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Abstract

Experimental design was used for the optimization and robustness testing of an adsorptive stripping voltammetric
procedure for kynurenic acid determination. The optimization of the peak height response proceeded through a
screening phase (D-optimal design strategy) followed by a response surface study (Doehlert design) applied to the
variables pH, pulse amplitude and stirring rate. An interaction between pH and stirring rate was pointed out. The
optimized method was validated and the variation of factors that was expected to occur in practice was simulated in
a robustness test. A composite fractional matrix for the evaluation of method robustness was used and pH emerged
as the only critical factor. The linear range found applying the optimized conditions was 2.5 x 107 t0 2.5 x 1077 M
and the calculated limit of detection was 1.72 x 10~° M. © 1997 Published by Elsevier Science B.V.
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1. Introduction

Method development and optimization require
the exploration of a space defined by independent
parameters which are changed during experimen-
tation in order to produce desirable values of the
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response. To achieve this aim, the experimental
design selects the best location of experimental
points in the predictor space and collects these
points in a design matrix [1,2]. Some strategies of
experimental design were developed in our labora-
tory to optimize sensitive adsorptive stripping
voltammetric procedures for assaying different
electroreducible drugs in dosage forms and bio-
logical fluids [3—5]. An interesting application of
experimental design is robustness testing, which
provides information on those critical parameters
affecting the response. Robustness testing is an
important part of method validation and it should

0731-7085/97/$17.00 © 1997 Published by Elsevier Science B.V. All rights reserved.

PII S0731-7085(96)02029-8



1586 S. Furlanetto et al. /J. Pharm. Biomed. Anal. 15 (1997) 1585—1594

show the reliability of an analysis with respect to
deliberate small variations in method parameters
[6-8].

The present paper describes the development
and validation of a highly sensitive procedure
based on adsorptive stripping voltammetry
(AdSV) for kynurenic acid (KYNA) determina-
tion. KYNA (Fig. 1) is a triptophan metabolite of
considerable biological and clinical significance,
present in mammalian biological fluids and in the
central nervous system [9]. KYNA has an antago-
nist effect on the ionotropic glutamate receptors
and a significant increase in its brain concentra-
tion could be useful in pathological situations
[10]. In pharmacological studies, the determina-
tion of KYNA in dialysate is important in order
to understand how the functional activity changes
with respect to variations in concentration. Meth-
ods for determining KYNA are generally based
on a gas chromatography/mass spectrometry
(GC/MS) approach or high-performance liquid
chromatography (HPLC) with fluorometric, cou-
lometric or spectrophotometric detection [11-16].

In the present work, an AdSV procedure, char-
acterized by a large number of factors likely to
affect the peak height response, was optimized for
KYNA determination. Experimental design
strategies were used for the optimization and ro-
bustness testing. The chemometric approach de-
scribed is of general interest for application to
other analytical procedures and gives practical
guidelines for robustness testing.

2. Experimental
2.1. Equipment and materials

Voltammetric experiments were performed with
an AMEL 433 polarographic analyzer (Amel, Mi-
lan, Ttaly) incorporating a magnetic stirrer and a
three-electrode system consisting of a hanging
mercury drop working electrode coupled with an
Ag/AgCl reference electrode and a platinum wire
as auxiliary electrode. The AMEL analyzer was
connected with a personal computer and the data
handling, storage, print-out and graphics were
obtained by means of a special AMEL software.

A Metrohm 691 pH meter (Metrohm, Herisau,
Switzerland) was used to obtain pH measure-
ments. The experimental design was generated,
and statistical analysis of the data was performed,
using Nemrod software (LPRAI, Université de
Marseille III, France).

Kynurenic acid was purchased from Sigma
Chemical (St. Louis, MO, USA). All chemicals
used were of analytical-reagent grade with no
further purification. All solutions were prepared
with water obtained by means of a Milli-Q system
(Millipore). KCI supporting electrolyte (0.01 M)
was prepared by diluting 3 M KCl (Metrohm,
Herisau, Switzerland) with water and adjusting
the pH (2.0-4.0) with 0.1 M HCI. An accurately
weighed amount of KYNA (3 mg) was dissolved
in 100 ml H,O and the resulting standard solution
was stable for at least 4 days at 4°C. Working
solutions were prepared daily by diluting the stan-
dard solution 20-fold (experimental design), or
100-fold (calibration curve) with water.

2.2. Adsorptive stripping procedure

The adsorptive stripping procedure was carried
out as follows: 10 ml KCl (0.01 M, pH 2.6) were
transferred into the voltammetric cell and deaer-
ated by bubbling nitrogen-free oxygen for 10 min
in the first cycle and 30 s for each successive cycle.
The accumulation step on the hanging mercury
drop electrode was performed at 0 V for 50 s,
stirring the solution at 200 rev min ' with a
magnetic stirrer. After an equilibrium time (10 s),
a cathodic differential pulse potential scan was
applied between — 0.5 V and — 1.1 V with the
following optimized settings: scan rate 40 mV
s~ !; pulse amplitude —60 mV; drop size 40
arbitrary units (a.u.). The voltammetric cycle was
repeated twice with a new drop for each analyzed
solution; the mean of these voltammograms was

N COOH
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F
OH

Fig. 1. Kynurenic acid chemical structure.
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obtained and, after blank subtraction, the peak
height was measured.

3. Results and discussion

3.1. Method development using experimental
design

Many variables have to be optimized when
developing an AdSV method, such as pH, type
and ionic strength of supporting electrolyte, accu-
mulation time, accumulation potential, pulse am-
plitude, scan rate, stirring rate, drop size and
temperature. Due to the high number of the vari-
ables, a complete response surface would be a
complicated multidimensional structure requiring
a strong experimental effort to be fully deter-
mined. Hence, a screening phase that allowed the
key factors to be established was advisable.

The optimization process for KYNA, concern-
ing the maximization of the response peak height,
involved the following seven variables: accumula-
tion potential, E .. (x,); pH of supporting elec-
trolyte (x,); accumulation time, t,.. (x3); scan rate,
Ueeun (X4); stirring rate, stir (xs); pulse amplitude,
AE (xg); drop size, ds (x;). As regards the best
background electrolyte, preliminary experiments
allowed acidic 0.01 M KCI to be selected.

3.1.1. Screening phase: D-optimal design

The true relationship between the response y
and the factors x is usually unknown. Therefore,
the model chosen during the screening phase was
an approximating function (Eq. (1)) which was
likely to follow the response closely over the
region of interest and included, according to our
previous experience, the seven main effects and
nine first-order interactions:

V=>bo+bx;, +byxs+ by + x5+ byx, + bsxs + b
+ b7X7 + bp3xaXy + basXoXy F bysXaXs + baeXyXe
+ b34X3X4 + b3sX3Xs + baeX4Xe + bseXsXe
+ bs7x5x5 (1)

In a screening phase, where one cannot afford a
lot of experiments, it is necessary to select a

minimum set of experiments to estimate the
model coefficients. The selection of an appropri-
ate set is very important; in fact, the accuracy of
parameter estimate increases with the number of
experiments, but it also depends upon the location
of the design points [17]. For the KYNA screen-
ing phase, the experiments to carry out were
selected by a D-optimal design strategy.

The optimal design is aimed at minimizing the
variance of estimates of the effects [1]. There are
several criteria for defining design optimality; D-
optimal design, in particular, minimizes the deter-
minant D of the dispersion matrix. To establish a
design, the model, the desired number of experi-
mental runs and an arbitrary initial set of experi-
ments must be specified. By an iterative
procedure, the initial set of candidate experiments
is modified by adding and deleting experiments so
that the determinant D of the dispersion matrix is
minimized. Several matrices with different number
of experiments and different parameters (determi-
nant of dispersion matrix, leverage, matrix trace
and inflaction factors) are obtained and it is possi-
ble to select the matrix with the best compromise
between the quality of information obtained and
the number of experiments to be performed
[17,18].

In the present case, we had to estimate 17
coefficients (constant term b,, seven main effects
and nine first-order interactions) and the experi-
mental matrix containing the candidate points
was a 2’ full factorial design. Between the differ-
ent optimal matrices obtained, a matrix with 21
experiments (Table 1) was selected as the best for
this screening phase. Each variable was varied at
two levels reported in Table 2 and the experiments
were carried out in a randomized order with a
KYNA concentration of 4.0 x 10 % M.

The analysis of variance (ANOVA) indicated
that the regression model assumed was significant
(Table 3) [18]. The null hypothesis H,, i.e., the
hypothesis that all coefficients f; are equal to
zero, was to be disproved and the alternative
hypothesis that one or more of the coefficients is
not equal to zero was considered adequate [2]. In
particular, the coefficient statistic analysis showed
that pH (x,), scan rate (x,), stirring rate (xs) and
some first-order interactions, such as pH-pulse
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Table 1
D-optimal design matrix
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amplitude (b,), were important for the response.
The analysis of effects also showed that the vari-
ables accumulation potential, accumulation time,
pulse amplitude and drop size did not have a
statistically significant main effect (Table 4), thus
indicating that their main effect estimates could
be generated by the noise.

The same conclusions on the ‘active’ effects
were obtained (Fig. 2) by means of the graphic
analysis of effects [19]. The advantage of this plot
is that the numerical values of the effects are

Table 2
Variables and their levels during the screening phase

Variable Low level High level
E,. (mV) 0 —300

pH 2.0 4.0
Lace (8) 50 70
Ugean (MV s7") 20 40
Stir (rev min~") 200 400

AE (mV) 30 50

ds (a.u.) 20 40

displayed. This analysis requires the construction
of a bar graph in which the length of each bar is
proportional to the absolute effect value. The
effects that exceed the reference lines, correspond-
ing to the 95% confidence interval, are those
significant for the response. If there are no degrees
of freedom, Lenth’s approach can be used to
obtain an estimate of the pseudo-standard devia-
tion (PSE) in order to define the confidence inter-
val [19]. From Fig. 2 it is also possible to decide
the new experimental domain to be explored in
order to obtain the maximization of the peak
height response. In fact, in the right panel of Fig.
2, the positive effects are represented while the left
panel reports the negative effects. Combining the
information obtained from the screening phase, it
was possible to fix four variables. Due to the
absence of its significant interaction effects and its
important positive linear effect (indicating an in-
crease in the response as the parameter was varied
from the low to the high level), scan rate was fixed
at its high level (40 mV s~'). The other fixed
variables were those the effect of which was not
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Table 3

ANOVA for the linear model assumed during the screening phase (Eq. (1) in text)

Source of variation Sum of squares Degrees of freedom Mean square F-ratio
Regression 6.97 x 104 16 4.36 x 10* 9.12
Residuals 1.91 x 10% 4 4.76 x 10° —
Total 7.17 < 10* 20 — —

491> Feit = 580 (with 16 and 4 degrees of freedom and x = 0.05).

statistically significant on the response: accumula-
tion potential (0 mV), accumulation time (50 s)
and drop size (40 a.u.). As regards pulse ampli-
tude (x4), owing to the important interactions
with pH (x,) and stirring rate (x), this variable
was maintained in the study, even if its main
effect was negligible for the response.

After this simplifying approach, reducing rea-
sonably the number of factors, a response surface
study near to the maximum of the response was
performed, respectively, with the variables pH
(x)), pulse amplitude (x,) and stirring rate (x;) in
the corresponding experimental domain: 2-3; 40—
60 (mV); 100-300 (rev min —1).

3.1.2. Response surface study: Doehlert design

The response surface was approximated by sec-
ond-order polynomial and a Doehlert design was
used to estimate the coefficients.

The points of a Doehlert design are generated
from a regular simplex by taking differences
among its vertices. This operation led to a geo-
metric figure in which each vertex corresponds to

Table 4
D-optimal design: estimates of effects

Effect Estimate Effect Estimate
by, 62.16 by4 5.51
b, -0.30 b,ys * 14.56
b, * —14.24 bag * -30.14
by —5.24 by 0.54
by * 19.54 bys * 22.33
by * —15.79 bae 0.16
b —5.49 bse * —19.07
b, 1.30 bsy * —20.22
bay 10.28 — —

2 Significant effect.

one experiment and, in general, the number of
experiments is equal to k% + k + n, where k is the
number of the factors and # the number of centre
points; in this design one variable must be studied
at three levels, one at seven levels and the other
k — 2 variables at five levels [1,20]. Due to the
instrumental settings, it was impossible to study
stirring rate at more than three levels in the
experimental domain studied. As regards pH, a
variation smaller than 0.2 units was considered
inappropriate, and it was therefore decided to
study pH at five levels, stirring rate at three levels
and pulse amplitude at seven levels in a 17-exper-
iment sequence including five replicates at the
centre points. The ANOVA revealed that the
regression was significant and the optimized con-
ditions were selected by means of response surface
plots from which it was possible to predict any
point within factor space, even if that point had
not been included in the design [21]. Fig. 3(a)-(c)
shows the response surfaces for pH against stir-
ring rate, maintaining pulse amplitude at its
highest level (60 mV (Fig. 3(a)), at its centre level
(50 mV, Fig. 3(b)) and at its lowest level (40 mV,
Fig. 3(c)); from this figure it is evident that the
pulse amplitude value for which we have the
maximum response value is 60 mV (Fig. 3(a)).
The interaction existing between pH and stirring
rate is evident (Fig. 3(a)): the effect of pH is much
higher when the stirring rate is at its higher levels
and the effect of stirring rate is more important
when pH has a codified positive value. In these
conditions, the optimum values were 2.6 for pH,
200 rev min~! for stirring rate, and 60 mV for
pulse amplitude.

The good prediction quality of the model was
verified by means of the good agreement observed
between the experimental and predicted response
obtained using the optimized conditions [5].
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Fig. 2. Graphic analysis of effects. The lines define the 95% confidence interval. Right panel, positive effects; left panel, negative

effects.

3.2. Analytical performance parameters

3.2.1. Robustness testing

Robustness testing involves producing small de-
liberate changes to the optimized operating condi-
tions and measuring the effect upon a measured
response such as the voltammetric peak height. A
robustness test thus requires the selection of the
factors and the levels at which to test them,
followed by the selection of a suitable experimen-
tal design. The choice of the design depends on
the number of the factors to test and on the
postulated model. In general, linear models are
usually sufficient because of the small experimen-
tal domain. However, to maximize information
regarding method robustness around the best con-
ditions, a quadratic model can be used. For each
controlled factor, it is necessary to know its opti-
mized value in order to define the interval within
which it can be controlled.

In the assessment of the AdSV method for
KYNA, five of the seven selected parameters (pH,
X105 laces X5 Eyeor X35 AE, x4; ds, x5) were consid-
ered, due to the instrumental settings that did not
allow small variations of the parameters scan rate
and stirring rate. The experimental domain of
selected variables is given in Table 5. The ranges
examined were small deviations from the method
settings which would normally occur.

At the beginning of robustness testing, a linear
model was postulated and an eight-run Plackett—
Burman design was chosen for the evaluation of
coefficients. To test the model linearity, four ex-

periments with the optimized conditions, corre-
sponding to the centre of experimental domain,
were carried out.

The linear model postulated did not fit well
with the results obtained at the centre points, thus
indicating that a curvature was present. Since the
model was wrong, the results obtained from the
Plackett—Burman matrix could not be used. In
fact, in robustness testing, it is necessary to find a
model that fits the data well in order to evaluate
the simultaneous effect of small variations of all
factors on the response. Hence, the following
quadratic model for the five critical parameters
was postulated:

¥ =bo+ byx, + boxs 4 bixs 4+ byxy + bsxs + by x§
F Boyx3 H byax 3+ bagxd 4 bssx 2+ boxix,
+ 513X X3+ b1aX X4 + bysx X5 + DyaxoxX3
+ D2y XXy + bosXoXs + bygXaxy + bysxsXs
+ bysX4Xs (2)

To estimate the coefficients of a second-order
model, the variables have to be studied at more
than two levels. Since it is difficult to divide a
small experimental domain into a number of lev-
els, it was decided to study the critical factors at
three levels: — 1, 0 and + 1 and a 30-run com-
posite fractional matrix was used.

Composite fractional design consists of the
points of a fractional factorial design which have
been augmented with some extra points at the
centre of the design and 2m star points, where m
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nA

Fig. 3. Response surface for pH against stirring rate (stir) at
fixed values of pulse amplitude: (a) 60 mV; (b) 50 mV; (c¢) 40
mV.

is the number of variables. These star points are
located at + o or —« from the centre of the
experimental domain and the value of « as well as

Table 5
Method settings and range investigated during robustness
testing

Variable Optimized value Range investigated
pH 2.6 24-28
Luce (8) 50 48-52
E,. (mV) 0 +5--5
AE (mV) 60 58-62
ds (a.u.) 40 38-42

the number of experiments at the centre depend
upon the design criterion (orthogonality and ro-
tatability). When the design region is spherical,
the variables are studied at five levels: —a, —1,
+ 1, +a; while, if the experimental domain is
cubic, |x| is equal to |1| and the variables are
studied at three levels [17,22]. In our case, a cubic
experimental region was studied and the matrix
employed is reported in Table 6. The experiments
were carried out in a randomized order with a
KYNA concentration in cell of 3.24 x 1078 M.

The regression model assumed was found sig-
nificant by means of ANOVA and the only factor
causing the largest variation of the response was
pH. The variation in pH was seen to exert a
critical effect on the response (Fig. 2(a)—(c)). In
fact (Fig. 4(a)), the response surface obtained for
pH against drop size, maintaining the other vari-
ables at its centre value, shows that a change in
pH value produces a great change in the response.
The same behaviour can be observed in the sur-
face where pH is plotted against accumulation
time (Fig. 4(b)). However, for example, the plot of
accumulation time against drop size, maintaining
the other variables at the centre level (Fig. 4(c)), is
markedly different from the above response sur-
faces. The shape of this response surface resem-
bles an upside-down saddle. As the drop size or
accumulation time were varied over the factor
space, there was only a relatively small change in
the observed response; this suggests that the two
factors, like the other factors not shown, exert a
small effect on the response compared with that
of pH. The central point of the saddle region
clearly corresponds to the robust conditions re-
quired for voltammetric analysis.

3.2.2. Linearity and range

Using the optimized conditions (pH, 2.6; accu-
mulation time, 50 s; accumulation potential, 0
mV; pulse amplitude, 60 mV; scan rate, 40 mV
s~ '; stirring rate, 200 rev min ~'; drop size, 40
a.u.), a well-defined signal with a peak potential
of — 840 mV was obtained and a linear relation-
ship was found between peak height and KYNA
in-cell concentration in a nine-level range, 2.5 x
1077 to 2.5x10-7 M. Fig. 5 reports typical
voltammograms (with blank subtracted) for in-



1592 S. Furlanetto et al. /J. Pharm. Biomed. Anal. 15 (1997) 15851594

Table 6
Composite fraction matrix
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creasing KYNA in-cell concentration in the
range 2.67 x 107° to 2.52 x 10~ 7 M. The linear
relationship found was y=2.62x 1072 (pA-l
ug = —4.93 x 10~? (uA). The square of corre-
lation coefficient R? of the regression line was
0.9992 and the cross-validated R?, in which the
residual sum of squares is substituted by the
predictive residual sum of squares [1], was
0.9987.

3.2.3. Accuracy and repeatability

The ranges used to assess accuracy and re-
peatability (with blank subtraction) were 2.59 x
1077 to 1.27x10"% M and 128 x10~% to
6.37 x 1078 M that can be useful for analytical

applications [11]. Using a calibration line ob-
tained in the first range, recovery was 97.8 +
27% (RSD, n=3) at the lower Ilevel,
98.3 + 2.8% at the central level (7.74 x 10~° M)
and 102.2 + 2.3% at the upper level [7].

3.2.4. Detection limit

The limit of detection (DL) was calculated as
3(8.D.)/S, where S was the slope of the calibra-
tion curve in the range 2.59 x 10 % t0 1.27 x 1078
M and S.D. was the residual standard deviation
of the regression line [7,23]. The DL was found to
be 1.72 x 10 ~° M and was validated by indepen-
dent analyses of KYNA samples prepared at the
DL.



S. Furlanetto et al. /J. Pharm. Biomed. Anal. 15 (1997) 1585—1594 1593

4. Conclusions

1701

170

90

ds

Fig. 4. Robustness testing response surfaces: (a) pH against
drop size (ds), maintaining pulse amplitude at 60 mV, accumu-
lation potential at 0 V and accumulation time at 50 s; (b) pH
against accumulation time (¢,..), maintaining pulse amplitude
at 60 mV, accumulation potential at 0 V and drop size at 40
a.u.; (c) drop size (ds) against accumulation time (z,..), main-
taining pulse amplitude at 60 mV, accumulation potential at 0
V and pH at 2.6.

8.5 8.7 -8.9
POTENTIAL, v

Fig. 5. Adsorptive stripping voltammograms of kynurenic acid
for successive additions of working solution (0.313 pg ml— ')
the first addition of 15 pl; the second of 35 pl; the third of 100
ul; and successive additions of 250 pul.

The use of experimental design strategies for
optimization and robustness testing allowed a sen-
sitive AdSV procedure to be developed and vali-
dated. Due to the mean KYNA human daily
urine excretion of about §.4 umol [11], the opti-
mized method seems suitable for the potential
AdSV determination of KYNA in urine. The
method was found to be robust with respect to
those parameters evaluated apart from the critical
factor pH for which a precautionary statement
should be included in the procedure. The ap-
proach described is of general use and it is to be
encouraged for the set-up and validation of an
analytical method.
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