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ABSTRACT

A rational selection of a restricted set from fifteen available
chromatographic systems for the separation of flavonoids and
phenolic acids identified in the methanolic extract Rtiamni
cathartici fructusis discussed. Series of mathematical techniques
for the evaluation of solvents and solvent combinations in thin-
layer chromatography of flavonoids and phenolic acids have been
investigated. The chromatographic systems are classified
according to their mutual resemblance by numerical taxonomy
techniques. The selection criterion in the groups, obtained by
numerical taxonomy classification, is the information content or
discriminating power. The numerical taxonomic and information
theoretical selection procedures are compared and their respective
advantages and disadvantages discussed.

INTRODUCTION

Rhamnus catharticus.(Buckthorn) is a plant belonging to the family
Rhamnaceae, of widespread distribution in Europe, North Africa, and Asia. Itis
a bush that grows up to 3 m tall with opposite, finely serrated leaves, on
branches often terminating in a spine. Small, yellowish-green, auxillary flowers
are arranged in cymes.

Fruits are shiny and black when rip&. The drug Rhamni cathartici
fructug is used in constipation as a laxative acting on the large intestine. In folk
medicine, the drug is also used as a diufetithe drug contains a number of
constituents, including anthraquinone glycosides, flavonoids, phenolic acids,
pectins, saccharides, and ascorbic acidFlavonoids and phenolic acids from
this drug have some influence on its pharmacological effects.

Thin-layer chromatography (TLC) is an ideal technique for the screening
of drugs, because of low cost, easy maintenance, and selectivity of detection
reagents. A rather common problem in chromatography is to find objective
criteria for the evaluation of the most efficient chromatographic system and an
optimal choice of combinations to identify the group of compounds. Numerical
taxonomy has been used to classify chromatographic systems according to their
similarities®’ but the measurement of the informing pdiéior discriminating
power?*® is more useful when the selection of optimal systems is required.
These approaches were compared by applying computer search programs
(KT1)*® on TLC data of the flavonoids and phenolic acids identified in the
methanolic extract dRhamni cathartici fructus.
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Figure 1. The relationship between output and input symbols.

MATHEMATICAL BACKGROUND

Mathematical methods described in the text below find their use in many
area of science. They provide means for classification of “similar” objects (for
example, classification of plants, genes, diseases, etc.). Here, we apply them to
analytical methods and to the methods of identification of bioactive compounds
as evaluation tools (quality measures).

Calculation of the Information Contents

The generating of information can be considered as the reduction of
uncertainty with respect to the composition or identity of the sample to be
analyzed?

It implies that any uncertainty remaining after analysis can be treated as a
parameter for evaluation of the analytical results. Let us assum; t(iat

1,2,..n) is a set of possible inputs, ah(p(j =1,2,..m) a set of outputs. Th;
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stands for analyzed compounds and HTerepresents any chromatographic
parameter €.9, Re value in TLC). The relationship between these input and
output symbols is illustrated in the Fig. 1.

The uncertainty, before analysis, with respect to the identity of the
unknown compound, is described &yriori probabilityp (X;). Symbolsx; and

Yj are not associated one-to-one due to the possible experimental errors and/or to

imperfections in the procedure of translating the measurement into analytical
results. Therefore, it is more justified to talk about the probability of the
simultaneous occurrence of a p@'ﬁ;,(Yj). For a given possible outpdff, we

say that there is priori probability p (X;) with respect to an event. The

uncertainty of the possible outcome is characterized pgsteriori probability
p (X|7 Yj)-8,16,17

Determination of Discriminating Power (DP)

Two compounds are chromatographically similar if the differences in their
identification values do not exceed the error faBoddentification values of an
ideal chromatographic system are rectangularly distributed, and the probability,
Ps, of finding two chromatographically similar compounds?is:

Ps=2E - B 1)

The maximumDP of any chromatographic system can be derived from the
relation:

DP=1-2E+E 2)

If there is a lack of correlation between chromatographic systems, th&@Pthe
value fork systems equals:

k
DR, :1—”(1—Dpi) (3)

and if all distributions are rectangular then:

k
DR =1-[](2E -E?) 4)
1=
The effectiveness of chromatographic systems is most usefully expressed by a
single number,i.e., a calculatedDP.**® In case of a large number of
compounds, complete identification is rather difficult. Thus, calculating and
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maximizing theDP values can be more readily achieved by satisfying the
following conditions:

a) a rectangular distribution of-Ralues
b) reproducibility of results
) no correlations between chromatographic systems.

Taxonomic Distances and Cluster Formation

Taxonomy is defined as the theoretical study of classification, including its
basic principles, procedures, and riflesNumerical taxonomy deals with the
ways of classifying operational taxonomic units (OTU) into taxonomic groups
based on the characteristic values of OTU. Input data are given in matrix form
(N x t), whereN is the number of properties (in our special case the number of
compounds in consideration) ands the number of OTUs (in our case the
number of chromatographic systems).

OTUs
Property
1 2. t
1 Xp1 X2 Xt
2 X21 X2  Xot
3 X31 X322 X3t
N XN1 o XN2 XNt

Relationships between properties and OTUs can be presentedAinoan
anl-space. ArA-space is amN-dimensional space with the points in the space
(1,2..1) representing OTUs. Ahspace is @-dimensional space whose points
represent properties (1,N). Classification is carried out with respect to
resemblances between OTUs.

Dissimilarity, expressed as the complement of similarity, is proportional to
OTU-distances in the given metric space. The measure of dissimilarity, or any
function which complements similarity coefficients, must satisfy the metric
properties specified by four basic axioms. Assunpng@a real non-negative
number) is a function describing the measure of dissimilarity for any pair of
OTUs, these axioms can be formulated as:
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Figure 2. Representation of four OTUs,l§,c, andd) as points on a plane determinated
by their character states for two characters 1 and 2. Each character is represented by two
dimensionsX; andX,.  a= (Xq.5 X2.5); b= Xpp Xop)i €= Xy Xog); d=

X1.d X2.d)-

1.¢ (ab) = 0 andd (a.a) =¢ (b,0) = 0 (5)
2.¢ (@b)=¢ (b (6)
3.9 (@c)<d (ab) +¢ (bo (7)
4. forazb0O ¢ (ab) >0 8
D2 4= (X1p - X1.0)2 + (Xop - X2.0)2 ©)
a=Xy.a X2.2) ¢ = (Xp.¢ X2.0)
b= (Xp.p X2:0) d = (X1.d: X2.d)

D2 4= (Xph - X1.0)% + (X2 - X2.9)% + (X3p- X3g)2  (10)

&F Xy X2aX3a) €= X100 X2,6%3,0
b=Xpp X2 X3,p) A= X1.d: X2.0:X3,d)

A system with properties N =2 and OTUs 4 (@, b, ¢, § in an A-space is
presented in Fig. 2. Absciss¥1] stands for a property 1 and ordina¥)

stands for a property 2. Two OTUs with similar values (properdies)
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Figure 3. Representation of four OTUs,b,c, andd) as points on a plane in a three
dimensional space.a = (X1, X2.2X3a); P = Xy XopXzp: €= Ky

X0.6X3,0 A= (X1, X2.0:X3 d)-

associated with only one point in the space (taxonomic distance equals zero).
The greater the differences in properties, the larger their spatial distances. In
other words, taxonomic distance is inversely related to similarity. Generally, a
distancedj,k between OTUgandk in aN-dimensional space is equal to:

N
dj,k:\/Z(xi,j_xi,k)z (11)

and the taxonomic distance is:

2
dj,k
N

Ay = (12)

It can be easily shown that taxonomic distance satisfy equations [5] - [8]. From
the initial matrix N x t), the matrix containing similarity coefficients or their
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complements showing dissimilarities proportional to taxonomic distances is
obtained. Let us takélj,k as a general symbol for dissimilarity angk for a

taxonomic distance. Let clustelskK andL containty 21,tx > 1 andt > 1

OTUs. If clustersl andK form a joint cluster, then we have to find dissimilarity
(distances) between joint cluster and a candidate for jolninghe joint cluster
(J, K) containgt(j k) =ty +tk OTUs.

The coefficientUj k)L can be determined both by a recursive and a direct
procedure. Applying the recursive proceduldQJ,K)L is calculated from the
coefficientsUj |, Uk | andUj k which for the weighted pair group method,
are expressed as:

Uy tUk
Uk =—2 (13)

The major advantage of this procedure is that there is no need to store the
starting matrix but only the result of the last classification step, thus reducing the
computer memory needed. For the direct procedure the following equation
holds:

Uk = ZWJWkU ik (14)
T

WhereV\/j = (1/2 and Cj stands for steps involved in cluster formation and
OTUs. This procedure requires memorizing the starting valm‘ge,k. The
methods mentioned above were presented in our earlier publicZtfdns.

EXPERIMENTAL

Materials

Extract solution: 1.0 g air-dried, powdered fruitsRiiamnus catharticus
L. (Rhamni cathartici fructuswas refluxed with 10.0 mL methanol for 30 min,
filtered, the filtrate concentrated under reduced pressure, and the residue taken
up in 5.0 mL methandf

Reference solution : 10 mg kaempferol, 10 mg quercetin, 10 mg quercitrin
and 10 mg hyperoside dissolved in 10.0 mL methanol. The fifteen systems used
are given in Table 2%
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Table 1

The Thin-Layer Chromatographic Systems Studied

System Solvent Ref.
No.
1 Ethyl acetate:formic acid:acetic acid:water (100:11:11:27) 25
2 Ethyl acetate:formic acid:water (8:1:1) 26
3 Ethyl acetate:formic acid:water (65:15:20) 27
4 Ethyl acetate:formic acid:water (67:20:13) 28
5 Ethyl acetate:formic acid:water (88:6:6) 29
6 Ethyl acetate:formic acid:water (30:2:3) 30
7 Ethyl acetate:methyl ethyl ketone:formic acid:water 31
(50:30:10:10)
8 Ethyl acetate:methyl ethyl ketone:formic acid:water 27
(50:30:30:10)
9 Ethyl acetate:formic acid:acetic acid:methyl ethyl 25
ketone:water (50:7:3:30:10)
10 Ethyl acetate:1-propanol:water:formic acid (40:40:28:2) 28
11 Ethyl acetate:methanol:water (77:13:10) 32
12 1-Butanol:acetic acid:water (66:17:17) 28
13 1-Butanol:acetic acid:water-upper phase (40:10:50) 25
14 1-Butanol:acetic acid:water (12:3:5) 33
15 1-Butanol:acetic acid:water (4:1:2) 33

In all systems, silica gel plates (20x20 cm, 0.25 mm thickness)
incorporating a fluorescent indicator, kieselgel 6@, FAlufolien (E. Merck,
Darmstadt, Art. Nr. 5554) were used. Paper liners were used in all tanks, and,
after addition of the appropriate solvents, the systems were allowed to
equilibrate for at least 30 minutes.

Five pL of the extract solution and of the reference solution were applied
to the plates, and the systems were allowed to develop for 15 cm.

Visualization of the flavonoids and phenolic acids was obtained by
spraying the sheets with 1 % methanolic diphenylboryloxyethylamine, followed
by 5 % ethanolic polyethylene glycol 4000. The chromatograms were viewed in
UV 366 nm light (flavonoids as orange-yellow and phenolic acids as blue
fluorescent band<¥ The structures of the flavonoids identified in the
methanolic extract dRhamni cathartici fructuare presented in Fig. 4.
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Calculation of the Information Content

Extensive information has been calculated for fifteen TLC systems by
Shannon's formula. Calculation of the information content will become possible
if the uncertainties before and after the analysis can be expressed in a
gquantitative way.

Distribution of R= values into groups with error factér(e.g., E= 0.05 or
E = 0.10) with respect toRunits and the assumption gf Rg values in thed"

group, the average information content (entropy) is given by the following
Shannon equatiot:**

- = N Mg M i
I(X)=H(X)= Z *id n[|o|t] (15)

It is assumed that the compounds with ¥alues within one group cannot be

identified. The system with the highest informational content makes the best
solution for the differentiation of compounds that were considered.

It is obvious that the entropy is at its highest level, Hgagy(X) =1d n (n
= 2ny) if there is only one Rvalue within each group.

Determination of Discriminating Power (DP)

The DP of a set of chromatographic systems is defined as the probability
of identifying two randomly selected compounds in at least one of the
systemg?3181% |t must be possible to discriminate all pairshofn order to
compute theDP of k chromatographic systems in whidh compounds are
investigated. For the total number of matching pau}, the probability of a
random selection of chromatographically similar pairsMgN{N-1). Therefore,
the DP of k systems is:

. 2M
DR, =1 NN-D (16)

The average number of chromatographically similar compoumysof the
chromatographic systems considered can be calculated from the following
equation

T=1+(N-1)(1-DR,) (17)
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Computation of Taxonomic Distances, Cluster Formation, and
Dendrogram

The optimal combination of two or more chromatographic systems for the
identification of a compound by TLC can be readily determined from the
taxonomic distancesThe cluster formation is carried out in three steps:

Step 1 Entering data Identification characteristics (in our casg fRalues) are
entered into a matriX\(x ISYSY).

Step 2 Determination and evaluation of similarities of chromatographic
systems Similarity is determined from taxonomic distances. For two
chromatographic systemsandl, taxonomic distance is formulated as:

N (R, —Re,)?
by = \/;—m N al (18)

Normalization (i.e., dividing the sums of squaresN)yallows chromatographic
systems with some unknowhh values to be included. If there areunknown
within chromatographic systerksandl, the denominator changes its value from
N to N-m. Having determined all distancég | (k= 1, 2..ISYST- 1;1 = 2,3...

ISYSY, the resemblance matrix (ISYSTSYSY is constructed:

1 2 3 4 5
1 0 A, A, AL, A A isyst
2 0 A,, A 4 A, A, isvst
3 0 D4 A A, isvst
4 0 A 45 A, isvst
5 0 A isyst
ISYST 0

Step 3 Classification Chromatographic systems with high degree of
resemblance are grouped into clusters. Cluster formation in this work was
carried out by a weighted pair group method. First of all, one should find the
smallestyy . Then, if three iﬁq,pthe chromatographic systems withk q and
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j = p are the most similar and they form a clugier Following this step, the
matrix is reduced (elimination of theeth row and theg-th column) Whereﬁj,p-

= (Aj,p' + Aj'q)lz (the new structure is sometimes called centroid). All other
valueshy | remain unchanged, and the reduced matrix has the following form:

T 2 4 5 . ISYST

1 0 ) Ag g Ar's A1 isyst

2 0 Ay 4 Ap s A, isyst

4 0 Ay 5 Dy, isyst

5 0 A, isyst
ISYST 0

Step 3 is repeated as many times as necessary for all chromatographic systems
to form a common cluster. The procedure for cluster formation is presented by
dendrogram in Fig. 5. For the example analyzed here, the snigllest the

resemblance matrix i&; 3 = 2,3274. Systems 1 and 3 both fall into cluster 1'.
The 3rd column and the 3rd row are omitted from the resemblance matrix and
A1j is calculated according to the above expresslggy | is determined by

the same procedure.

RESULTS AND DISCUSSION

A data set of R values for the separation of flavonoids and phenolic acids

(Fig.4.) of a methanolic extract &hamni cathartici fructusn fifteen different
chromatographic systems, shown in Table 1, was analyzed. An optimal
combination of two or more systems was selected using the following
procedures:

a) determination and comparison of the amount of information and
discriminating power for all possible combinations of chromatographic
systems.

b) classification of chromatographic systems into groups with similar
separation properties and selection of the most efficient chromatographic
system from each group.
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Table 3

Output Data for DP and | in a Range of Error Factors for Each
Chromatographic System

E=0.05 E=0.10
TLC-System DP I (bit) DP | (bit)

1 0.9455 3.278 0.8000 2.664
2 0.9273 3.278 0.8545 2.550
3 0.9091 3.096 0.7273 2.413
4 0.8545 2.914 0.6727 2.118
5 0.9455 3.459 0.8182 2.914
6 0.9636 3.459 0.8545 2.914
7 0.9273 3.096 0.8182 2.482
8 0.7636 2.664 0.5455 1.790
9 0.9273 3.096 0.8182 2.664
10 0.7818 2.595 0.5455 1.686
11 0.8909 2.914 0.7818 2.482
12 0.7273 2.404 0.6000 1.686
13 0.8545 2.845 0.6364 2.413
14 0.8364 2.845 0.6182 2.222
15 0.8364 2.845 0.6364 2.040

Table 2 gives the input data for the investigated compounds. Table 3 gives
output data for the discriminating power and the information content for each
TLC system. Table 4 gives output data for combined systems k =2 and k = 3 in
a range of error factors. The error factors were 0.05 and 0.10, respectively.

Under the conditions most frequently used in chromatographic analysis,
i.e., E = 0.05, the most suitable system for separating the compounds studied is
the chromatographic system 6 (ethyl acetate: formic acid : water, 30:2:3)
because it showed the largest discriminating power and information content (DP
=0.9636, | = 3.459).

Chromatographic system 5 (ethyl acetate : formic acid : water, 88:6:6) is
also suitable because of its slightly lower discriminating power (DP = 0.9455)
and identical information content (I = 3.459) compared to system 6. At E = 0.10,
chromatographic system 6 seems to be the most appropriate due to its largest
discriminating power and information content (DP = 0.8545, | = 2.914).
Chromatographic system 5 is also suitable because it has identical information
content and slightly lower discriminating power compared to system 6 (DP =
0.8182,1=2.914).
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Output Data for DP and T for Combined Solvent Systems

Combination
Sequence

Soo~NounrwNE

Combination
Sequence
1.

SBox~NourwN

Combining two chromatographic systems with the error factor E = 0.05, all
the systems have the identical discriminating power (DP = 0.9818).
shown in Table 4a.

a) Combined Solvent Systems - k =2

Solvents

6-15
6-13
6-12
6-11
6-10
6-9
6-8
6-7
5-6
4-6

b) Combined Solvent Systems - k =3

Solvents

6-12-15
6-12-13
6-11-12
6-10-12
6-9-12
6-8-12
6-7-12
5-6-12
4-6-12
3-6-12

0.9091, T = 1.909).

Applying the combinations of three TLC systems (Table 4b) at E= 0.05, all
combination sequences have the maximal discriminating power (DP = 1.0000)
and minimal number of chromatographycally similar compounds (T = 1.000).

Table 4

E=0.05
DP

0.9818
0.9818
0.9818
0.9818
0.9818
0.9818
0.9818
0.9818
0.9818
0.9818

E=0.05
DP

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

T

1.182
1.182
1.182
1.182
1.182
1.182
1.182
1.182
1.182
1.182

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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Solvents

6-9
2-9
2-7
1-7
6-7
5-9
4-6
2-15
2-14
2-13

Solvents

2-7-9
6-7-9
2-9-15
2-9-14
2-9-13
2-9-12
2-9-11
2-6-9
2-5-9
2-4-7

E=0.10
DP

0.9091
0.9091
0.9091
0.9091
0.8909
0.8909
0.8909
0.8909
0.8909
0.8909

E=0.10
DP

0.9455
0.9273
0.9273
0.9273
0.9273
0.9273
0.9273
0.9273
0.9273
0.9273

1.909
1.909
1.909
1.909
2.0901
2.091
2.0901
2.091
2.091
2.091

1.545
1.727
1.727
1.727
1.727
1.727
1.727
1.727
1.727
1.727

This is
The number of compounds with similar chromatographic
properties is at a minimum (T = 1.182). At this error factor, system 6 turned out
to be the best, because it was included in all of the first ten combinations. At E
= 0.10 system 6 is the best again, because it is in the first combination (DP =

Consequently, there is no need to conduct three chromatogefgedments
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Table 5
Formation of Clusters

Cluster Formation

Cluster Solvent Solvent Distance
1. 8 10 0.0183
2. 11 14 0.0213
3. 5 6 0.0230
4, 10 12 0.0277
5. 4 7 0.0507
6. 9 10 0.0552
7. 3 4 0.0718
8. 5 7 0.0773
9. 1 6 0.0789

10. 5 6 0.0876
11. 1 5 0.1220
12. 1 2 0.1507
13. 1 3 0.2098
14. 1 2 0.3070

because, in each of three proposed combinations, all of the compaardbe
positively identified. Again, solvent system 6 is in all combinations. By cluster
formation, shown in Table 5, and from the dendrogram, presented in Fig. 5., the
same results were obtained. In order to obtain the optimal combination of two
chromatographic systems according to the dendrogram (Fig. 5.), one should
choose one system from cluster [8system 5 and 6); although both
chromatographic systems have the same amount of information (I = 3.459),
system 6 is better because it has a higher DP value (DP = (.2686dne
chromatographic system from cluster 6 (systems 12-15).

CONCLUSIONS

The use of information content, discriminating power, and numerical
taxonomy methods have been proposed for the evaluation of single systems or
combinations of systems for TLC separation of flavonoids and phenolic acids of
a methanolic extract &@hamni cathartici fructus

This article investigates and compares these existing mathematical
selection procedures. The question is which combination of two or three
different solvents must be chosen from a large number of possibilitiéstso
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Figure 5. Dendrogram for fifteen TLC systems.

the combination vyields as much information as possible. The best
chromatographic system is shown to be system 6, but system 5 is almost as
effective. These two systems belong also to the same cluster, which indicates
their similarity, with improved results obtained by calculation tbe
discrimination power and information content. These mathematical techniques
can be also applied to other classification problems in analytical chemistry and
biomedicine.
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List of Symbols

Ps- probability of finding two chromatographicaly similar compounds
with rectangular distribution

DPy- Discriminating power of analyzed systems divided into groups
containingk elements

OTU - Operational Taxonomic Unit N-number of properties

t- number of OTUs

Xij - value of ' OTU in [" property

¢ - dissimilarity function

dik - distance betweeff and K' OTU

Ay - normed distance betweéhand K' OTU

Ujk - dissimilarity coefficient between jand k OTUs

C- the number of steps involved in cluster formation

N - the number of compounds whosgifin K" R interval

n- total number of compounds

I(X) - average information content

H(X) - entropy

H max- maximal value of entropy

T- average number of chromatographicaly similar compounds

ISYST - the number of examined chromatographic system

X; - i analyzed compound

Y- j™ chromatographic property in examination

Re- retention value

p(Xxi) - a priori probability of X

p(Xi/Y;j) - a posterioriprobabilityof X

Ei- error of measurement of-Rf i compound (resolution)
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