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Abstract 

Three analytical methods have been developed and validated for the quantification of fl-blockers (celiprolol, 
bisoprolol and oxprenolol) using high performance liquid chromatography (HPLC) with UV detection. The methods 
were determined to be linear, precise and accurate (RSDs were lower than 5%), which allowed the quantitation of 
fl-blockers assayed at concentrations in the range 25 0.78 fig ml 1. After validation of reversed-phase HPLC 
methods, their analytical error functions were established by a rapid, simple and economical procedure. The 
discrimination of the best function for each active principle was performed by an appropriate polynomial statistical 
analysis, yielding SD (/lg ml J ) = 0 . 0 2 9 5 + 0 . 0 1 2 4 C - 3 . 8 8 x  10 4C2 for celiprolol, 0 .0199+0 .011C-1 .27x  
10 5C3 for bisoprolol; and 0.0183 + 0.0089C- 9.68 x 10 6C3 for oxprenolol. These analytical error functions are an 
alternative to the weighting methods used in parameter estimation of fl-blockers. 

Keywords: //-Blockers; Reversed-phase HPLC; Analytical error function; Weighting method; Variance model; 
Non-linear regression 

I. Introduction 

To fit a model  to experimental data obtained by 
different analytical methods  and techniques and 
to estimate the parameters  inherent to the model  
that best defines the process studied is usual prac- 
tice in pharmaceut ical  studies. 

Different methods  o f  parametr ic  estimation 
such as non-l inear regression usually require the 
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weighting o f  pr imary data in order  to obtain good  
estimators o f  the regression parameters  [1-3]. 
Since issues related to the choice o f  weighting 
methods  ( l / C ,  1 /C 2, 1/variance) are not entirely 
solved and there is no universal solution for all 
cases [4-8],  an analytical error function can be 
used as an alternative valid weighting method  in 
the regression problem [9,10]. Nevertheless, pre- 
diction o f  the analytical error  function is not 
possible a priori, since error is associated with the 
characteristics o f  the active principle, analytical 
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method and technique used, so this function must 
be determined [11]. 

•]-Blockers are widely used, in cardiovascular 
disorders and their efficacy is well established 
[12,13]. Many reports of chromatographic meth- 
ods reflect the predominance of high performance 
liquid chromatography (HPLC) as the most fa- 
voured technique of pharmaceutical analysis [14]. 
In this work three fl-blockers have been assayed: 
celiprolol, bisoprolol and oxprenolol. 

Therefore, the objectives of the present study 
were twofold. First, to develop and validate three 
analytical methods for the quantification of all 
three fl-blockers assayed by HPLC using a suit- 
able chromatographic column and mobile phase. 
Second, after the validation of the reversed-phase 
HPLC methods, to determine their analytical er- 
ror functions in order to provide a suitable data- 
weighting method throughout their working 
range. 

2.3. Chromatography 

The mobile phase for all active principles was 
composed of acetonitrile (solvent A) and phos- 
phate buffer (solvent B), with 0.2% (w/v) of tri- 
ethylamine and with the pH adjusted to 3 with 
orthophosphoric acid 85'/o (0.067 M 30:70, v/v 
pH*3). The flow rate was 0.8 ml rain ~. The 
injection volume was 40 /L1 for both bisoprolol 
and oxprenolol and 20 yl for celiprolol. The UV 
detection was accomplished at 225, 224 and 232 
nm for bisoprolol, oxprenolol and celiprolol re- 
spectively, at 0.05 AUFS and 0.5 s response time. 

Standard solutions of each active principle were 
obtained by suitable dilution from stock solutions 
prepared at 0.25 mg ml ~ in phosphate buffer 
(pH 7.4, 0.067 M). The concentration range of the 
calibration curves was 25-0.78 /~g ml ~ The 
limits of quantitation were also determined. 

2. Material and methods 

2.1. Reagents and materials 

Celiprolol, bisoprolol and oxprenolol were 
provided by Rhone-Poulenc Pharma (Madrid, 
Spain), Merck-Igoda (Barcelona, Spain) and 
Ciba-Geigy (Barcelona, Spain) respectively. Their 
chemical structures are represented in Fig. 1. 

Celiprolol 

H3C_H21:,. " 011 
HN-- C-- HN~ 

H3C-H~/ 1 1 II 
Lx ~ ICH3 

~OCH 2 -  CH -- CN 2 -  NH --CH 
IH \CH3 

Bisoprolol 

2.2. Apparatus 

The HPLC system consisted of a Kontron 
(Model 420) instrument (Kontron Instruments, 
Barcelona, Spain) equipped with an automatic 
sampling system with a variable volume injector 
(Model 465), two pumps (Model 420), a mixer 
(Model 491), a capillary UV visible detector with 
variable wavelength (Model 433) and a computer- 
ized integration system data output (Model MT- 
450). Liquid chromatographic analyses were 
performed on a C~8 column (12.5 cm × 4 mm i.d.) 
packed with 5 /Lna Nucleosil (Teknokroma, 
Barcelona, Spain) operating at room temperature. 

%C#c--O--H÷--.÷--O--H÷~ 
H3C/ I II CH 

~0%_CH_CH2_NH_(~ 3 
IH \CH3 

Oxprenolol 

/CH3 
OCH 2- CH -- CH2"- NH--CH 

OH \CH3 
OCH2-CH= CH 2 

Fig. 1. Structure of #-blockers assayed. 
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Fig. 2(a) and  (b). 
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Fig. 2. Representative chromatograms or" cclipro]ol (a), bisoprolol (b) and oxpreno]ol (c) at 12.5 pg ml ~, 

2.4. Va l ida t ion  

Evaluation of the reversed-phase HPLC meth- 
ods was based on proportionality (linearity as- 
say), precision (repeatability and reproducibility 
assays) and accuracy [15-17]. 

2.4.1.  L i n e a r i  O, 

Consisted in the determination of the same 
concentration range as the calibration curve, 
covering six concentrations: 25, 12.5, 6.25, 3.125, 
1.56 and 0.78 itg ml I. Each concentration was 
analysed in triplicate. 

2.4.2.  Prec i s ion  a n d  a c c u r a o '  

Three concentrations within the linearity range 
(low, medium and high) were selected: 25, 6.25 
and 1.56 /Lg ml ~. Five standard solutions of 
each concentration were prepared and analysed in 
triplicate (repeatability assay). This assay was re- 
peated for 5 days (reproducibility assay). 

2.5. A n a l y t i c a l  error  

The procedure used to obtain the error function 
of each analytical method previously validated 
was as follows: six calibration curves were ob- 
tained on the same day and repeated on five 
subsequent days. Each day, the mean and stan- 
dard deviation of each standard concentration 
were obtained from the calibration curve. After 
that, those standard deviations (as dependent 
variable) and their theoretical concentration val- 
ues (as independent variable) were regressed using 
polynomial analysis in order to establish the best 
function that would relate both variables, whose 
general equation is: 

S D = A 0 + A  I • C + A 2 • C2 ~- A3  • C 3 

where SD corresponds to the standard deviation 
associated with the measurement of each concen- 
tration value and C corresponds to theoretical 
concentration values. 
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Table 1 
Chromatographic conditions of •]-blockers assayed 
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Drug Mobile phase Injection volume 
(% acetonitrile) (/LI) 

Wavelength (nm) Response time 
(min) 

Limit of 
quantitation 
(pg ml i) 

Celiprolol 30 
Bisoprolol 30 
Oxprenolol 30 

20 232 2.3 0.195 
40 225 3.2 0.098 
40 224 2.9 0.098 

Table 2 
Results obtained from validation assays 

Drug Theoretical 
concentration 
(fig ml t) 

lntra-day RSD 
(%) 

Inter-day (%) Linear regression 
curve 

Celiprolol 25.00 1.07 0.01 
6.25 2.48 0.43 
1.56 2.42 1.47 

Bisoprolol 25.00 1.05 0.02 
6.25 1.93 0.40 
1.56 1.29 1.18 

Oxprenolol 25.00 1.35 0.01 
6.25 1.04 0.30 
1.56 0.74 0.99 

y =  0 .644x-0 .228  

y =  0 .642x-0 .008  

y = 0 . 5 4 8 x  0.176 

0.9999 

0.9999 

0.9999 

3. Results and discussion 

3. I. Chromatograms 

Fig. 2 a - c  shows representative chromato-  
grams at 12.5 /~g ml i. Chromatographic condi- 
tions of  the active principles are shown in Table 
1. They were resolved and quantified satisfacto- 
rily by these reversed-phase HPLC methods and 
their retention times were 2.3, 3.2 and 2.9 min 
for celiprolol, bisoprolol and oxprenolol respec- 
tively. 

A minimum signal-to-noise ratio o f  5:1 was 
obtained with the lowest concentrations, allow- 
ing a quanititation limit o f  0.195 /tg ml ~ for 
celiprolol and 0.098 /Lg ml ~ for bisoprolol and 
oxprenolol.  Thus, the limit o f  quantitation used 
(0.78 /~g ml l) is higher than the absolute limit 
o f  the assays. As can be seen the injection vol- 
ume is double for bisoprolol and oxprenolol rel- 
ative to celiprolol. 

3.2. Validation 

The results obtained in the validation assay 
procedure are summarised in Table 2. In linearity 
assay, the response factors expressed by the per- 
centage of  the RSD were 4.3, 2.49 and 4.1% for 
celiprolol, bisoprolol and oxprenolol respectively. 
The regression equations obtained by unweighted 
least-squares linear regression are represented by 
y = a x  + b where y is peak area and x is concentra- 
tion. Good  linearity between the peak area and 
concentration was observed for all active principles 
with correlation coefficients of  0.9999. Maximum 
RSD values in the repeatability and reproducibility 
assays were respectively 2.48 and 1.47% for celipro- 
lol, 1.93 and 1.18% for bisoprolol and 1.35 and 
0.99% for oxprenolol. Accuracy expressed as the 
percentage of  the mean recovery was confirmed 
after application of  Student's t-test. N o  significant 
differences (P > 0.05) appeared between the mean 
recovery and 100% in any of  the active principles. 
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3 . 3 .  A n a l y t i c a l  e r r o r  p r o c e d u r e  

Coeff ic ien t  va lues  o f  the  genera l  e q u a t i o n  ob-  

t a ined  by p o l y n o m i a l  regress ion  f i t t ing are  s h o w n  

in T a b l e s  3 5 for  ce l ip ro lo l ,  b i sop ro lo l  and  ox-  

p r e n o l o l  respec t ive ly .  In o r d e r  to  d i s c r i m i n a t e  the  

f u n c t i o n  tha t  best  fits the  e x p e r i m e n t a l  da ta ,  the  

c o r r e s p o n d i n g  s ta t is t ical  s tudy  was  p e r f o r m e d .  

T h e  resul ts  o b t a i n e d  are  s h o w n  in T a b l e s  6 8 for  

ce l ip ro lo l ,  b i s o p r o l o l  and  o x p r e n o l o l  respect ively .  

F r o m  these  T a b l e s  the  m o s t  p r o b a b l e  func t i on  for  

each  ac t ive  p r inc ip le  can  be selected.  T h e  se lec t ion  

was  m a d e  by the  S tepwise  p r o c e d u r e  [18] which  

p e r m i t t e d  us to d i s c r i m i n a t e  the best  f i t t ing w h e n  

the  d i f fe rences  a m o n g  f u n c t i o n s  in the coeff ic ient  

o f  c o r r e l a t i o n ,  F, s t a n d a r d  e r r o r  o f  e s t ima te  and  

level o f  p r o b a b i l i t y  va lues  did no t  differ  signifi- 

cant ly .  T a k i n g  in to  a c c o u n t  these  results ,  the  ana -  

lyt ical  e r ro r  f u n c t i o n s  chosen  are  the f o l l o w i n g  

(Fig.  3a c): S D  ( t lg  ml 1) = 0 . 0 2 9 5  + 0 . 0 1 2 4 C  

- 3 . 8 8 x  10 4C2 for  ce l ip ro lo l :  0 . 0 1 9 9 + 0 . 0 1 1 C  

Table 3 
Coefficient values of the equations from polynomial regression 
fitting for celiprolol 

V a r i a b l e  A o A I A~ A~ 

regression 

C 0.0573 0.0024 
C 2 0.0680 6.49x 10 s 
C 3 0.0710 
C, C 2 0.0295 0.0124 3.88x10 4 
C, C 3 0.0353 0.0087 
C 2, C ~ 0.0509 8.80× 10 4 
C, C:, C 3 0.0182 0.0202 -0.0013 

2.05 x 10 " 

1.01 × 10 ~ 
-3 .23x  10 " 
2.45 x 10 ' 

Table 4 
Coefficient values of the equations from polynomial regression 
fitting for bisoprolol 

Variable Ao A i A2 A~ 
regression 

C 0.0477 0.0029 
C 2 0.0607 8.01 x 10 
C 3 0.0645 2.46 × I 0 ~' 
C , C  2 0.0144 0.0148 4.64x 10 4 
C , C  ~ 0.0199 0.011 - 1 . 2 7 x l 0  " 
C 2, C 3 0.0371 0.0012 - 4 . 4 5 x l 0  
C, C2, C ~ 0.0266 0.0064 5.11x10 4 2.64×10 ~ 

Table 5 
Coefficient values of the equations from polynomial regression 
litting for oxprenolol 

Variable A o A t A 2 A~ 

regression 

C 0.0394 0.0028 
C 2 0.0510 8.14x 10 ~ 
('~ 0.0545 2.64x 10 ~' 
C C 2 0.0142 0.(1118 -3 .51x10 4 
C, C ~ 0.0183 0.0089 -9 .68x10 ~' 
C 2, C 3 0.0321 9.82x l0 4 3.57x 10 5 
C, C2, C ~ 0.0250 0.0044 5.08x10 4 -2 .33x10  

Table 6 
Polynomial statistical analysis of the analytical error function 
for celiprolol 

Variable r 2 SE F P 
regression 

c 0.2487 0.0364 11.256 1.96 x I0 ~ 
c 2 o. 1269 0.0393 4.942 0.0330 
c ~ 0.0820 0.0403 3.036 0.0905 
c ,  c 2 0.4902 0.0296 17.830 5.62 x 10 ~' 
c .  c ~ 0.4709 0.0301 16.574 1.04x 10 ~ 
c 2, c ~ 0.3953 0 .0322  12.440 9.42 x 10 ~ 
c .  c 2, c ~ 0.4940 0 .0295  12.390 1.53x 10 5 

- 1 . 2 7  × 10 5C3 for  b i sop ro lo l ;  and  0 . 0 1 8 3 +  

0 . 0 0 8 9 C - 9 . 6 8  x 10 6C3 for  o x p r e n o l o l .  

As  can  be seen, the  ana ly t i ca l  e r ro r s  do  no t  fit 

any  pa t t e rn  fo reseen  a pr ior i ,  but ,  ra ther ,  they  can  

be desc r ibed  by several  d i f ferent  func t ions :  l inear  

and  n o n - l i n e a r  func t ions .  F o r  example ,  the  e r ro r s  

c o r r e s p o n d i n g  to ce l ip ro lo l ,  b i s o p r o l o l  and  ox-  

p r e n o l o l  a re  desc r ibed  by n o n - l i n e a r  func t ions .  

Th is  va r ie ty  o f  func t ions  app l i cab l e  to  the  descr ip-  

t ion  o f  e r ro r s  is f o u n d  in spi te  o f  the  fact  tha t  the  

c h e m i s t r y  o f  all th ree  ac t ive  pr inc ip les  is based  on  

the a r y l o x y p r o p a n o l a m i n e  s t ruc tu re  (Fig.  1). In 
add i t ion ,  they  were  quan t i f i ed  wi th  the s a m e  ana -  

lytical  t e c h n i q u e  ( r eve r sed -phase  H P L C ) .  M o r e -  

over ,  c o n s i d e r i n g  ce l ip ro lo l  and  b i sop ro lo l  

t oge the r  o r  ce l ip ro lo l  and  o x p r e n o l o l  toge the r ,  
the i r  ana ly t i ca l  m e t h o d s  used the same  m o b i l e  

phase  bu t  d i f ferent  in jec t ion  v o l u m e s  and  wave-  

l eng ths  o f  U V  d e t e c t i o n  (Tab le  1). F ina l ly ,  the  
ana ly t i ca l  m e t h o d s  used for  b i s o p r o l o l  and  ox-  

p r e n o l o l  were  very  s imi la r  s ince b o t h  o f  t h e m  
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have equal mobile phase and injection volume 
and their wavelengths are practically the same 
and, only in this case, both of  them have the same 
pattern of  non-linear function. From the above, it 
appears clear that it is necessary to determine the 
analytical error function of each active principle 
individually. 

One of the main applications of  the analytical 
error function as a possible weighting method is 
in the pharmacokinetic data parametric estima- 
tion [19-21]. In this case, the sources of  the total 
error known can come from an inappropiate de- 
sign of  the study with incorrect sampling times, 
which can be prevented before starting experi- 
ments, also, from incorrect specifications of  the 
kinetic model used, which may be reduced by 
performing a statistical discrimination of  alterna- 
tive models [22], and finally from the quantifica- 
tion of  active principle concentrations studied 
[23], which can be minimized with the analytical 
error function determined in the way described in 

T a b l e  7 

P o l y n o m i a l  s ta t is t ical  ana lys i s  o f  the ana ly t i ca l  e r r o r  f u n c t i o n  

for  b i sop ro lo l  

Va r i ab l e  r 2 SE F P 

regress ion  

(a) 

ra~ 

(b) 

0.25 

0.20 

0.15 ~ _ 

0.10 

0.050 

o I i ~ ! i I 4 

O'v.O 6.0 12 18 2 
1 

C ( ~ m l )  

0.25 

0.20 

0.15 

0 . 1 0  

0.050 

0"0.0 610 

S 
, , it2 it8 2~4 

C ( ~ m l )  

0.25 

i 

30 

30 

C 0.2068 0 .0502 8 .8630 5.33 x l0  3 

C 2 0 .1072 0 .0533 4 .0820  0 .0513 

C ~ 0 .0654 0 .0545 2 .3800  0.1321 
C. C 2 0 .3870 0 .0435 12.0480 1.18 x 10 4 

C, C ~ 0 .3959 0 .0432  12.4710 9.25 × 10 5 
C 2, C ~ 0 .3928 0 .0433 12.3220 1.01 x 10 4 

C. C 2, C ~ 0.3805 0 .0437 8 .1660 3 . 5 4 x  10 4 

T a b l e  8 

P o l y n o m i a l  s ta t is t ica l  ana lys i s  o f  the ana ly t i ca l  e r r o r  f u n c t i o n  
for  expreno lo l  

Va r i ab l e  r -~ SE F P 

regress ion  

C 0 .4127 0 .0292 19.674 
C x 0 .2449 0.0331 9 .083 

C 3 0.1671 0 .0348 5.617 

C, C 2 0 .6630 0 .0217 29 .526 

C, C ~ 0 .6770 0 .0213 31.393 
C 2, C ~ 0 .6776  0 .0213 31.481 
C, C 2, C ~ 0 .6723 0 .0214  20 .828 

1 . 3 0 ×  10 4 

5.43 x 10 3 

0 .0249 
1.60 x 1 0  7 

9.02 x 10 
8.78 x l0  s 
4 . 3 4 x  10 - 7  

0.20 o 015I  
¢ l J  

0 . 1 0  

0.050 

0 . 0  • , 
0 . 0  6 . 0  12 18 24  3 0  

C (p.g/ml) 

(c) 

Fig. 3. M e a n  va lues  a n d  s t a n d a r d  dev ia t i ons  o b t a i n e d  in the  

s tudy  o f  the ana ly t i ca l  e r r o r  f u n c t i o n  vs. theore t ica l  c o n c e n t r a -  
t ions  f r o m  the  c a l i b r a t i o n  curves  fo r  ce l iprolol  (a), b i sop ro lo l  
(b) a n d  oxp reno lo l  (c). 

the present work. 
In our study of the analytical error function, 

the posible effect of  the active principle extraction 
process from a biological matrix in which it is 
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i nc luded  was no t  t aken  in to  accoun t ,  a n d  this 
effect shou ld  be cons ide red  in a poss ib le  p h a r m a -  
cok ine t ic  d a t a  p a r a m e t r i c  e s t ima t ion .  

4. Conclusions 

Resul t s  p roved  tha t  these ana ly t i ca l  m e t h o d s  
have  accep tab le  prec is ion ,  accuracy  a n d  l inear i ty  
be tween  the peak  a rea  a n d  c o n c e n t r a t i o n .  In  n o n e  
o f  these m e t h o d s  d id  a n y  o f  the R S D s  surpass  the 
m a x i m a  pe rmi t t ed  o f  5, 3 a n d  5% for  l inear i ty ,  
r epea tab i l i ty  a n d  r ep roduc ib i l i t y  assays respec- 
t ively. M o r e o v e r ,  these m e t h o d s  a l low the q u a n -  
t i f ica t ion o f  a large n u m b e r  o f  samples  dai ly ,  since 
a single m o b i l e  phase  a n d  a type o f  reversed-phase  
c o l u m n  are used for  the d e t e r m i n a t i o n  o f  all three  
act ive pr inciples .  

The  e r ror  f u n c t i o n  for  each va l ida ted  ana ly t i ca l  
m e t h o d  has  been  d e t e r m i n e d  by  a rapid ,  s imple  
a n d  e c o n o m i c a l  p rocedure .  Th e  ana ly t i ca l  e r ror  
f u n c t i o n  es tab l i shed  for  each act ive pr inc ip le  al- 
lows one  first to d e t e r m i n e  the va r i ance  assoc ia ted  
wi th  a c o n c e n t r a t i o n  va lue  wi th in  the  w o r k i n g  
c a l i b r a t i o n  curve  r ange  a n d  second  to use it as a 
he te roscedas t ic  we igh t ing  m e t h o d  (1 /var iance)  for  
the p a r a m e t e r  e s t ima t ion .  

I n d e p e n d e n t  o f  o the r  e r rors  such as incor rec t  
m ode l  specif icat ions ,  i n a p p r o p i a t e  expe r imen ta l  
des igns  a n d  the u n c e r t a i n t y  (S tochas t ic  cont ro l ) ,  
the use o f  this we igh t ing  m e t h o d  m a y  lead to a 
be t te r  q u a n t i f i c a t i o n  o f  the  act ive pr inc ip les  since 
it expla ins ,  at least,  a pa r t  o f  the to ta l  e r ror  
p r o d u c e d  in p a r a m e t e r  e s t ima t ion .  
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