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Abstract

The manuscript discusses the application of chemometrics to the handling of TLC response time data. Derivative treatment of chromatographi
response data followed by convolution of the resulting derivative curves using 8-pointpslynomials (discrete Fourier functions) was found
to be beneficial in eliminating the interference due to background noise in TLC-densitometric measurements. It also compares the application c
Theil's method, a non-parametric regression method, in handling the response data, with the least squares parametric regression method, whicl
considered thée facto standard method used for regression. Theil's method was found to be superior to the method of least squares as it assume
that errors could occur in botky andy-directions and they might not be normally distributed. In addition, it could effectively circumvent any
outlier data points.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction data[7] and for the purpose of pharmaceutical fingerprinting to
distinguish among same-product manufactuf@fs
Chemometric techniques have been widely applied for The non-parametric evaluation of the chromatographic
exploring complex chromatograms, e.g., application of photoresponse has been applied for the immunoassay of an{@fns
diode array (PDA) detection HPLC of chlorophyll a allomers environmental analysid0], for data audits to improve the ana-
[1,2]. Deconvolution of chromatograms into orthogonal poly-lytical performancg11] and in many aspects of quantitation
nomials has been applied for characterizing the quality of seg412]. Non-parametric regression of data to a straight line has
aration in patterns of strongly overlapping peaks, e.g., sulphbeen extended to by-pass any outlier problem with subsequent
drugs analyzed by reversed phase HPLC coly8jnAnaly-  refitting of the regression lingd.3,14]
sis of enantiomers giving partially overlapping peaks was also Application of derivative techniques to spectrophotometric
made possible by using different chemometric treatments odata has become a well-established analytical mefth®el8]
chromatographic ultraviolet signals, e.g., quantification of pseuThe elimination of interference by the use of derivative tech-
doephedrine enantiomef4]. Deconvolution of partially over- niques depends on the fact that the first derivative of a constant
lapping tailing peaks in photodiode array HPLC using purityfunction is zero and that of a linear function is constant. Conse-
ratios has also been applifg]. Semi-automatic deconvolution quently, a first derivative would eliminate constant interferences
of chromatographic data to give pure spectral and chromataand a second derivative would eliminate linear interferences.
graphic profiles has been found beneficial in the quantitative Korany et al. developed a chemometric method based on
determination of some pharmaceutical mixtu&s non-parametric linear regression of derivative/discrete Fourier
Exploratory chemometric analysis has been used in the clasgransform convoluted high performance liquid chromatographic
fication of pharmaceutical substances based on chromatographieak responses in non-ideal conditi¢t@]. This technique was
extended to be used in TLC response data by applying the deriva-
tive technique by itself and followed by convolution using 8-
* Corresponding author. points siny; polynomials The present study deals with applying
E-mail address: makorany@yahoo.com (M.A. Korany). the derivative technique by itself and followed by convolution
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using 8-points sim; polynomials (discrete Fourier functions). The calculation of the coefficients, ap, az ... andb1, by, b3

It was applied on mixtures of bezafibrate (BZ) and its degrada-. . is simplified since the trigonometric functions are mutually
tion products; bezafibric acid (BZA) andchlorobenzoic acid orthogonal.

(PCL). The chromatographic response datawas treated by apply- Any coefficients;, can be calculated from a set of response
ing the derivative technique (D method) alone and the derivativelata measured at at equally spaced distance intervals, by the
technique followed by convolution using discrete Fourier func-following summation, in whichx takes values from 0 to

tions (D/FF method). 2 —[27/(n + 1)], at intervals of Z/(n + 1):

The study presents also a comparison between two statistical T,
regression methods for handling data; parametric- and non; = Z f(d),-% (5)
parametric-regression methdag]. The application of the para- > (Txi)

metric (least squares) regression method assumes that the dWﬁ‘ereT represents cosine or sine.

being examined follow normal (Gaussian) distribution. How- The Fourier function coefficients, are proportional tg(d).
ever, the non-parametric regression methods can handle datatb[%tat is '
may not be normally distributed. Since the central limit theorem '

of the parametric regression is not really valid for the very smalyj —a;C (6)
data sets frequently used in analytical work, this make it of inter-

est to apply non-parametric regression approaches to fitting @herew is a constant and' is the concentration of the analyte.
straight line to a set of points. The simplest of the non-parametric

regression methods is Theil’s “incomplete” method, so called tagy Experimental

distinguish it from another more complex procedure developed

by the same author (the “complete” Theil's meth§zD)]. 3.1. Instrumentation

2. Theory The chromatographic system consisted of CAMAG
Linomat TLC-applicator. A CAMAGM Linomat syringe
2.1. Derivative technique (D method) (100pl) was used for application of solutions onto silica

gel GF254 precoated TLC plates of particle size of 0.25mm
The application of this method depends on the fact that th¢FLUKA ™). The plates were developed in CAMAY chro-
chromatographic responsg)(is a function of distancedf on  matographic tanks (15 cm 20 cmx 30 cm), and scanned den-
the TLC chromatogram and that is: sitometrically using CAMAGM TLC - Scanner3 version
4.06, supported with UV-lamp short wavelength 254 nm, and

p1= 98 (1) interfaced to an IBM computer loaded with CAMAY-
dd TLC-SOFTWARE(CATS) and connected to a laser printer.
d?R The digital chromatographic response data were trans-
D2 = o2 (2) ferred to a personal computer for subsequent processing

using Microsoft Excel XP (Microsoft Corp. Richmond, VA,
whereD1 andD2 are the firstand second derivative, respectivelyysa).

2.2. Derivative technique followed by convolution using 3.2. Materials and reagents
Fourier functions (D/FF method)
Bezafibrate was kindly supplied by Glaxo Wellcome, Egypt.
The basis of harmonic analysis is that a given function, fora)| solvents were of analytical grade.
exampleD1 or D2 curves of a chromatographic pedld) can
be expanded in terms of the Fourier sefizs-24]

If (n+ 1) is an odd number, the expansion is, 3.2.1. Preparation of bezafibric acid (BZA) and

p-chlorobenzoic acid (PCL)
Five hundred milligram of bezafibrate were transferred into

n
d) = COSx cosXx +--- cos( = . . .
fd)=ao+a +az o) (2) . a 250-ml conical acid were added and the solution was refluxed

. . n\ . (n for6h.
+bisinx +bpsin2e + .- 45 (5) sin (5) ) The solution was cooled and extracted with chloroform

. L (4 x 25ml).

If (n+1) is an even number, the expansion is, The chloroform was distilled under reduced pressure.The

f(d) = ao + a1 cosx + a» cos X residue left was mixed with 5ml of absolute ethanol and the
ethanol was distilled under reduced pressure. The residue (PCL)

+ by sinx was collected and dried. The aqueous solution left after extrac-

tion with chloroform was warmed (8) till no chloroform
(n—-1) 4 odour. The solution was distilled under reduced pressure. The
) residue left (BZA) was collected and dried.

(n+1)
+ -+ a(+1)/2 COS

+bosSin2x + ... 4 by—1)/2Sin
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3.2.2. Preparation of stock and standard solutions 1

Bezafibrate (0.5mg mi-1 in methanol) was prepared by dis- AU i‘;ﬁj
solving 50 mg of BZ in 100 ml of methanol. 400
Bezafibric acid (0.2 mgmtt in methanol) was prepared by 3501

3001
2504
2004

dissolving 20 mg of the residue left from the aqueous solution
(3.2.1) in 100 ml of methanol.

p-Chlorobenzoic acid (0.2mgmt1 in methanol) was pre- 150
pared by dissolving 20 mg of the residue left from the chloro- 100
formic extract (3.2.1) in 100 ml of methanol. 50

0

0 10 20 30 40 50 60 70 80 90
3.3. Assay of mixtures containing BZ, BZA and PCL [MM]

Aliquots of the stock solutions of each of BZ, BZA and PCL Fig. 2. TLC-chromatogram obtained from serial dilutions of bezafibrate (1)
were transferred into a set of 10 ml volumetric flasks, mixed welf?! 1€ concentration range of 150-4@gmi™ bezafibric acid (2) and-
. . . . chlorobenzoic acid (3) in the concentration range of 20-l@thl~* in their
and d_lll:ItGd to _VOIume with met_hanm to prepare six m'XtureSsynthetic mixtures using ethyl acetate—methanol-glacial acetic acid (8:1.5:0.5)
containing BZ in the concentration range of 150—4@IMI~1  as mobile phase and UV-scanning at 230 nm.
and each of BZA and PCL in the concentration range of
20-120.g mi~1. Ten microlitres aliquot of each mixture was (peak to peak) were measured at the corresponding distance
applied onto TLC-plate using CAMAG-Linomat TLC Applica- range for each compoun#ifs. 3-5.
toras 5 mmwide bands. The plate was developed using amobile By using the previously obtained first and second derivative
phase composed of ethyl acetate-methanol—glacial acetic acifta, the Fourier function coefficientwas calculated for each
(8:1.5:0.5) mixture by ascending technique. The developed plaigrug using the following equation expressed for eight equally
was dried and the bands were investigated densitometrically @paced distance intervals as follows:

230 nm under the following conditions:
{(0)Do + (+0.707)D1 + (+1)D2 + (+0.707)D3

Mode Absorbance (reflectance) +(0)D4 + (—0.707)Ds + (—1)Dg + (—0.707)D7}
Lamp Deuterium t=

Bandwidth 10nm 4

Slit dimensions 5mnx 0.45mm (7)
Scanning speed 0.2mm’%

where Dg to D7 stand for eight derivative values; at one dis-

For every concentration of each compound, the peak ard@nce interval;. The numbers between brackets are values of

and peak height were recorded. For each chromatograme selected Fourier functiof22]. Thus convolutions of the
(Figs. 1 and 2 the response readings at 0.2mm intervaltWo types of derivative data were made using discrete Fourier

(17.6-22 mm for BZA, 42—-47 mm for BZ and 54-59 mm for functions of 8-points sim; polynomials (D/FF) method at one

PCL) were recorded. The response data were processed usifly2 MM) and two (0.4mm) distance intervals to get convo-

Microsoft Excel software. Derivative technique (D method) WasIu e_d fi.rst derivative curves; D11/FF; and co.nvoluted' second
first applied. For each compound, first (D1) and second (Dz%erlvatlve curves; D21/FF at one and two distance intervals.
derivative data at one distance interval (0.2 mm) were calculate"® Convoluted derivative data (peak to peak) were mea-

for each concentration (D11 and D21). The derivative valueSured at the corresponding distance range for each compound

(Figs. 3-5.
AU 500 4. Results and discussion
450}
400 Being an amide, bezafibrate (I1I) would undergo acid-induced
3501 degradation to yieldp-chlorobenzoic acid (PCL) (IV) and
3001 3 bezafibric acid (BZA) (V) $cheme L The details of structural
250 elucidation and characterization of the separated degradation
2007 5 . products has been report@3]. The development and optimiza-
1501 tion of the TLC chromatographic conditions for the separation
1001 of bezafibrate, bezafibric acid apathlorobenzoic acid has been
S0 discussed23].
%0 1 2 3 40 s e 70 8 90
[MM] 4.1. Application of peak area and peak height

Fig. 1. TLC-chromatogram of a synthetic mixture of 16@ml~! bezafibrate .
acid (3) and 4Qug mI~* bezafibric acid (2) and 40g mi~* p-chlorobenzoic acid For each of the three compounds, peak areas and peak heights

(4) using ethyl acetate-methanol—glacial acetic acid (8:1.5:0.5) as mobile pha§d €ach concentration in the linearity range were recorded and
and UV-scanning at 210 nm. correlated to the concentratiohables 14
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Fig. 3. Derivative curves of 20@g mi~1 bezafibrate (a) and their corresponding convoluted Fourier functions curves at 1 interval (b) and at 2 interval (c).

4.2. Application of derivative technique (D method) were calculated for each concentration. The derivative values
(peak to peak) were measured at the corresponding distance

For each of the three compounds, first (D1) and secondange for each compound and correlated to the concentration
(D2) derivative of the peak response at one (0.2 mm) interva{Tables 1-%

Table 1
Parametric linear regression and statistical parameters for the determination of bezafibrate, bezafibricpacidcgioldenzoic acid in their synthetic mixtures by

the proposed TLC-densitometric method

Type of linearity Bezafibrate Bezafibric acid p-Chlorobenzoic acid
r Fb S),-/,(C r P S)-/xc 2 P Sy/)cC

(1) Peak area 0.9977 530 2225 0.9989 1430.6 139.5 0.9980 714.6 95.4
(2) Peak height 0.9903 203.9 12.7 0.9969 643.1 8.6 0.9976 835.2 7.85
(3) First derivative (D11) 0.9981 610.2 31 0.9989 1372.6 2 0.9976 818 2.95
(4) Second derivative (D21) 0.9985 665 2.3 0.9947 283.8 4 0.9987 754.2 3.6
(5) First derivative under Fourier functions (D11/FF)

(a) D11/FF (1int.) 0.9986 730.7 2.7 0.9878 80.8 18.4 0.9876 158.4 8.2

(b) D11/FF (2 int.) 0.9972 367.2 3.1 0.9995 3680.5 1.2 0.9973 758 5.4
(6) Second derivative under Fourier functions (D21/FF)

(a) D21/FF (1 int.) 0.9981 549.9 5.8 0.9993 2167.6 9.8 0.9976 860.4 5.6

(b) D21/FF (2) int.) 0.9990 893.4 21 0.9998 10627.5 25 0.9993 2961.6 6.4

a Correlation coefficient.
b Variance ratio £) is equal to the mean of squares due to regression divided by the mean of squares about regression (due to residuals).

¢ Standard error of estimate (standard deviation of residuals).
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Fig. 4. Derivative curves of 40g ml~ bezafibric acid (a) and their corresponding convoluted Fourier functions curves at 1 interval (b) and at 2 interval (c).

4.3. Application of Fourier functions to derivative data ious degrees of linearity and were compared to those obtained
(D/FF) method using the peak area and peak height as the response signals.
Using the method of least squares, regression equations, cor-

For each of the three compounds, the first and second derivaelation coefficients) and standard errors of estimats,()

tive curves were convoluted using 8-pointssipolynomials at  were calculated. Variance ratids-yalues) were also determined

one and at two distance intervals, then the optimum convoluteifables 1 and

D11/FF and D21/FF values selected for each compound were The value of the correlation coefficient) (indicates the

correlated to concentratioigbles 1-J. degree of goodness of fitting of the calibration graph. Standard
Since convolution using Fourier functions corrects all typesdeviation of residualss{,.) is also called standard error of esti-

of interferences except for linear interference, application ofmate as it estimates random errors in thdirection. §y/,) is a

Fourier functions on derivative data would eventually lead tomeasure of the extent of deviation of the found (measuyed)

removal of all types of interferences producing high degree of/alues from the calculated ones. The smaller shg); the closer

purity of chromatographic peaks. This would be beneficial inthe points are to the linear regression line. It was noticed that

case of interferences arising from background noise as in theegression lines with high’\ values showed lows{,,) values.

TLC-densitometric measurements. For equal degrees of freedom, increase in the variance ratio
(F-values) means increase in the mean of squares due to regres-

4.4. Methods validation sion (regression) and decrease in the mean of squares about
regression (residuals). The greater the mean of squares due to

4.4.1. Calibration graphs and statistical data regression, the more the steepness of the regression line. The

Under the previously described conditions, the graphsmallerthe mean of squares about regression, the less the scatter
obtained by plotting derivative and convoluted derivative dateof the experimental points around the regression line. Conse-
versus concentration for each of the three compounds, show vaguently, regression lines with higfvalues (low significance
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Fig. 5. Derivative curves of 4@g mi~! p-chlorobenzoic acid (a) and their corresponding convoluted Fourier functions curves at 1 interval (b) and at 2 interval (c).

" CH,
ci C—NH—CH,—~CH; O—(—Co0H
BZ (Il CH,
HC
] CH,
@ |
ci COOH  CIH;N—CH,~CH o—coon
CH,
PCL (IV) BZA (V)

Scheme 1. Acid-induced degradation of bezafibrate.
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Table 2
Comparison between parametric (P) and non-parametric (NP) regression models for the determination of bezafibrate by the proposed TLCealemsitochetri
Bezafibrate
la|? |b|P Percentage of Percentage of
5 NP 5 P change ina|° change inb|4
Direct measurement
Peak area 462 237 315 30.4 —48.7 -35
Peak height 27 14 0.87 0.82 —48.1 -5.7
Derivative technique (D method)
First derivative (D11)
D11 14.9 14.3 0.34 0.35 —4.02 2.9
Second derivative (D21)
D21 8.7 4 0.41 0.4 —54.02 -2.4
Derivative under Fourier functions (D/FF method)
First derivative under Fourier functions (D11/FF)
D11/FF (lint) 22.6 14 0.89 0.84 —38.08 -5.6
D11/FF (2int) 12.9 11.4 0.54 0.54 -11.62 0
Second derivative under Fourier functions (D21/FF)
D21/FF (lint) 38.1 305 1.23 1.26 -19.9 24
D21/FF (2int) 27.4 24 25 2.65 —-12.4 6

@ Modulus of intercept.

b Modulus of slope.

¢ Percentage of change fi means percentage of changedhof NP vs.|a| of P=[(|a| of NP — |a| of P)/a| of P]x 100.
d percentage of change jib| means percentage of change#hof NP vs.|b| of P=[(|b| of NP— |b| of P)/|b| of P].

F) are much better than those with lower ones. Good regressidhe best regression lines especially for convoluted derivative val-

lines show high values for both)(and ¢-values)[25]. ues at two intervals, which gave high {/alues up to 0.9998
Concerning all the previous regression and statistical paraméTable J).

ters, regression lines obtained using different types of linearities

were compared for the three investigated compounds. Derivative4.2. Application of non-parametric regression methods

values P) produced better results than either peak area or peak In parametric ) statistics, the arithmetic mean or average

height. However, convoluted derivative values (D/FF) showedvas used as the “measure of central tendency” or “measure of

Table 3
Comparison between parametric (P) and non-parametric (NP) regression models for the determination of bezafibric acid by the proposed TLiflcd@iesitoche

Bezafibric acid

la|? b|P Percentage of Percentage of
change ina|° change inb|d
P NP 3 NP ge iral ge inb|
Direct measurement
Peak area 80.2 209 103 101 161.25 1.94
Peak height 9 9.6 2.61 2.77 6.6 15
Derivative technique (D method)
First derivative (D11)
D11 1.2 1.2 121 1.21 0 0
Second derivative (D21)
D21 1.8 0.2 1.07 1.09 —88.8 1.8

Derivative under Fourier functions (D/FF method)
First derivative under Fourier functions (D11/FF)

D11/FF (lint) 14.5 4.1 3.7 3.91 —-71.7 5.6
D11/FF (2int) 2 11 1.16 1.15

Second derivative under Fourier functions (D21/FF)
D21/FF (lint) 12 12 7.24 7.24 0 0
D21/FF (2int) 0.5 0 3.12 3.12 —100 0

@ Modulus of intercept.

b Modulus of slope.

¢ Percentage of change fin| means percentage of changédhof NP vs.|a| of P=[(|a| of NP— |a| of P)/a| of P] x 100.
d percentage of change jib| means percentage of change#hof NP vs.|b| of P=[(|b| of NP— |b| of P)/b| of P].
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Table 4
Comparison between parametric (P) and non-parametric (NP) regression models for the determipatfdorobenzoic acid by the proposed TLC-densitometric
method

p-Chlorobenzoic acid

la? |b|P Percentage of Percentage of
change ina|® change inb|4
P NP P NP ge irla] ge inb|
Direct measurement
Peak area 87 139 129 130 59.8 0.78
Peak height 55 7.5 2.71 2.74 36.36 1.1

Derivative technique (D method)
First derivative (D11)

D11 0.73 0.5 1.01 1.03 -315 1.98
Second derivative (D21)
D21 2.3 0.8 1.24 1.26 —65 1.6

Derivative under Fourier functions (D/FF method)
First derivative under Fourier functions (D11/FF)

D11/FF (lint) 42.3 41 1.24 1.27 -3 2.4
D11/FF (2int) 7.7 7.5 1.78 1.78

Second derivative under Fourier functions (D21/FF)
D21/FF (lint) 3.44 31 1.97 1.97 -9.9 0
D21/FF (2int) 24 2 4.17 4.12 —16.6 -1.2

@ Modulus of intercept.

b Modulus of slope.

¢ Percentage of change ji means percentage of changedhof NP vs.|a| of P=[(|a| of NP— |a| of P)/a| of P] x 100.
d percentage of change il means percentage of changeihof NP vs.|b| of P=[(|b| of NP — |b| of P)/|b| of P].

location”. This is logic enough when “symmetrical” normal dis-
tribution is assumed, but in non-parametric (NP) statistics, the
median is usually used instefD].

Determining the median of a set of experimental results usu-
ally requires little or no calculation. Moreover, in many cases
it may be a more realistic measure of central tendency than the 80 100
arithmetic mean. Concentration(microgram/ml)

Concerning the linear regression methods, the assumption of L .
normally distributed-direction errors was emphasized, and theFlg. 6. Calibration graphs calculated_ by_The|Is metr_lod)(and_by the least

. B squares method (—) for the determination of bezafibrate using D21/FF (at 1
complexity of some of the calculation methods was apparentixtervaly method.
This complexity is overcome by using modern calculators or

personal computers, and there are some rapid apprOX|mat!qurd, it is not affected by the presence of outlying results. Gen-

methods for fitting straight lines to experimental data. There '%rally, an outlier value does not affect the Theil's calculation at
S.ti" an interest to_non-parametric approaches to fiFting astraigr‘g” since it does not affect the median estimate of the slope or
line tp aset qf pomt_s’. Of the sever?l methods available, p_erhapfﬁtercept. In the least squares calculation, however, the outly-
the simplestis Theil's “incomplete” method that was applied ;4 ngint carries as much weight as the other points. This leads
our dat_a{20]. ) . to the fact that, the least squares line passes closer to the out-
Theil's method determines the slope of a regression line 88ar than the non-parametric line dofi$,20] (Figs. 6-8 show

the median of the slopes calculated from selected pairs of pointg, » jes illustrating these facts. Since regression methods that
and the intercept of the line is the median of the intercept values

calculated from the slopes and the coordinates of the individual
points[20]. 200

—_
(4]
o

—

o

o
L

o

D21/FF(1 int.)
3

o
o
n
o
P
o
[o)
o

For all of the previously mentioned types of linearities the E 150
response data were handled using Theil’s method. The best fit T 100
straight line obtained using Theil's method was compared with L 5.
the least squares best fit line calculated using the parametric o o : : : : ,
regression methodrébles 2—4. 0 10 20 30 40 50 60
Theil's method has three distinct advantages over the para- Concentration(microgram/ml)

metric (leaSt Squares) method. First, it does not assume that ?—lllg 7. Calibration graphs calculated by Theil's method)(and by the least

the errors are in t.hﬁ“'d?re‘-:tion; second, it does n'OI assume thatsquares method (—) for the determination of bezafibric acid using D11/FF (at
either thex-or y-direction errors are normally distributed; and 1 interval) method.
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