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Application of multivariate mathematical-statistical
methods to compare reversed-phase thin-layer
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Abstract. The retention parameters of seven mono- and nine ditetrazolium salts were investigated by reversed-phase liquid chro-
matography (RP-LC) using polyethylene-coated alumina support with various concentration of eluent-mixtures and by reversed-
phase thin-layer chromatography (RP-TLC) using the same support and eluent-mixtures. Principal component analysis (PCA) fol-
lowed by non-linear mapping (NLM) and varimax rotation was used for the determination of molecular substructures and
physicochemical parameters accounting for the separation in the different methods and circumstances. Calculations peved that t
steric and electronic parameters have the highest influence on the retention of tetrazolium salts. This investigationtbattvered
thin-layer chromatography is strictly independent from liquid chromatography. It has been established that multivariaté-mathema
cal-statistical methods are the most appropriate ways for evaluation of large data matrices in various chromatographic
departures.

Key words. Tetrazolium salts- thin layer chromatography liquid chromatography- principal component analysis cluster
analysis— non-linear mapping- varimax rotation.

Introduction The polymer-coated alumina supports typically and suc-
cessfully used the investigation or separation of basic solutes
The widely used reversed-phase liquid chromatographic separdly eluted from silica-based supports such as various pro-
aration technique is especially useful to the separation ¢€ins [11], peptides [12], other bio-macromolecules [13],
bioactive molecules [1]. alkaline compounds [14] and a lot of drugs [15] and diag-

_ N _ nostic materials [16] as well.
Although the support is generally silica with covalently

bonded hydrocarbons [2] or various polymers to the polar The tetrazolium-derivatives are wide-spreadingly used in
surface [3], the alumina is used more frequently with coatethe field of biology research [17], human medicine care [18]
polymers on the surface as well [4]. Not only polyethylenespecially in the field of endocrinology, gastroenterology,
[5-7] but also various types of other polymers such asytology-histology, angiology, microbiology and virology, in
polyamine [8], polystyrene [9] and polypyrrole chloride [10] microbiological laboratories [19] and in the field of bio-inor-
have been coated to silica or alumina basis. ganic chemistry.
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Thin-layer chromatography (TLC) is a relatively old tech-ethylene was mixed with water to reach a slurry and the
nigue among the various chromatographic separation metblurry was spread on a glass plate of<2R0 cm. After an
ods, but it showed some marked advantages over the otlmrernight drying at room temperaturepP of sample solu-
chromatographic techniques. TLC and high-performance ligion were spotted onto the plate then it was developed with
uid chromatography (HPLC) are similar in many aspectswvater-ethanol mixtures as eluents. Ethanol concentrations
Both of them use a stationary and a mobile phase, and thenged from 0- 45% (v/v) in steps 5% (v/v). The develop-
solutes are separated according to differences in their affimhent was carried out in sandwich chambers %222 x
ties to the phases. It has often been indicated that TLC c8nhcm) at room temperature and the running distance was
be successfully used as a pilot method for HPLC becausg@prox. 18 cm. The chambers were not presaturated. After
the retention behaviour of the solutes became predictablfevelopment the plates were dried at 2G5and the spots
with its help [20,21]. However in certain cases, TLC is notvere visualised under UV light.
suitable (or suitable only with restrictions) as a pilot method:
the different surface pH of the TLC and HPLC supports ma
result in entirely different retention orders for acidic or basi
compounds in adsorption systems [22].

The R,, value characterising the retention in TLC was cal-
ulated separately for each compound and for each ethanol
concentration of the eluent:

The development of new calculation methods to interpret Ry = log (1Re - 1). @)
large data matrices obtained by the usage of highly autghe R, values were separately extrapolated to zero ethanol
mated chromatographic instruments is one of the majqigncentration:
advances nowadays. The importance of using high perfor-
mance mathematical methods to evaluate data matrices is Ru =Ry + brc " C 2

especially increased in the field of QSRR research [23]. where C is the concentration of ethanol in the eluent (%,

The modern multivariate mathematical-statistical method#/v) andR,, is the actuaR, value of the tetrazolium sam-
e.g. principal component analysis (which is used to manifegle determined at this ethanol concentratigg, and by,c
the original variables with background-variables accordingalues from equation (2) were considered as the best means
to its correlation among themselves, that helps to recognisé estimating the lipophilicity Ry,,) [38] and the contact
the possible connections in the observated matrices) [24]ydrophobic surface areby(c) [39] of the tetrazolium salts.

gﬁr;?yr;licsal[z%c])rrilgg_clnir; ez?azzlspi[r?; ],ans ées\grlisrﬁ a)r(e?(;?ast?é%n The HPLC system contained a polyethylene-coated alu-
; e AL mina (AI-PEE) column prepared in our laboratory (260
(which graphically transforms the principal-component load mm 1. D. filed with 5um diameter alumina particles

ings from the hypersphere into two-dimensional plane) [27 . N : .
cluster analysis (which gives theoretically similar results likepzatsds,\&v)ltgféi/ﬁcaeoﬁylffglggglzi\rgvgl]tr;n?n?g]?)I;dtcr)ﬂa (grlggggagrg

non-linear mapping but it transforms to one dimension roposed for the filling of reversed-phase columns. The flow

line) [28], etc. make the simultaneous assessment of a pr %te was 0.7 mL/min and the detection wavelength was

tically unlimited number of variables: therefore these254 nm. Although these molecules absorb better in higher

methodologies are especially useful in various fields of chra-
avelengths- because they are colour molecutesie car-

matography such as thin-layer [29,30], gas [31,32], high- el :
formgncg )I/iquid chromatoéra;ghy [3]3,934],[capill]arygzo%e”ed out the measures at the mentioned lower wavelength

; - A because the circumstances of the measurement-sequence
electrophoresis [35] and micellar electrokinetic chromatog- . . ;
raphy [36,37]. Yvere designed for purity control too. At this wavelength the

main components adsorb still enough good and the possible
The objectives of the present investigation were to studinpurities also come into view.

the retention of the mono- and ditetrazolium salts on a poly- : .
. : The HPLC system consisted of a Gilson Model 307
ethylene-coated alumina plate and column in ethanol-watey: ., - Pump (éilson, Villiers-le-Bel, France), a Gilson

mixtures at various concentrations of organic phase, to evq\I/Todel 116 variable-wavelength UV detector (Gilson), a
uate the retention data by multivariate mathematical—statisrv 9 y

cal methods and the comparison of the efficacy of the tra'—aICO injector (Valco Instruments, Houston, TX, USA) with
ditional and modified non-linear mapping technique anc
cluster analysis for this purpose, and to find the possibl
relationship between the retention characteristics and tt
physico-chemical parameters of the tetrazolium salts con

paring the applicability of thin-layer (TLC) and high-per- { Ry
R

Table .

formance liquid (HPLC) chromatography.

N\
4 T <:> RBJ e

N=N—TR,
®

Experimental

The IUPAC-names and chemical structures of the sixtee neme Moo R4
mono- and ditetrazolium salts are shown in tables | and | Tierenyitetrazolum chioride; TTC H H H -Phe
The samples were separately dissolved in methanol to yig 'oonretetrazoium chioride; INT H H -1 PhepNO,
a concentration of 5 mg/mL for TLC and 0.05 mg/mL for Preterazotum chionde; NTC " ) NOy - oPhe
H P LC . p-Nitrotetrazolium violet; NVT -H H -NO, -Naph
Tetrazolium violet; VT -H -H -H -Naph
The TLC plates were prepared as follows: 8 g of =20  o-Tolyketrazolium red:; TRT H H -Phe-0-CHs
80 pm diameter alumina partides coated with 2.5% po|y lodopiperonyltetrazolium chioride; IPC Ry-O-CH-O-R; H -Phe-p-|
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Table 1I. moment €). These parameters were computed by

HyperChem 5.01 with ChemPlus Extension (Hypercube,

Waterloo, Canada). Structures were first optimised using

/N\ s 1 . molecular mechanic calculations [49]. The molecular mod-
)——< §—R7 2a

elling structural descriptors (energetic parameters) were
computed using semi-empirical calculation method Austin
Model 1 [50-52]. Altogether nineteen variables were
enrolled in the investigation.

|
i

: Ry /N\1@R3 RL—O—
1 N g
Rg Rg

name Rt Re Rs R4 Rs Re R7 Re The PCA was calculated from the correlation matrix.
Veratrylteliazohum chionde; VG %W och W 0CH; -0CH, -OCH, 00, Two-dimensional non-linear map and cluster dendogram of
p-Anisyinirotetrazolom blue, ANBT | OCHy  -H  NO; NO; -OCHs -OCHs -OCH; H the PC loadings and variables were also calculated [26]. The
mNitroneotefrazolium violst, NNVT H N, H OH M H H a0 inclusion of non-linear map technique (NLM) and cluster
Tolidine-ditetrazofium violet, TVD H H  HH cH oM M H analysis in the evaluation was motivated by the considera-
peNitrotetrazolium blue: pNBT H o H MO N OCH, OCH, 4 H tion that they calculate and visualise the relative distances
Neotetrazolium chioride. NTC H M s M HHwH between the members of the matrix. The iteration of NLM
Tetrazolium blue: BT H M 4 M OCH, OCH H H was carried out to the point where the difference between
Piperonyltetrazolium blue; PBT R-O-CHyO-R;  -H -H  -OCH; -OCH; R7-O-CHrO-Rg the two IaSt iterations was IOWer than_alo
elirterazofum plie; mAET NGOt otk e To compare their information content, linear correlations

were calculated between the corresponding co-ordinates of
non-linear mapping and varimax rotation around two axes.
These techniques are theoretically similar techniques: both

a 10pL sample loop and a Waters 740 integrator (WatersMethods calculate and visualise the relative distances
Millipore, Milford, MA, USA). between the members of the data matrix:

Mixtures of ethanol and water were used as eluents. The Yi,=a+b- X, (4)
ethanol concentrations ranged from 9097.5% (v/v) in . .
steps 1.25% (v/v) because of the high sensitivity of the sy¥(hereY,, are the co-ordinates of non-linear mafy;, are
tem for changing the concentration of the organic compouri@#e co-ordinates of varimax rotation.
in the eluent. The retention time of each compound in each
eluent was determined with three consecutive measures. The ) )
experiments were carried out at room temperature (22 Results and discussion
2°C).
) . . The necessity of very different eluent systems used to elute
As th,e correlation between the logarithm of the capacitgamples with TLC and HPLC could explain only the great
factor (') and the ethanol concentration in the eluent is geryjifference between selectivity of these chromatographic
erally linear in HPLC, the relationship was calculated: methods in respect of tetrazolium compounds. This phe-
log k' = log K'y + bypc C (3) Nnomenon will try to more support later in present study.

wherek' is the capacity factok’, value is the intercept and  The parameters of equation (2) are listed in table Ill. The
it is used to estimate the lipophilicity [40hb,. . is the relationship between these paramet®&s 0 ) was linear

slope, related to the contact hydrophobic surface area f all instances. In most cases the coefficient of correlation
solutes in contact with support [39] a@ds the ethanol con- was greater than 0.99 confirming the applicability of the
centration in the eluent (%, v/v). Equation (3) was separatelgquation. The slope and intercept values differed consider-
applied for each solute. ably from each other and in addition they were divided into

) . . , two different groups according to their chemical structure:
To find correlation between the physico-chemical parag,e monotetrazolium salts are in the first group (Nos. 1-
meters of solutes and their retention data, PCA and clust §, the ditetrazolium salts are in the second group (Nos. 8-

analysis were applied [24]. To elucidate the influence Oyg) This means that the two groups of tetrazolium salts can
PCA on the data evaluation the cluster analysis was algQ,’aasily separated from each other by TLC in ethanol-water

h . luent system. The parameters of equation (3) are compiled
pendent variables) were the tetrazolium salts and the paid-taple Jv. In this case the relationship between these para-
meters of equation (2), equation (3) with the calculate

eters (logk', byp o) was mostly approached by linear

physico-chemical values for each sample were the variablgs ression too. The intercept and slope values however, did
of following calculation. The physico-chemical parameterg,q; giter considerably from each other so it is not sure that

included in the calculation were: polarizabilitf’( [41], ti iaht b fully i d b ;
refractivity (0) [42,43], 10 base logarithm of the lipophil- adee(?ﬁgtaerls Igr?ognelg elu:ntsus(;:/(;?griu y Improved by Lising an
hydrophil character (log) [43,44], Van der Waals surface '

(VAW,12cd [45-48], Van der Waals volume&/¢W,,,.mo [47], Why do the tetrazoles show this conspicuous different
water accessible surfac#g\,.9 [45-48], water accessible behaviour in thin-layer and liquid chromatographic systems
volume WAuumd [47], total energy K,,), binding energy whereas the support is the same? According to the micro-
(Einging» heat formation @), energy of the higher occupied analytical results the carbon contents of the suppoetated
molecular orbit €Vouo), energy of the lower unoccupied to the percentage of polyethylene coveringas statistically
molecular orbit €V, o), minimum charge of the atoms the same (8.023 0.0004%) before and after the measure-
(Omin), maximum charge of the atomsg,() and dipole ment of tetrazoles which means that the coating was not
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eluted from the column. The answer was found during the The majority of the physicochemical parameters of mol-

evaluation of the results of principal component analysis. ecules have high loadings in the first PC component indi-
cating the marked influence of these parameters on the mode

The Original data matl’iX iS ShOWﬂ in table V. PCA reSUltSof retention of the po'ymer-coated a|umina Support. The

are summarised in table VI. Five principal component§,,nhyi-hydrophyl character has high loading only in the
explain more than 94% of the total variance. These resu'&%cond PC component with the minimum and maximum

gsrlgre:]tgtérsatcghne bleg S%lysst:giggewc%l/: nbdaccgfomuﬁgo%rr?‘ghl%arge of atoms. This result indicates that. mainly the shape
nary) variables loosing only less than 6% of the total infor@nd the polarity of molecules have great influence on their
mation. The principal component analysis does not prove bigtention on polyethylene-coated support. The lipophyl-

mathematically indicates the existence of these backgrounblydrophyl character of the molecules has only less influence

variables as measurable parameters. on the retention characteristic.
Table Ill. Table IV.
tetrazolium Ry =Ryo+brcC tetrazolium log k'=log ko +byp cC
2 2
sas:gfes Ruo Pricx10 Spx10 i sals log Ky bupicx 10° spx10° r
1 122 5.41 158 0.9974 samples
5 132 475 162 0.9954 1 489 467 518 0.9820
3 109 487 104 0.0986 2 7.51 7.60 17.52 0.9507
4 151 533 283 0.9902 3 6.82 6.92 5.86 0.9929
5 169 567 247 09934 4 8.79 8.98 16.57 0.9676
6 125 5.30 2.1 0.9953 5 9.24 9.45 19.81 0.9568
7 1.95 6.21 2.16 0.9958 6 8.96 915 19.26 0.9584
8 3.34 8.91 6.99 0.9850 7 7.41 7.53 1399 0.9672
° 299 735 598 09839 8 7.39 757 832 0.9881
10 3.70 10.21 3.00 0.9983 ° 8.41 8.46 2019 0.9241
11 325 894 311 09970 10 8.73 8.76 19.13 0.9353
i 267 791 277 0.9963 11 10.74 10.98 6.02 0.9970
13 213 6.48 539 0.9766 12 10.14 10.32 11.75 0.9873
14 361 961 1.45 0.9995 13 632 648 4.98 0.9884
15 3.31 8.14 234 0.9984 14 479 488 5.34 0.9825
16 302 753 336 0.9960 15 7.56 7.69 4.86 0.9941
16 434 4.04 10.94 0.9054
Table V.
Tetrazolium Parameters

salts P 12 logz VdW; vdw,, WA WA, Esotar Eping  Qf eViomo eVium Smin Omax & log k' bupic Ruo bric
3561 0246 575 32313 28651 54539 91475 -79600.00 -4070.00 41490 1272 —4.44 —014 0.18 1.76 4.89 467 122 541

-

2 4248 11219 9.86 379.59° 33421 628.22 1060.00 -106000.00 -3210.00 427.40 —1273 -573 -0.32 057 976 751 760 1.32 475
3 37.45 9978 571 349.16 30537 58759 980.86 -98800.00 -4250.00 407.90 -12.68 -555 -032 0.57 699 682 6092 1.08 4.87
4 44.72 11623 671 397.71 35162 63288 1090.00 -11200.00 -5020.00 427.20 -1225 —543 -0.32 057 637 879 898 151 533
5 42.88 10881 676 37213 33230 597.10 1030.00 -92100.00 -4830.00 413.60 -12.02 -468 -0.15 0.17 279 924 9845 1.68 567
6 37.44 9750 622 34323 30258 66404 959.04 -83200.00 -—4370.00 386.40 -1246 —515 -0.20 0.17 362 896 915 125 530
7 4297 11063 6.70 378.67 33756 63244 1070.00 -105000.00 -4390.00 35580 -11.59 -534 -0.20 023 560 7.41 753 195 6.21
8 8527 22277 963 85261 10628 2770.00 63554 -224000.00 -10300.00 601.80 —-1220 —6.41 -0.21 0.18 958 7.3 7.57 334 891
9 84.01 22450 10.04 794.85 693.47 1200.00 2130.00 -241000.00 -9860.00 697.40 -12.88 -6.72 -0.22 0.57 1042 841 846 299 7.35
10 7412 18664 332 666.81 59424 1040.00 1820.00 —197000.00 -8370.00 849.20 -14.29 -7.12 -035 057 1161 873 876 3.70 10.21
11 7411 194.08 1208 657.88 589.05 99581 1780.00 -166000.00 -8600.00 811.30 -13.60 -6.70 -0.22 0.17 0.20 10.74 1098 3.25 B84
12 79.07 20956 282 728.63 643.63 1100.00 1970.00 -219000.00 -9110.00 777.80 -13.73 -6.96 -0.32 0.57 13.45 1014 1032 267 7.2%
13 70.44 18400 1114 62166 566.09 969.47 1700.00 —159000.00 -8030.00 826.50 -13.62 -6.77 -0.13 0.18 232 632 648 213 648
14 80.05 20846 10.01 73335 650.90 1120.00 1990.00 —181000.00 -8780.00 748.40 -13.50 -6.60 -0.21 0.17 410 479 488 361 961
15 ;5,38 196.92 10.64 679.12 605.47 1040.00 185000 —220000.00 -9860.00 634.00 -12.55 -6.50 -0.21 0.18 364 7.56 769 3.31 8.14
16 78.07 20956 282 73541 64438 1110.00 1980.00 -219000.00 -9120.00 770.02 -14.18 —-6.78 —0.34 0.57 10.18 4.34 404 302 753

403



Original articles

Back to the PCA results, while the thin-layer chromato-Table VI.
graphic parameter®(,,, br.c) have high loadings in the first
PC component, the high-performance liquid chromato Background  Eigenvaiues Cumulative explained variance values (%)
graphic parameters (Idg,, bye.o) have high loadings only venables — o
in the third PC component which explain only approx. the '

11% of the total variance. This result shows that the TL( 2 :;: ;?;z
system is strictly different from the HPLC system for tetra- 4 178 90,57
zolium salts under circumstances mentioned above. Sin 5 066 94.03
the two methods show different behaviour in the reversec
phase environment, the TLC is not suitable as a pilot meth( rarameters No. of principal components
in this case. 1 2 3 4 5
P 0.98 0.14 0.04 -0.10 0.05
The two-dimensional non-linear map of PCA loadings is o 0.98 0.11 003 -0.10 0.06
shown in figure 1The TLC retention parameters form the fog 7 011 072 019 014 0.55
first distinct cluster with polarizabilityR), refractivity (o), VOWautuce 0.96 0.14 0.04 -020 0.06
heat formation @;) and Van der Waals surfac®d\W,,.d VAW,aiume 073 -0.18 -0.15 060 012
values of the samples. An other cluster (second) appee  WAsmc 060 032 016 -070 -0.02
with binding, total and the LUMO-energ¥ gy Eww and WAsouume 0.80 -0.16 -0.14 052 0.12
eV uwo) Values. The third cluster including the HPLC reten- Etu -0.91 -0.08 0.03 0.16 -0.06
tion parameters is quite separated from the first, second a ~ Ee -0.%6 018 006 011 005
the fourth cluster which contains water accessible and Ve @ 093 000 -006 025 010
der Waals volumeWA,ume VAW,ume Values. These results e\‘/,”””" 'g ;2 gfz %2095 'gzz %2121
show that the retention of tetrazoles on a polymer coate :m‘:“: 023 0.65 oor 017 002
alumina plate depends on their molar refractivity, steric ;" 047 0.92 0.00 010 028
effects and electronic forces. The far distance of the clust : 0.41 072 0.08 048 011
of HPLC parameters indicates its difference from TLC. Witt log K 0.01 014 09 022 008
removing the negative signs from the PC loadings matri Brumwc 0.01 012 097 022 ~0.06
wanted to avoid this problem. The found values are show Ruo 093 0.18 005 -0.05 -016
in figure 2 which seems to be a same distribution, what wa brc 0.85 022 0.06 -0.04 033
expected. Some of the PC loadings divided into two cluste Tetazolium satts No. of principal components
in this figure: one of them contains the TLC parameters an 1 2 3 4 5
almost all the physicochemical parameters, and the other o 1 —428 114 —230 0.04 2076
contains the HPLC parameters only. This spread suppot 2 -2.70 -1.62 0.07 -0.42 1.46
our opinion mentioned above, and confirms the difference ¢ 3 -3.31 -1.87 -0.62 -0.50 0.40
HPLC from TLC again. It is very important that the para- 4 -3.10 164 096 -0.02 041
meters of lipophilicity, dipole moment, minimum and max- 5 -3.58 103 115 0.52 -063
imum charge of the atoms are not included in any cluster « 6 -384 0.2 0.88 44 -066
the two-dimensional non-linear map calculated with two dif- ’ 320 050 007 -036 013
ferent ways. This is a very interesting result which mean g zzz _i'zg ;;2 _g'fg _(1)'(2;2
that these molecular features determine the retention beh: 10 361 o 041 019 150
iour by oneself both in the case of TLC and HPLC. Thes 1" 223 170 214 208 033
parameters cannot be replaced with background variables, 12 314 267 145 017 ~0.39
these parameters are not correlated with each other and w 13 118 1.93 114 135 0.60
the rest. 14 2.9 1.76 -2.06 0.57 -0.11
15 2.09 175 0.156 0.55 0.52
The tetrazolium salts structurally belong to two grea 6 39 205 _288 _0.49 _028

groups, divided into two clusters indeed in figure 3 whick
is the two-dimensional non-linear map of PCA variables
This figure reflects to the dendogram (Fig. 4) of cluste
analysis calculated from the original data matrix. The dif- Summarising our results it can be concluded that the
ference appeared between two figures is explained by tiglymer coated alumina support is suitable for the mapping
fact that the PCA modifies the data matrix. of the chromatographic character of different tetrazolium

Good linear correlations were found between the first Cos_alts and for TLC separation as well. Although TLC is usu-

ordinates of two-dimensional non-linear map and varimaﬁ‘IIy suitable as a pilot method for HPLC, in present case,

rotation f = 19): with present conditions, the thin-layer chromatographic
method proved to be very different from the HPLC method.
nimap, = 141.61+ (73.44 7.29) x varimax Furthermore it may become more clear that during separa-

: _ : tion of these compounds probably the mixture of steric and
Feac. = 0.9405; Fa0.006 = 0.6932. electronic interactions have higher possible roles than

The correlation between the second co-ordinates was not s|gRophilicity. Nevertheless, it is a great deal to evaluate fur-
nificant. These data indicate that both the varimax rotation artBer investigations for possible replacement of background
the non-linear mapping technique can be used for the twwariables found by us by measurable physico-chemical para-
dimensional visualisation of retention data matrices. Theneters. We must declare that the conclusions discussed
results obtained by the methods are similar but not identicadbove are valid only for this special data set.
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Fig. 1. Similarities and differences between the retention characFig. 3. Similarities and differences between the retention charac-
teristics and physico-chemical parameters of mono- and ditetriteristics and physico-chemical parameters of mono- and ditetra-
zolium salts. Two dimensional non-linear map of PC loadingszolium salts. Two dimensional non-linear map of PC variables.
Number of iterations: 182, maximum error: 47102 For sym-  Number of iterations: 191, maximum error: 39102 For sym-

bols see experimental. bols see experimental.
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Fig. 2. Similarities and differences between the retention characFig. 4. Similarities and differences between the retention charac-

teristics and physico-chemical parameters of mono- and ditetrieristics and physico-chemical parameters of mono- and ditetra-
zolium salts. Two dimensional non-linear map of PC loadings aftezolium salts. Cluster dendogram calculated from the original data

elimination of negative signs. Number of iterations: 168, maxi-matrix. For symbols see experimental.
mum error: 1.8x 102 For symbols see experimental.
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