferred to a re- 

ction vessel with a paintbrush. One and half milliliter of 60% (v/v) 

cetonitrile and 0.1% (v/v) formic acid in water was added. The sus- 

ensions were incubated on an orbital shaker (400 rpm, 30 min) 

nd then centrifuged (1700 × g, 10 min, 4 °C). The whole super- 

atants were filtered with a 0.45 μm regenerated cellulose filter 

25 mm, Macherey-Nagel GmbH & Co. KG, Düren, Germany). The 

ltrate was lyophilized, re-dissolved in 15 μL of 60% (v/v) acetoni- 

rile and 0.1% (v/v) formic acid in water, and applied to MALDI- 

OF-MS/MS. 

ALDI-TOF-MS/MS. The peptide solutions were mixed with an 

qual volume of matrix (2,5-dihydroxybenzoic acid, 20 mg/mL in 

0% (v/v) acetonitril in water). Approximately, an aliquot of 0.5 μL 

f the mixture was spotted onto a ground steel target and al- 

owed to crystallize on air. For the MALDI-TOF-MS/MS analysis an 

ltrafleXtreme TM mass spectrometer equipped with a smartbeam- 

I TM laser (Bruker Daltonik GmbH, Bremen, Germany) was used. 

he mass spectra were aquired in positive reflector mode in a mass 

ange of m/z 340-4,0 0 0. An external calibration of the mass spec- 

rometer was performed with the peptide calibration standard II 

dissolved in 125 μL 30% (v/v) acetonitrile in water). The LIFT TM 

echnique with a mass range of m/z 10-2,500 was used for tandem 

ass spectrometry of selected signals. For mass spectrum analysis, 

exAnalysis software (version 3.3, Bruker Daltonik GmbH, Bremen, 

ermany) was used. 

eptide identification by database search. For the interpretation of 

S/MS spectra, the UniProtKB protein database was used in com- 

ination with the protein cleaver PeptideMass from ExPASy, result- 

ng in a list of peptides of a theoretical tryptic degradation with up 

o two miscleavages. If a particular peptide was thereby suspected, 

he b - and y -fragments of the peptide were calculated using the 

ROTEOMICS TOOLKIT Fragment Ion Calculator (Institute for Sys- 

ems Biology, Seattle, USA) and compared with the signals of the 

ragment spectrum in flexAnalysis. When the complete sequence 

r, in some cases, at least a large proportion of the calculated frag- 

ents were found, the peptide spot was considered as identified. 

.2.4. Statistical analysis 

epeatability of 2D-HPTLC. For each protein hydrolyzate ( n = 8), 

5–20 peptides were selected for determination of repeatability. 

or each spot, the x - and y-coordinates were determined with the 

inCats software. The data was tested for normal distribution by 

sing the Kolmogorov-Smirnov test ( α = 0.05). When a nor- 

al distribution was given, outliers for the x -and y-coordinates 

ere checked for each peptide spot according to Dixon ’s Q test 

 α = 0.05). Finally, the mean and standard deviation (SD) were cal- 

ulated from the cleaned values. 
4 
orrelations between peptide properties and retention behavior. For 

he identified peptides, the amino acid composition was used to 

etermine the percentage of anionic, cationic, uncharged polar, and 

on-polar amino acids of the peptide. The molecular weight (MW) 

nd IEP of the peptides were obtained using the PROTEOMICS 

OOLKIT Fragment Ion Calculator (Institute for Systems Biology, 

eattle, USA). Subsequently, the x - and y-coordinates were plot- 

ed against the different properties of the peptides and the Pear- 

on correlation coefficients were calculated for the presumed lin- 

ar correlations. The statistical significance of the correlation was 

alculated on the basis of a two-sided t -test ( α = 0.05). 

. Results and discussion 

.1. Determination of the repeatability of the method 

One goal of this study was to determine the repeatability of this 

ethod in order to test its applicability to other questions such as 

iomarker selection or the study of intra- and intermolecular in- 

eractions. For this purpose, the five most abundant milk proteins 

ere chosen as model proteins and each protein was tryptically 

ydrolyzed and separated eight times by 2D-HPTLC. Figs. 1 a, d and 

 a, d, g show example chromatograms for the whey proteins and 

aseins, respectively. The chromatographic conditions were cho- 

en according to Tscherch et al.: A basic solvent system consist- 

ng of 2-butanol/pyridine/ ammonia/purified water (39/34/10/26; 

/v/v/v) was used for the development of the HPTLC plates in 

he first dimension, and an acidic solvent system containing 2- 

utanol/pyridine/acetic acid/purified water (40/32/12/20; v/v/v/v) 

as used in the second dimension. The acidic solvent system, how- 

ver, required optimization, as the separated peptides did not pro- 

ide satisfactory spot sharpness. For this reason, the amount of 

cetic acid was reduced by 0.4 mL in the eluent and the amount 

f 2-butanol was increase by the same volume. As a result, the ba- 

ic mobile phase consisted of 2-butanol/pyridine/ammonia/purified 

ater (44/32/8/20; v/v/v/v) [11] . 

Own preliminary experiments compared different stationary 

hases and showed that proteins and peptides achieved best sep- 

ration and band/spot sharpness, when silica gel 60 was used. 

asilis et al. also concluded that a better separation was obtained 

sing silica gel plates in comparison to cellulose plates [3] . For this 

eason, also in this method, silica gel 60 was used as stationary 

hase. 

For further analysis, 15–20 peptide spots per protein were se- 

ected. Figs. 1 b, e and 2 b, e, h show the spots identified. The x -

nd y-coordinates of each identified spot were determined on each 

eveloped HPTLC plate; the mean values and SD calculated from 

hese are shown in Table 2 . It was always possible to assign the 

pots to their identification numbers, as the different milk protein 

ydrolyzates had consistent spot patterns. In Figs. 1 c, f and 2 c, f,

, the mean values of the x - and y-coordinates of the peptide spots 

ere plotted in coordinate systems and the SD were given as error 

ars. It is apparent that the SD are smaller in the lower left and 

pper right corners than in the middle of the HPTLC plates. This 

ould be explained by the fact that a particularly large number of 

eptides with similar polarities and a similar number of dissocia- 

le groups are retarded in the middle region of the HPTLC plate. 

hese peptides compete for interaction with the silanol groups of 

he stationary phase. Thus, small changes in the composition of the 

tationary phase lead to larger standard deviations in the middle of 

he plate than in the corners, where only a few peptides compete 

ith each other. The SD varied between 1.0 and 11.1 mm for the 

-coordinates and between 0.5 and 7.3 mm for the y-coordinates . 

nly Bakry et al. so far determined the repeatability at least for 

D-HPTLC separation of proteins and peptides [20] . For the (non- 

ydrolyzed) proteins insulin, cytochrome c, lysozyme, and myo- 
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Table 2 

Mean values, SD and RSD of the x - and y-coordinates of the identified peptide spots for the five milk protein hydrolyzates; n : number of values for the 

determination of the x - and y-coordinates after an outlier test according to Dixon’s Q test ( α = 0.05). 

Protein Spot number 

Mean 

x -coordinate 

[mm] 

SD 

x -coordinate 

[mm] 

RSD 

x -coordinate 

[%] n 

Mean 

y -coordinate 

[mm] 

SD 

y -coordinate 

[mm] 

RSD 

x -coordinate 

[%] n 

α-LA 1 21.9 2.2 10.20 8 11.3 2.1 18.9 8 

α-LA 2 21.4 1.8 8.3 8 17.9 3.6 20.2 8 

α-LA 3 27.0 2.2 8.2 8 17.6 3.4 19.4 8 

α-LA 4 30.1 2.5 8.2 8 24.0 5.9 24.5 8 

α-LA 5 33.5 2.9 8.7 8 24.3 5.7 23.6 8 

α-LA 6 39.6 3.3 8.3 8 30.8 5.8 18.9 8 

α-LA 7 42.6 5.3 12.5 8 29.5 5.3 18.0 8 

α-LA 8 44.5 4.3 9.6 8 33.5 7.3 21.9 8 

α-LA 9 48.1 5.0 10.4 8 33.4 7.3 21.8 8 

α-LA 10 39.0 2.0 5.1 8 40.0 5.8 14.5 8 

α-LA 11 46.8 3.5 7.5 8 41.1 5.3 12.9 8 

α-LA 12 50.1 6.3 12.5 8 45.5 5.8 12.7 8 

α-LA 13 61.0 4.0 6.5 8 55.3 4.6 8.3 8 

α-LA 14 64.5 4.9 7.6 8 52.0 5.6 10.7 8 

α-LA 15 64.0 3.4 5.3 8 59.1 4.6 7.7 8 

β-LG 1 10.4 2.3 21.8 8 6.8 0.5 6.9 8 

β-LG 2 13.3 3.3 25.1 8 7.5 0.5 7.1 8 

β-LG 3 11.4 3.9 33.9 8 12.3 1.4 11.3 8 

β-LG 4 17.4 6.5 37.3 8 11.9 1.2 10.5 8 

β-LG 5 19.9 5.8 29.0 8 17.5 1.9 11.0 8 

β-LG 6 23.9 10.8 45.2 8 20.1 2.6 12.9 8 

β-LG 7 23.0 8.5 37.0 8 25.1 3.2 12.8 8 

β-LG 8 32.9 6.9 21.0 8 26.6 2.5 9.4 8 

β-LG 9 29.8 9.8 33.0 8 37.5 3.4 9.0 8 

β-LG 10 34.9 9.9 28.3 8 37.4 3.5 9.4 8 

β-LG 11 31.3 9.6 30.8 8 42.3 4.7 11.1 8 

β-LG 12 36.3 11.1 30.6 8 41.6 4.7 11.2 8 

β-LG 13 24.1 8.9 36.7 8 47.0 5.2 11.0 8 

β-LG 14 36.3 9.5 26.1 8 47.1 4.9 10.4 8 

β-LG 15 45.7 7.5 16.5 8 50.6 5.5 10.8 8 

β-LG 16 55.6 5.8 10.3 8 59.4 5.7 5.1 8 

β-LG 17 70.4 1.1 1.5 8 66.9 4.6 6.8 8 

α-CA 1 14.0 3.5 25.3 8 11.3 1.0 9.2 8 

α-CA 2 11.1 2.5 22.8 8 16.8 1.8 10.9 8 

α-CA 3 19.0 4.8 25.0 8 12.3 1.0 8.4 8 

α-CA 4 19.5 6.4 32.7 8 18.4 1.8 9.6 8 

α-CA 5 21.9 7.4 33.6 8 21.4 2.3 10.6 8 

α-CA 6 24.5 8.1 32.9 8 25.3 2.0 7.8 8 

α-CA 7 23.0 8.3 35.9 8 28.4 2.7 9.6 8 

α-CA 8 11.4 2.4 21.5 8 36.8 2.4 6.5 8 

α-CA 9 17.4 4.3 25.0 8 38.0 2.0 5.3 8 

α-CA 10 22.5 9.2 41.0 8 35.3 2.3 6.6 8 

α-CA 11 24.1 9.5 39.5 8 39.6 1.7 4.3 8 

α-CA 12 32.1 10.8 33.7 8 42.0 2.1 5.1 8 

α-CA 13 32.5 11.2 34.6 8 39.3 1.6 4.0 8 

α-CA 14 40.4 10.8 26.6 8 44.4 2.3 5.1 8 

α-CA 15 47.4 11.7 24.7 8 42.8 2.4 5.6 8 

α-CA 16 48.1 11.8 24.5 8 46.3 2.3 4.9 8 

α-CA 17 47.5 9.3 19.6 8 50.5 1.5 3.0 8 

α-CA 18 52.6 7.9 29.3 8 53.9 1.2 2.3 8 

α-CA 19 58.0 6.2 10.7 8 56.8 2.0 3.5 8 

α-CA 20 60.6 6.0 9.8 8 59.1 2.0 3.4 8 

β-CA 1 14.0 1.2 8.5 8 10.1 1.9 18.6 8 

β-CA 2 18.0 1.4 7.9 8 16.0 3.9 24.5 8 

β-CA 3 30.3 2.6 8.6 8 15.8 3.5 22.4 8 

β-CA 4 35.4 3.5 9.9 8 15.8 4.4 27.7 8 

β-CA 5 33.0 1.2 3.5 7 19.1 4.9 25.8 8 

β-CA 6 25.1 2.5 9.9 8 22.1 5.3 24.0 8 

β-CA 7 39.9 1.2 3.0 7 22.5 5.6 24.9 8 

β-CA 8 45.3 1.3 2.8 7 26.1 5.3 20.3 8 

β-CA 9 42.9 1.2 2.8 7 29.3 5.2 17.7 8 

β-CA 10 42.7 1.0 2.2 7 32.6 5.2 15.9 8 

β-CA 11 48.6 1.5 3.1 7 32.3 6.2 19.1 8 

β-CA 12 38.6 1.1 2.9 7 38.1 5.8 15.1 8 

β-CA 13 46.3 1.0 2.1 7 40.5 6.4 15.9 8 

β-CA 14 60.4 1.8 2.9 8 40.8 5.0 12.4 8 

β-CA 15 54.7 1.3 2.3 7 47.5 4.6 9.6 8 

β-CA 16 51.1 1.2 2.4 7 48.5 4.4 9.2 8 

β-CA 17 51.0 1.2 2.3 7 52.9 3.2 6.1 8 

β-CA 18 65.5 1.3 4.5 8 54.0 3.2 5.9 8 

κ-CA 1 11.9 1.7 14.5 8 8.8 1.9 21.8 8 

( continued on next page ) 

5 
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Table 2 ( continued ) 

Protein Spot number Mean 

x -coordinate 

[mm] 

SD 

x -coordinate 

[mm] 

RSD 

x -coordinate 

[%] 

n Mean 

y -coordinate 

[mm] 

SD 

y -coordinate 

[mm] 

RSD 

x -coordinate 

[%] 

n 

κ-CA 2 12.9 2.5 19.2 8 13.9 2.4 17.0 8 

κ-CA 3 19.1 3.4 18.0 8 12.0 2.3 19.4 8 

κ-CA 4 16.1 2.8 17.4 8 14.9 3.6 24.0 8 

κ-CA 5 21.9 4.2 19.0 8 16.5 2.4 14.8 8 

κ-CA 6 16.8 3.3 19.6 8 22.5 4.2 18.6 8 

κ-CA 7 29.1 4.9 17.0 8 28.6 4.6 16.1 8 

κ-CA 8 22.5 4.7 21.0 8 33.6 5.8 17.1 8 

κ-CA 9 31.8 5.6 17.6 8 32.3 5.5 17.0 8 

κ-CA 10 41.1 5.6 13.6 8 41.5 4.6 11.1 8 

κ-CA 11 50.8 5.4 10.7 8 42.0 5.6 13.3 8 

κ-CA 12 47.6 5.7 11.9 8 46.1 4.7 10.3 8 

κ-CA 13 49.1 4.6 9.4 8 52.6 2.1 4.1 8 

κ-CA 14 57.4 2.8 4.9 8 53.4 2.2 4.1 8 

κ-CA 15 62.8 2.4 3.9 8 58.5 1.9 3.3 8 
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lobin they found an average, relative standard deviation (RSD) 

or the R f values of 3.7% and for standard peptides they deter- 

ined average RSD ranging from 1.8–2.9%. The 2D-HPTLC method 

resented herein for the separation of milk protein hydrolyzates 

esulted in an average RSD for the R f values of 16.5% for the x-

oordinates and 12.9% for the y-coordinates . Thus, a worse repeata- 

ility is obtained, but it should be noted that this is a method with

 double elution, so that a poorer result was to be expected due to 

ncreasing possibilities for diffusion, when using a 2D approach. In 

ddition, Bakry et al. used special monolithic thin layers as sta- 

ionary phase, which are characterized by a smaller layer thickness 

nd the absence of a binder, which may also increase the separa- 

ion efficiency of small molecules, peptides and proteins [20] . An- 
ig. 1. a, d: 2D-HPTLC chromatograms of whey protein hydrolyzates resulting from try

oordinates of the selected peptide spots; a-c: α-lactalbumin, d-f: β-lactoglobulin. Number

able 3 for the amino acid sequences of the identified peptides. Development in the first 

-butanol/pyridine/ammonia/purified water (39/34/10/26; v/v/v/v). For the second dimens

cid/purified water (44/32/8/20; v/v/v/v) was used. 

6 
ther possibility that can lead to a decrease in repeatability is con- 

amination on the HPTLC plate. For this reason, in the presented 

ethod, the silica gel plates used were preconditioned by devel- 

ping them completely with methanol to remove adhering impuri- 

ies. The plates were then treated at 100 °C for 10 min to evaporate 

he methanol and any water residues. Therefore, the influence of 

ethanol and water on the repeatability of the peptide separation 

hould be negligible. 

It can be resumed that with average, absolute SD of 4.9 mm 

nd 3.7 mm for the x - and y-coordinates , respectively, the repeata- 

ility of this method can be considered as sufficient, as due to the 

attern formation of the peptide spots, an assignment of the spots 

o their identification numbers is possible at any time. Thus, quali- 
ptic digestion; b, e: Identified peptides of the hydrolyzates; c, f: SD of x - and y- 

s refer to Table 2 for means and SD of the x - and y-coordinates of the peptides and 

dimension ( y-coordinates ) was performed with a basic solvent system consisting of 

ion ( x-coordinates ), an acidic solvent system composed of 2-butanol/pyridine/acetic 
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Fig. 2. a, d, g: 2D-HPTLC chromatograms of casein hydrolyzates resulting from tryptic digestion; b, e, h: Identified peptides of the hydrolyzates; c, f, i: SD of x - and y- 

coordinates of the selected peptide spots; a-c: α-casein, d-f: β-casein, g-i: κ-casein. Numbers refer to Table 2 for means and SD of the x - and y-coordinates of the peptides and 

Table 3 for the amino acid sequences of the identified peptides. Development in the first dimension ( y-coordinates ) was performed with a basic solvent system consisting of 

2-butanol/pyridine/ammonia/purified water (39/34/10/26; v/v/v/v). For the second dimension ( x-coordinates ), an acidic solvent system composed of 2-butanol/pyridine/acetic 

acid/purified water (44/32/8/20; v/v/v/v) was used. 
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ative statements about the identity of spots can be made without 

onstant mass spectrometric structural identification of the pep- 

ides. Furthermore, changes in the peptide pattern can be per- 

eived, so that, for example, differences in the retention behavior 

f the peptides through intra- and intermolecular interactions can 

e detected. However, it must be considered that the more com- 

lex the protein mixture gets (e.g., in a dairy product), the more 

he error areas of the peptide spots overlap, so that an assignment 

o their identification numbers will become increasingly difficult. 

o facilitate the assignment of a large number of peptide spots, a 

argeted detection would be advantageous. Peptide spots of partic- 

lar interest could thus be stained individually with e.g., specific 

mmunostaining or dyes. 

.2. Clustering of milk protein hydrolyzates 

After the mean values and SD for the x - and y-coordinates have 

een determined for the single milk protein hydrolyzates, it should 

e investigated in which areas of the HPTLC plate the peptide spots 

re located. Furthermore, it should be checked, whether the pep- 

ides of a protein hydrolyzate cluster in a certain area of the chro- 

atogram. Looking again at the coordinate systems of Figs. 1 c, f 

nd 2 c, f, i, it is obvious that the peptide spots are all located ap-
7 
roximately on an imaginary diagonal at a 45 ° angle between the 

 - and y -axes after chromatographic separation. This means that 

he basic and the acidic solvents have comparable elution prop- 

rties. The variation from a high to a low pH value should lead 

o change in the degree of dissociation of ionizable groups of the 

eptides and thus, to different retention behaviors [ 11 , 15 ]. How- 

ver, Gwarda and Dzido found that different pH values only lead 

o small changes in separation selectivity and rather increase sepa- 

ation efficiency [15] . According to Gwarda et al., a large difference 

etween the R f values in two dimensions of the chromatogram re- 

uires a change between a NP and a RP system [6] . In the present

ethod, only a NP system was used. When taking a closer look 

t the coordinate systems, it is noticeable that the hydrolyzates of 

he different proteins all behave somewhat differently and mostly 

ie either above or below the imaginary diagonal. In order to clar- 

fy the differences in the chromatographic behavior of the different 

rotein hydrolyzates, the mean values of the x - and y-coordinates 

ere transferred to a mutual coordinate system for the whey pro- 

eins and for the caseins, respectively. Fig. 3 a shows the peptides 

f the whey protein hydrolyzates. It is quite obvious that two clus- 

ers formed: The peptides of the α-LA hydrolyzate have lower R f 
alues in the first dimension and higher R f values in the second 

imension compared to the peptides of β-LG. Only a few peptides 
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Fig. 3. Clustering of the selected peptides of whey protein hydrolyzates (a) and casein hydrolyzates (b). Development in the first dimension ( y-coordinates ) was performed 

with a basic solvent system consisting of 2-butanol/pyridine/ammonia/purified water (39/34/10/26; v/v/v/v). For the second dimension ( x-coordinates ), an acidic solvent 

system composed of 2-butanol/pyridine/acetic acid/purified water (44/32/8/20; v/v/v/v) was used. 
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verlap at the level of the imaginary diagonal between the x - and 

 -axes. This indicates that it is reasonable to to predict from which 

hey protein a peptide spot on the HPTLC plate originates. Never- 

heless, it should be considered that despite the eightfold repeti- 

ion of the separation per protein hydrolyzate, random formation 

f the two clusters cannot be completely excluded. As the whey 

roteins α-LA and β-LG show very similar properties in terms of 

olarity and conformation, no major differences in separation are 

xpected [30] . When looking at the distribution of the peptides of 

he casein hydrolyzates in Fig. 3 b, three areas can be identified in 

hich the peptides of the three caseins are located. The peptides of 

-CA lie along the imaginary diagonal between the x - and y -axes. 

n comparison, the peptides of α-CA usually have higher R f values 

n the first dimension and lower R f values in the second dimen- 

ion, whereas the peptides of β-CA are located below the imagi- 

ary diagonal, so that the R f values are lower in the first dimen- 

ion and higher in the second dimension. However, it can be seen 

hat when comparing three protein hydrolyzates, the area of over- 

ap of the clusters becomes larger. As a consequence, in complex 

rotein mixtures it is not possible to assign a peptide to its protein 

rigin based on its R f values. When the protein origin of the in- 

ividual peptides should be determined via the clustering method, 

 separation system specifically adapted to the respective proteins 

hould be applied. In addition, other evaluation technqiues (than 

imple comparison of overlapping) should be considered as well in 

he future. There are several possibilities for evaluation such as im- 

ge analysis of the rectangles that are confined by standard devia- 

ions of the x - and y-coordinates or more advanced methods taking 

he resolutions of the x - and y -axes into account. 

However, for appropriate formation of peptide clusters, differ- 

nces in protein properties should be considered. Consequently, a 

istinction can be made between acidic vs. basic or polar vs. non- 

olar or further differentiations (e.g., cytosolic proteins vs. trans- 

embrane proteins). Thereby, the more different the proteins are, 

he better the method will work. Ideally, the obtained peptide clus- 

ers would then be located in opposite regions of the HPTLC plate. 

he overall aim should be to obtain the best separation of to- 

al peptide clusters, rather than individual peptides over the en- 

ire extension of the HPTLC plate. Hence, not only the individual 

eptides, but the entire peptide patterns would be compared. The 

resence/absence of characteristic peptides for proteins would in- 
m

8 
icate the presence/absence of a protein in the mixture under in- 

estigation. Furthermore, post-translational modifications in a pep- 

ide pattern could also be identified in direct comparison to the 

eptide pattern of the corresponding native protein, either by de- 

ecting new peptide spots or by the disappearance of other peptide 

pots. 

.3. Mass spectrometric identification of peptide spots 

The next step was to identify the amino acid sequences of the 

elected peptides by mass spectrometric analysis in order to subse- 

uently establish correlations between the retention behavior and 

he properties of the peptides. For this purpose, the developed 

PTLC plates were first derivatized with fluorescamine and the 

pots visible at UV light were assigned to the identified spots. The 

uorescamine derivatisation made it possible to determine the ex- 

ct x - and y-coordinates from these spots. The stationary phase in- 

luding the analytes was then manually removed in the desired 

rea and resolvated in several steps. The resulting solution was 

ixed with a matrix solution and applied directly to a ground 

teel target for MALDI-TOF-MS/MS analysis. A plate scan by means 

f a MALDI adapter was deliberately avoided, as it was found in 

reliminary tests that the chromatography plates containing alu- 

inium as a carrier material due to needed conductivity for mass 

pectrometry do not show good separation performance. In addi- 

ion, diffusion of the analytes occurs during the coating process 

ith MALDI matrix and the detection limit is much higher. Biller 

ikewise described the phenomenon of analyte diffusion in the im- 

ersion process for matrix application [31] . In contrast, the indi- 

ect method presented herein makes it possible that the desired 

eptides are studied, as the derivatized peptides can be targeted 

irectly and thus, no reference plate has to be prepared. A sim- 

lar approach was described by Bakry et al., who pre-derivatized 

heir peptides with fluorescamine [20] . This allowed the matrix to 

e sprayed or spotted directly onto the peptide spots after UV de- 

ection for mass spectrometric analysis by MALDI-TOF-MS. Subse- 

uently, the peaks of both the underivatized peptides and the cor- 

esponding peptides derivatized with fluorescamine were detected 

n the MALDI spectrum. In the method presented herein, both 

ariants of the peptide were also found, with mass differences of 

/z = 260–262. For example, in the MALDI spectrum of spot No. 1 
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Fig. 4. Identification rates of amino acid sequences of milk peptides determined by 

MALDI-TOF-MS/MS. 
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f β-LG, m/z 1635.75 and m/z 1896.73 were measured with a mass 

ifference of 261 Da between the two signals. m/z 1635.75 can be 

ssigned to the (M + H) + ion of the peptide TPEVDDEALEKFDK and 

/z 1896.73 to the same fluorescently labeled peptide. 

When using tandem mass spectrometry, the obtained b - and 

 -fragments could be compared with the theoretically calculated 

ragment ions by the protein database UniProt in combination with 

he peptide cutter Expasy and the PROTEOMICS TOOLKIT Fragment 

on Calculator. Thus, the amino acid sequence of 51 peptides of 

he 85 investigated peptide spots were reliably identified by mass 

pectrometry, which corresponds to an identification rate of 60% of 

he measured peptide spots. The identification rates of the differ- 

nt protein hydrolyzates are shown in Fig. 4 , whereby these dif- 

er markedly between the different protein origins. While β-LG 

howed an identification rate of 88% with 15 out of 17 peptides, 

-CA had an identification rate of only 28% with 5 out of 18 pep-

ides. Table 3 lists the identified amino acid sequences for the in- 

estigated peptide spots of the five protein hydrolyzates. It is evi- 

ent that it was particularly difficult to determine the amino acid 

equence of peptides with higher R f values. As an NP system was 

sed, it is easier to identify polar peptides with this method. This 

s in contrast to Pasilis et al., who used the HPTLC/DESI-MS method 

or mass spectrometric peptide identification and came to the con- 

lusion that hydrophilic peptides with lower R f values are more 

ifficult to determine due to stronger binding to the polar station- 

ry phase [ 3 , 16 ]. This problem is apparently avoided in the method

resented herein, when removing the entire silica gel including the 

nalyte in the desired area and then extracting with a polar sol- 

ent mixture of of 60% (v/v) acetonitrile and 0.1% (v/v) formic acid 

n water. The polar extraction agent could possibly be the reason 

or the poorer identification rate of the non-polar peptides, so that 

n the future, it might be possible to extract peptide spots with 

igher R f values with more apolar solvents. Furthermore, the anal- 

sis is also concentration-dependent, as often larger peptide spots 

n the HPTLC plates were easier to identify than smaller ones. An 

ncrease in the volume of the applied samples on the HPTLC plates 

hould be avoided, as the resolution and spot sharpness would be 

educed due to an overloading with the analytes. 

.4. Correlations between peptide properties and their retention 

ehavior on 2D-HPTLC 

On the basis of the peptides for which the amino acid sequence 

as determined by mass spectrometry, a further aim was to verify 

orrelations between properties of the peptides and their x - and 

-coordinates on 2D-HPTLC. Among the peptide properties studied 

ere MW, IEP, and percentages of anionic, cationic, uncharged po- 

ar, and non-polar amino acids in the peptide ( Table 3 ). The cor-
9 
elations of the respective milk peptide properties with the x - and 

-coordinates were investigated by calculating the Pearson correla- 

ion coefficients. The statistical significance of the calculated corre- 

ations was tested with a two-sided t -test ( α = 0.05). In Table 4 ,

he peptide properties are divided into statistically significant and 

tatistically non-significant and the Pearson correlation coefficient 

 is given for each peptide property. An r value of + 1 for a posi-

ive correlation and a value of -1 for a negative correlation would 

epresent an ideal correlation. The best correlation coefficients are 

btained for the percentage of anionic amino acids ( r x = -0.51, 

 y = -0.65) and non-polar amino acids ( r x = 0.44, r y = 0.57). In

ddition, it was found that there was a positive correlation be- 

ween the IEP of the peptides and the x - and y-coordinates . This 

grees with the negative correlation for the percentage of anionic 

mino acids, as they have a low IEP and thus, lead to stronger re- 

ention at the stationary phase. However, the polar, cationic amino 

cids, in contrast to the also polar anionic amino acids, had no 

ignificant influence on the retention behavior of the peptides. It 

as expected that with both – the cationic and anionic amino 

cids – polar retention mechanisms such as electrostatic interac- 

ions, hydrogen bonding, and distribution would occur through in- 

eractions with the silanol groups of the silica gel [6] . However, in 

he method presented herein, the influence of anionic amino acids 

n retention strongly predominated over cationic amino acids. In 

greement with these findings, Gwarda et al. found that when us- 

ng C18 silica-based sorbents and a mobile phase for a NP system, 

he basic amino acids were particularly strongly retained in com- 

arison to other polar amino acids. The increase retention is prob- 

bly due to the strong polar ion-ion interactions between the basic 

roups of the peptides and the acidic-free silanols of the stationary 

hase [ 6 , 15 ]. The uncharged polar amino acids did not have any ef-

ect on the retention of the peptides. Molecular weight also had no 

tatistically significant effect, although a trend can be observed, at 

east for the x-coordinates , that with increasing MW, retention also 

ncrease. 

In summary, for the method presented herein statistically sig- 

ificant correlations between the retention behavior of the pep- 

ides and the percentages of anionic and non-polar amino acids in 

he peptide as well as the IEP of the peptides were confirmed. This 

llows a characterization of the polarity and an estimation of the 

ercentage of anionic amino acids of the separated peptides based 

n the retardation factors alone. 

.5. Prediction of x - and y-coordinates for peptides in 2D-HPTLC 

Now that the statistically significant correlations between the 

eptide properties and the retention behavior of the peptides have 

een demonstrated, it should be checked, whether a prediction can 

e made about the x - and y-coordinates of the peptides based on 

heir amino acid composition. At hand of the best Pearson cor- 

elation coefficients, the percentages of anionic and of non-polar 

mino acids in the peptide seemed to be the most suitable options 

or a prediction. However, as there were only two anionic amino 

cids (aspartic acid and glutamic acid), but eight non-polar amino 

cids (alanine, isoleucine, leucine, methionine, phenylalanine, pro- 

ine, tryptophan, and valine), the prediction should be based on the 

ercentage of non-polar amino acids, because of a reduced suscep- 

ibility: When the content of one basic amino acid in the peptide 

hanges, the calculated x - and y-coordinates change much more 

han when the content of one non-polar amino acid in the peptide 

hanges. In Fig. 5 , the x - and y-coordinates are each plotted against

he percentage of non-polar amino acids in the peptide. For the 

inear correlations, coefficients of determination of R 2 x = 0.19 and 

 

2 y = 0.32 were found. The regression lines for the relationships 

etween the non-polar amino acids (non-polar AA) and the x - and 

-coordinates were as follows: 
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Table 3 

Amino acid sequences and properties of peptides identified by MALDI-TOF-MS/MS. 

Protein 

Spot 

number Amino acid sequence MW [g/mol] IEP 

Anionic AA 

[%] 

Cationic AA 

[%] 

Uncharged, 

polar AA [%] 

Non-polar 

AA [%] 

α-LA 1 KILDK 615.40 8.59 20.0 40.0 0.00 40.0 

α-LA 2 FLDDDLTDDIMCVK 1698.73 3.66 35.7 7.1 14.29 42.9 

α-LA 2 EQLTK 617.34 6.10 20.0 20.0 40.00 20.0 

α-LA 3 EQLTK 617.34 6.10 20.0 20.0 40.00 20.0 

α-LA 3 ALCSEK 706.31 6.04 16.7 16.7 33.33 33.3 

α-LA 5 QWLCEK 862.38 5.99 16.7 16.7 33.33 33.3 

α-LA 6 ILDK 487.30 5.84 25.0 25.0 0.00 50.0 

α-LA 8 CEVFR 709.30 6.00 20.0 20.0 20.00 40.0 

α-LA 9 CEVFR 709.30 6.00 20.0 20.0 20.00 40.0 

α-LA 10 CEVFR 709.30 6.00 20.0 20.0 20.00 40.0 

α-LA 12 VGINYWLAHK 1199.65 8.57 0.0 20.0 30.00 50.0 

α-LA 13 GYGGVSLPE 877.42 4.60 11.1 0.0 55.56 33.3 

α-LA 14 GYGGVSLPE 877.42 4.60 11.1 0.0 55.56 33.3 

β-LG 1 TPEVDDEALEKFDK 1634.77 4.02 42.9 14.3 7.14 35.7 

β-LG 2 TPEVDDEALEK 1244.58 3.83 45.5 9.1 9.09 36.4 

β-LG 3 CMENSAEPEQSLACQCLVR 2280.90 4.25 15.8 5.3 42.11 36.8 

β-LG 4 IDALNENK 915.47 4.37 25.0 12.5 25.00 37.5 

β-LG 5 IDALNENK 915.47 4.37 25.0 12.5 25.00 37.5 

β-LG 6 VYVEELKPTPEGDLEILLQK 2312.25 4.25 25.0 10.0 20.00 45.0 

β-LG 6 IIAEK 572.35 6.00 20.0 20.0 0.00 60.0 

β-LG 7 GLDIQK 672.38 5.84 16.7 16.7 33.33 33.3 

β-LG 8 IIAEK 572.35 6.00 20.0 20.0 0.00 60.0 

β-LG 8 LSFNPTQLEEQCHI 1714.78 4.51 14.3 7.1 28.57 50.0 

β-LG 9 LSFNPTQLEEQCHI 1714.78 4.51 14.3 7.1 28.57 50.0 

β-LG 9 AASDISLLDAQSAPLR 1626.86 4.21 12.5 6.3 25.00 56.3 

β-LG 9 LIVTQTMK 932.54 8.75 0.0 12.5 37.50 50.0 

β-LG 10 TKIPAVFK 902.56 10.00 0.0 25.0 12.50 62.5 

β-LG 10 IPAVFK 673.42 8.75 0.0 16.7 0.00 83.3 

β-LG 10 AASDISLLDAQSAPLR 1626.86 4.21 12.5 6.3 25.00 56.3 

β-LG 11 LIVTQTMK 932.54 8.75 0.0 12.5 37.50 50.0 

β-LG 12 AASDISLLDAQSAPLR 1626.86 4.21 12.5 6.3 25.00 56.3 

β-LG 12 IPAVFK 673.42 8.75 0.0 16.7 0.00 83.3 

β-LG 13 ALPMHIR 836.47 9.80 0.0 28.6 0.00 71.4 

β-LG 14 ALPMHIR 836.47 9.80 0.0 28.6 0.00 71.4 

β-LG 15 ALPMHIR 836.47 9.80 0.0 28.6 0.00 71.4 

α-CA 1 EDVPSER 830.38 4.14 42.9 14.3 14.29 28.6 

α-CA 2 EGIHAQQK 909.47 6.85 12.5 25.0 37.50 25.0 

α-CA 3 EDVPSER 830.38 4.14 42.9 14.3 14.29 28.6 

α-CA 4 ITVDDK 689.36 4.21 33.3 16.7 16.67 33.3 

α-CA 5 YVPLGTQYTDAPSFSDIPNPIGSENSEK 3025.42 3.92 14.3 3.6 46.43 35.7 

α-CA 6 VNELSK 688.38 5.97 16.7 16.7 33.33 33.3 

α-CA 10 HQGLPQEVLNENLLR 1758.94 5.40 13.3 13.3 33.33 40.0 

α-CA 11 EPMIGVNQELAYFYPELFR 2315.13 4.25 15.8 5.3 26.32 52.6 

α-CA 12 EPMIGVNQELAYFYPELFR 2315.13 4.25 15.8 5.3 26.32 52.6 

α-CA 13 EPMIGVNQELAYFYPELFR 2315.13 4.25 15.8 5.3 26.32 52.6 

α-CA 14 YPELFR 823.42 6.00 16.7 16.7 16.67 50.0 

α-CA 14 QELAYFYPELFR 1574.78 4.53 16.7 8.3 25.00 50.0 

α-CA 15 FFVAPFPEVGK 1236.65 6.00 9.1 9.1 9.09 72.7 

α-CA 16 YLGYLEQLLR 1266.70 6.00 10.0 10.0 40.00 40.0 

β-CA 8 AVPYPQR 829.44 8.79 0.0 14.3 28.57 57.1 

β-CA 8 QEPVLGPVR 993.56 6.00 11.1 11.1 22.22 55.6 

β-CA 9 AVPYPQR 829.44 8.79 0.0 14.3 28.57 57.1 

β-CA 9 VLPVPQK 779.49 8.72 0.0 14.3 14.29 71.4 

β-CA 10 AVPYPQR 829.44 8.79 0.0 14.3 28.57 57.1 

β-CA 14 LLYQEPVLGPVR 1382.79 6.00 8.3 8.3 25.00 58.3 

β-CA 18 GPFPIIV 741.44 5.53 0.0 0.0 14.29 85.7 

κ-CA 3 Q EQNQEQPIR 

(modification: pyroglutamate) 

1251.59 4.53 20.0 10.0 50.00 20.0 

κ-CA 4 Q EQNQEQPIR 

(modification: pyroglutamate) 

1251.59 4.53 20.0 10.0 50.00 20.0 

κ-CA 5 Q EQNQEQPIR 

(modification: pyroglutamate) 

1251.59 4.53 20.0 10.0 50.00 20.0 

κ-CA 6 SCQAQPTTMAR 1249.53 7.96 0.0 9.1 54.55 36.4 

κ-CA 9 FFSDK 642.30 5.84 0.0 20.0 20.00 60.0 

κ-CA 10 VLSR 473.30 9.72 0.0 25.0 25.00 50.0 

κ-CA 11 QEQNQEQPIR 1268.61 4.53 20.0 10.0 50.00 20.0 

x

y

t

t

m

w

 -coordinate = 0.356 × % non-polar AA + 15.981 (1) 

 -coordinate = 0.448 × % non-polar AA + 9.7085 (2) 
10 
To test the actual predictive power of the linear regressions ob- 

ained based on the milk protein hydrolyzates, a mixture of syn- 

hetic peptides Table 1 ) was separated by 2D-HPTLC using the 

ethod presented herein and the resulting x - and y-coordinates 

ere measured ( n = 2). The separated peptide spots were also an- 
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Table 4 

Classification of peptide properties as statistically significant or statistically non-significant ( α = 0.05) for correlations 

with the x - and y-coordinates in the 2D-HPTLC chromatograms. Pearson correlation coefficients are given as r x and r y 
for the x - and y-coordinates , respectively. 

Statistically significant correlation Statistically non-significant correlation 

IEP r x = 0.26 r y = 0.33 MW r x = -0.21 r y = -0.02 

% anionic AA r x = -0.51 r y = -0.65 % cationic AA r x = -0.15 r y = -0.12 

% non-polar AA r x = 0.44 r y = 0.57 % uncharged 

polar AA 

r x = 0.01 r y = -0.05 

Fig. 5. Linear correlations of x - and y-coordinates of the identified peptides with regard to the percentage of non-polar amino acids in the peptides. 

Fig. 6. Comparison of the coordinates calculated by linear regression based on the content of non-polar amino acids in the peptides (filled symbols) with the coordinates 

obtained by 2D-HPTLC ( n = 2) of the whey peptide mixture (a) and the pea peptide mixure (b) (unfilled symbols). The various symbols represent the different identified 

peptide sequences (see Table 4 ). 
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lyzed by MALDI-TOF-MS/MS to verify the amino acid sequences. 

ased on the identified amino acid sequences, the theoretical x - 

nd y-coordinates were then calculated via the linear regression 

ines ( Eqs. (1 ) and ( (2) ) and compared with the measured values.

n Fig. 6 a, the filled symbols represent the calculated peptides and 

he unfilled symbols represent the corresponding measured pep- 

ides, with each different symbol standing for a different amino 

cid sequence. It can be seen that the measured peptide spots all 

ie around the calculated peptide spots. Particularly good predic- 

ions could be made for peptides with medium and high R f val- 

es. Worse results were obtained for peptides with small R f values. 

bsolute deviations of maximum 17.5 mm between the calculated 

26.0 mm) and measured (8.5 mm) coordinates were found. This 

orresponds to a relative deviation of 67.3%. The absolute devia- 

ions of all peptides ranged from 0.3–15.2 mm (average: 7.8 mm) 

or the x-coordinate and from 1.4–17.5 mm (average: 7.2 mm) for 

he y-coordinate . The average, relative deviation for the R f values 

s 25.3% for both the x - and y-coordinates . On the one hand, it is
11 
ow possible to predict the x - and y-coordinates for peptides with 

 known amino acid sequence, so that, for example, the selection 

f internal standards is facilitated, as the subsequent position in 

he 2D-chromatogram can be selected. On the other hand, mea- 

ured x - and y-coordinates can be used to calculate the content of 

on-polar amino acids in the peptide(s). Using linear regressions 

ines, it is possible to calculate the content of anionic amino acids 

n peptides with known R f values. 

Nontheless, it should be noted that the method was primarily 

ested using only a mixture of synthetic peptides, which all had 

equences based on either α-LA or β-LG as protein. This means 

hat the method was initially tested using only the same or very 

imilar peptides that were used to develop the method. For this 

eason, it should be checked whether the method presented herein 

s also suitable for peptides of other protein origins. For this rea- 

on, a mixture of three peptides from pea ( Pisum sativum ) proteins 

 Table 1 ) was treated in the same way as the peptide mixture. 

ig. 6 b illustrates the comparison between the measured and cal- 
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ulated x - and y-coordinates for the three pea peptides. The abso- 

ute deviations varied between 1.4 and 8.0 mm (average: 4.2 mm) 

or the x-coordinates and 2.6-6.7 mm (average: 4.3 mm) for the 

-coordinates . The mean relative deviations with regard to the R f 
alues are 22.1% and 25.7% for the x - and y-coordinates , respec- 

ively. The absolute deviations for the prediction of the retention 

ehavior of the pea peptides were even lower than for the whey 

eptides, although the linear regressions were determined on the 

asis of the milk protein hydrolyzates. However, when comparing 

he relative deviations, the values are in the same range. Unfortu- 

ately, only three synthetic peptides of a different protein origin 

ere available for testing the method. Nontheless, it is reasonable 

o assume that the method presented herein for predicting the x - 

nd y-coordinates in the 2D chromatogram can also be applied to 

roteins of other origins. In the future, the prediction power of 

ther peptide standards or other protein origins should be further 

nvestigated. 

Only Baczek and Sparzak predicted previously the retention be- 

avior of 30 peptides based on their properties for 1D-HPTLC. They 

sed the approach of quantitative structure-retention relationships 

QSSR) for their calculations. However, they determined the de- 

endent variable R M 

, which is calculated from the R f value us- 

ng a logarithmic function [28] . Thus, for comparability of the re- 

ults, the relative deviations should be compared. In the method 

resented herein, mean relative deviations between the measured 

nd calculated x - and y-coordinates of 22.1-25.7% were determined. 

ith the method according to Baczek and Sparzak, the experi- 

entally determined values deviated from the calculated R M 

val- 

es by an average of 107.5% [28] . Therefore, the calculation method 

resented herein shows a significantly lower relative deviation in 

omparison to Baczek and Sparzak and is even applicable for a 

wo-dimensional system. 

Nevertheless, it should be noted that the calculation of the x - 

nd y-coordinates refers only to the percentage of non-polar amino 

cids and not to the percentage of anionic amino acids in the pep- 

ide, although both show a similarly high correlation to the re- 

ardation factors. This inaccuracy in the calculation formula ex- 

lains in particular the higher deviations between the calculated 

nd measured retention factors in the lower, left area of the plate, 

s peptides with a higher content of anionic amino acids are as- 

umed to be located there due to stronger binding to the silanol 

roups. Furthermore, even though the sample set used to develop 

he method and the test set used to verify the method were very 

imilar, mean relative deviations of 25.3% were obtained. This can 

robably be explained by the inaccuracy of the calculation formula. 

s well, differences in retention behavior may occur between pep- 

ides in complex mixtures and single standards. In complex pep- 

ide mixtures fewer interactions, especially ionic interactions, can 

ccur with the stationary phase due to higher competition for the 

inding sites. An optimized equation would include all three pep- 

ide properties (non-polar amino acids, anionic amino acids, and 

EP) for which a statistically significant correlation to the reten- 

ion behavior was found. However, with the method presented 

erein, it was demonstrated that the prediction of retention behav- 

or based on the amino acid composition of peptides is generally 

ossible. 

. Conclusions 

It was shown that the developed 2D-HPTLC method presented 

erein is in principle suitable for the separation of milk protein- 

ased peptides and for the characterization of the polarity and 

n estimated percentage of anionic amino acids in them. The 2D- 

PTLC method may also be applied to peptides of other protein 

rigins such as pea peptides ( Pisum sativum ). 
12 
Milk protein hydrolyzates were demonstrated to form consis- 

ent peptide patterns with adequate repeatability of average RSD 

f 16.5% and 12.9% for the x - and y-coordinates , respectively. The 

eptides cluster in specific areas of the HPTLC plates. Therefore, 

he method could be applied in the future, for example, to char- 

cterize the protein and peptide profile of milk and dairy prod- 

cts. Moreover, following mass spectrometric identification of the 

uorescently labelled peptide spots, statistically significant corre- 

ations were demonstrated between the IEP or the percentages of 

nionic and non-polar amino acids in the peptide and their corre- 

ponding x - and y-coordinates . Based on the content of non-polar 

mino acids in the peptide, it was even possible to make predic- 

ions about the retention behavior of peptides. 
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