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Abstract

An optimisation strategy based on desirability functions together with experimental design has been used to optimise a chromatographic
method applied to the separation and quantification ofl-proline and seven organic acids in vinegar samples. Chromatographic problems often
force to reach a compromise between different experimental variables in order to achieve the best chromatographic separation. The importance
of the use of multi-objective optimisation methods lies in the ability to cope with this kind of problems. The quality of the multicriteria
optimisation method was tested through the validation of the analytical parameters of the final chromatographic method developed. The
versatility of this methodology allows to use it in other chromatographic applications resulting in a suitable adaptive procedure to solve new
analytical problems. Furthermore, the determination ofl-proline and organic acids in vinegar is useful for several industrial goals such as the
correct monitoring of fermentation, for the study of nutrient needs at all times during the twofold fermentation process and for the detection
of possible adulterations in the final product.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

High-performance liquid chromatography has resulted to
be a well established technique in analytical research, quality
control and many other applications in analytical chemistry.
Besides, the optimisation of HPLC method development has
always been an important objective in many contexts.

The first attempt to solve these kind of problems was
based on the existing theoretical advances in chromatog-
raphy that allowed to predict the experimental response
by controlling and modifying the chromatographic pa-
rameters [1]. Afterwards, the development of unclear
computer-assisted methodologies were suggested as a more
sophisticated method with optimisation purposes[2].

It was Cela et al. that proposed finishing with the
trial-and-error methodology and the computerised obscure
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chemometrical tools by using evolutionary algorithms and
applying them to HPLC separations[3]. This approach
was based in the well-populated Pareto front and used it to
allow a direct definition of chromatographer goals in the
optimisation process.

Other tools such as genetic algorithms, neural networks
and response surface methodology have also been used in
liquid chromatography to develop and optimise the sepa-
rations[4,5] as well as Derringer or desirability functions
[6,7]. The latter, seem to be an effective tool for that pur-
pose due to the wide versatility that these functions have to
transform each response separately and comprising all them
in an overall desirability function to be globally optimised
in a final step.

In this study a multi-objective optimisation methodology
is applied to HPLC separations based on experimental de-
sign and desirability functions. Experimental design is the
best way to cover the experimental domain in a given num-
ber of experiments and desirability functions allows to take
into account multiple responses at the same time. Often, this
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requires finding optimal compromises between the experi-
mental responses.

In chromatographic matters, responses such as resolution,
symmetry or area are usual experimental parameters that
should be considered when optimising a chromatographic
procedure and in this research were optimised 20 experimen-
tal parameters extracted from the chromatograms. Different
importance was given to each response when calculating the
overall desirability depending on its importance on the chro-
matographical separation.

The application of the multicriteria optimisation method-
ology for the separation and quantification ofl-proline and
organic acids in vinegar, resides in the importance of these
compounds in the quality and genuineness of the vinegar
samples apart from the importance in the fermentative pro-
cedure. This task is important nowadays when analytical
chemistry is focused on the development of new and rapid
techniques for the assessment of quality in food industry.

Organic acids, such asl-tartaric,l- andd-malic, lactic,
acetic, citric and succinic acid, account for a significant frac-
tion of wines and vinegars that are made of them[8]. The
level and nature of these acids provide useful information
about the origin of the raw material, microbiological growth
and process techniques[9]. Moreover, they can contribute
significantly to the taste of the product.

Proline is a primary�-amino acid that accounts for 78%
of the total amino acid content in wine[10]. It is the most
abundant amino acid in vinegar and comes from the raw
materials. The control of the concentration ofl-proline dur-
ing the fermentation is quite important because, together
with l-leucine, provide between the 50 and 74% of the to-
tal amount of the nitrogen consumed during the alcoholic
and the acetic fermentations. The lack of proline during the
elaboration of vinegar could result in a premature stop of
fermentation. It is also known that proline provides infor-
mation of possible mixtures done during the production of
wine vinegar. The amount of proline in the different raw
materials makes possible the detection of adulteration in the
final product. Wine has a big amount ofl-proline whereas
other materials such as cider, malt or molasses have a little
amount of it. Proline isomeration has been also used to de-
termine ageing processes in wine and vinegar that should be
evaluated through the proportion ofl- andd-proline in the
sample[11].

Many methods of analysis of organic acids and proline
have been described in the literature[8–15]. The collection
of high quality chromatograms has traditionally been a dif-
ficult task because of the acid nature of these compounds,
and the necessity of a previous derivatisation such as in the
case of thel-proline. The importance of controlling the mo-
bile phase pH when analysing ionizable compounds such as
organic acids by reverse phase HPLC is recognized and un-
derstood. Parameters such as pH and percentage of organic
modifier in the mobile phase influence the retention time and
symmetry of the peaks. Therefore, buffered mobile phases
are commonly used in reverse phase chromatography. Usu-

ally, the determination of amino acids requires pre-column
derivatisation with o-phthaladehyde-3-mercaptopropionic
acid (OPA) or 9-fluorenylmethyl chloroformate (FMOC)
depending on whether they are primary or secondary amino
acids[16,17]. This derivatisation step has the objective of
improving UV or fluorimetric detection but it means an
extra previous stage in the analytical process that can be
avoided in this study. This work tries to obtain a chromato-
graphic method that can supply chromatograms of high
quality in terms of resolution and peak symmetry, so that
they can be used, together with other chromatographic data,
as spectroscopic profiles in future research works as well as
for performing new optimal chromatographic separations in
vinegar or other matrices.

The main aim of this study is to optimise the chromato-
graphic analysis ofl-proline and organic acids at the same
time in vinegar and evaluating the variables involved in the
process in order to reach the best separation method. The
length of the analysis is also remarkable because vinegar
samples are directly injected in the HPLC system after be-
ing previously filtered to avoid other pre-treatment processes
that may lead to a lack of reproducibility and are quite
time-consuming.

2. Experimental

2.1. Chemicals and reagents

l(+)-tartaric, l(−)-malic, lactic, acetic, succinic, citric
acids andl-proline of analytical-reagent grade were sup-
plied by Merck (Darmstadt, Germany). For the preparation
of the mobile phase, potassium di-hydrogen phosphate of
analytical-reagent grade from Panreac (Barcelona, Spain),
methanol of gradient grade and 85% phosphoric acid sup-
plied by Merck were used. Water purified using a Milli-Q
system académic A10 (Millipore S.A., Molsheim, France)
was used.

2.2. Equipment and software

The equipment was composed of an HP 1100 Series liquid
chromatograph (Hewlett-Packard GmbH, Chemical Analy-
sis Group Europe, Waldbronn, Germany) with a high pres-
sure gradient pump, vacuum degasser, autosampler, ther-
mostated column compartment, diode array detector and an
HP Chemstation data processing system (Hewlett-Packard)
to perform peak purity analyses.

The data were processed with Statgraphics Statistical
Computer Package[18] and Nemrod-W[19] for the exper-
imental design.

2.3. Column and mobile phase

The column used was Zorbax SB-C18, 250 mm×
4.6 mm ID with 5�m particle size (Hewlett-Packard GmbH,
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Waldbronn, Germany). The stable bond packaging is suit-
able for working at low pH values and prevents tailing. The
operating temperature was 25◦C.

The mobile phase was 0.009 M potassium di-hydrogen
phosphate (adjusted to pH 2.06 with phosphoric acid)–
methanol (92:8, v/v) at a flow rate of 0.64 ml min−1 at
25◦C and a working pressure of 90 bar (1 bar= 105 Pa).
Detection was performed by measuring of the UV ab-
sorption at 210 nm. A previous multi-wavelength detection
study (190–280 nm) was done in order to select the optimal
absorbance wavelength.

2.4. Vinegar samples and sample preparation

Sixty-three vinegar samples of different origins were col-
lected from the industry and several supermarkets from the
north of Spain. From the total amount of samples, 33 were
white wine vinegar samples, 13 red wine vinegar samples, 2
alcohol vinegar samples, 3 malt vinegar samples and 11 cider
vinegar samples. A mixture of white wine vinegar and alco-
hol vinegar was made in the laboratory to evaluate the dif-
ferences between this sample and the original samples. This
adulterated sample contained 40% (v/v) of alcohol vinegar
and 60% (v/v) of wine vinegar which represents a realistic
fraudulent vinegar sample.

All the solutions and vinegar samples were passed through
a 0.7�m glass microfibre GF/F from Whatman (Whatman
International Ltd., Maidstone, England), before injection
into the HPLC system.

2.5. Experimental design

Experimental design is often used to determine efficiently
the set of conditions required in a process or method with
desirable, often optimal, characteristics with a minimum of
experiments. However, modelling is one of the main tech-
niques applied to optimise responses[20,21]. Multi-level
designs for quantitative factors are used to evaluate several
experimental factors at a time defining quadratic response
surfaces.

In this study four experimental factors were selected as the
main variables involved in the chromatographic separation
and quality of the chromatogram:

(i) Flow rate, which influences the peaks shape.
(ii) pH, which influences the retention time of the peaks

and the ionisation state of the compounds that affects
the sensitivity of the analysis.

Table 1
Factor levels in the Doehlert experimental design

Flow rate (ml min−1) 0.40 0.60 0.80 1.00 1.20
pH 1.77 1.91 2.06 2.20 2.34 2.49 2.63
Methanol percentage (v/v) 0 2 6 8 10 14 16
Potassium di-hydrogen phosphate (M) 0.003 0.010 0.017

(iii) Phosphate concentration in mobile phase, which influ-
ences the peaks separation.

(iv) Percentage (v/v) of organic modifier (methanol) in the
mobile phase, which influences also the retention time.

Therefore, a Doehlert design was chosen. Doehlert uni-
form shell design is a very useful design introduced by
Doehlert [22]. It describes a spherical experimental do-
main, but with fewer points than the central composite
design and it stresses uniformity in space filling. Doehlert
designs are much more efficient than central composite
designs where efficiency is defined as the number of esti-
matedb-coefficients divided by the number of experiments
[23,24].

This design involves 21 experiments randomly performed
to provide protection against the effects of lurking variables.
Some replicas were made at the central point of the exper-
imental space in order to validate the model and the final
number of experiments was 25. Previous experiments and
the experience in the use of this technique led us to select
the most relevant parameters involved in the quality of the
chromatogram. The factors were studied at different levels
depending on their individual impact on the system. The
selection of the extreme levels of the factors in the experi-
mental design was done considering the information given
by previous experiments, the guidance given by the man-
ufacturer and the technical limitations of the system. The
flow rate was studied at five levels, the pH and percentage of
methanol were studied at seven levels and the concentration
of phosphate was studied at three levels. The values corre-
sponding to the high (+), and low (−) points for each factor
that define the experimental domain and the different lev-
els of study are shown inTable 1whereas the experimental
schedule is shown inTable 2.

The sample volume was set at 10�L and the temperature
at 25◦C. Due to the changes of mobile phase during the
experimentation, a time of 120 min was set as equilibration
time before performing each experiment if the mobile phase
had changed.

2.6. Derringer functions or desirabilities

Multicriteria decision-making is applied when several re-
sponses have to be considered at the same time. This usu-
ally requires finding optimal compromises between the total
number of responses taken into account. Derringer functions
or desirabilities are the main tool of one of the most impor-
tant multicriteria decision-making methods. The multicrite-
ria problem is reduced to a single criterion problem ofD
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Table 2
Scheme of the experiments

Experiment
number

Flow rate
(ml min−1)

pH Methanol
percentage
(v/v)

Phosphate
concentration
(M)

1 1.20 2.20 8 0.010
2 0.40 2.20 8 0.010
3 1.00 2.63 8 0.010
4 0.60 1.77 8 0.010
5 1.00 1.77 8 0.010
6 0.60 2.63 8 0.010
7 1.00 2.34 16 0.010
8 0.60 2.06 0 0.010
9 1.00 2.06 0 0.010

10 0.80 2.49 0 0.010
11 0.60 2.34 16 0.010
12 0.80 1.91 16 0.010
13 1.00 2.34 10 0.017
14 0.60 2.06 6 0.003
15 1.00 2.06 6 0.003
16 0.80 2.49 6 0.003
17 0.80 2.20 14 0.003
18 0.60 2.34 10 0.017
19 0.80 1.91 10 0.017
20 0.80 2.20 2 0.017
21 0.80 2.20 8 0.010
22 0.80 2.20 8 0.010
23 0.80 2.20 8 0.010
24 0.80 2.20 8 0.010
25 0.80 2.20 8 0.010

optimisation. Single functions are defined for each criterion
to be optimised:

di = f(yi) (1)

where 0≤ di ≤ 1. All the functions are combined into a
single criterion where each single function can be weighted:

Di = C
√

d1id2i · · · dci (2)

Di = (dw1
1i dw2

2i · · · dwc
ci )1/

∑
wk (3)

where 0≤ D ≤ 1 [20,25], wk are the weights for each one
of the singlek weighted functions. Through the individual
functions the analyst introduces the specifications that each
response must fulfil and through the weighting the relative
importance given to each of them. The overall desirability
functionD is not derivable, so the optimisation process must
use a method which is free of derivatives, such as the sim-
plex method, a genetic algorithm or a simulated annealing
algorithm which is that used in Nemrod-W[19].

3. Results and discussion

3.1. Optimisation

The response selection is a critical stage in the optimisa-
tion. The responses were directly related to the parameters
that define the quality of the separation that will allow a

correct identification and quantification of the several com-
pounds in the studied matrix, in our case, vinegar.

Three types of responses were chosen:

(i) Resolution, which determines the separation between the
peaks and it is directly related with the final time of the
analysis.

(ii) Symmetry factor, which determines the existence of front
or back tails in the peaks, which affects the afterwards
quantification step.

(iii) Area values, which determines the sensitivity of the anal-
ysis.

The most common formula to measure the resolution (RS)
is

RS = 2(t2 − t1)

w1 + w2
(4)

wheret1 and t2 are the retention times of two consecutive
peaks, andw1 andw2 are the peak widths measured at the
baseline between the tangents drawn next to the peak sides.
From a practical point of view, it is much easier to mea-
sure the peak width at half the peak height. The resolution
equation using the half-height method is

RS = 2(t2 − t1)

1.7(w0.5,1 + w0.5,2)
= 1.18(t2 − t1)

(w0.5,1 + w0.5,2)
(5)

wherew0.5,1 andw0.5,2 are the peak widths measured at half
height. This equation was used in the study. Seven resolution
values were calculated between each pair of the eight peaks
present in the chromatogram.

Symmetry was calculated using the following equation:

Symmetry= a1 + a2

a3 + a4
(6)

wherea1, a2, a3 anda4 are the areas under the peak once its
total area has been divided in four parts. Firstly, the peak is
divided into two halves down the apex point, and then each
half is again divided into other two parts down the upslope
and downslope inflexion points of the peak. Lettersa1, a2,
a3 anda4 stand for the area values of the first, second, third
and fourth parts of the divided peak from left to right side.

Area values of the peaks depend on the UV absorption
and the ionisation state of the compound plays an impor-
tant part in the detection process. Big peak areas may cause
overlapping and small peak areas make the correct quantifi-
cation very difficult.

Our aim was to find the trade-off situation where all the
response factors are optimised and take the values that afford
the best chromatographic quality. In general, the optimisa-
tion of an analytical procedure implies solving a conflict
between resolution of peaks, symmetry and signal size.

The sequence of peaks obtained in the chromatogram is:
l-proline, tartaric acid,l-malic acid, lactic acid, acetic acid,
citric acid, succinic acid andd-malic acid.

Twenty response values were collected from the chro-
matograms obtained: seven resolution values between each
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pair of consecutive peaks (RS1, RS2, RS3, RS4, RS5, RS6, RS7),
six peak area values ofl-proline, l-tartaric acid,l-malic
acid, lactic acid, citric acid, succinic acid; seven peak sym-
metry values ofl-proline,l-tartaric acid,l-malic acid, lactic
acid, acetic acid, citric acid and succinic acid. The peak area
of acetic was not considered because it is the main acid in
vinegar and always shows acceptable area values. The peak
area ofd-malic acid and the symmetry values were not con-
sidered either becausel-malic acid is the main enantiomer
in vinegar.

As it has been stated, Doehlert experimental design de-
scribes a spherical space defined by a quadratic model ac-
cording to the following equation:

Y = b0 +
∑

i

bixi +
∑

i

∑
j

bijxixj (7)

A standard solution containing the organic acids and
l-proline studied at the concentrations typically found in
wine vinegar was injected in triplicate for each run.

From the total amount of responses, there were two that,
at a first sight, could seem more relevant to the chromato-
graphic separation than the others:R1 andR4. R1 (RS1) is
the resolution value betweenl-proline andl-tartaric peaks,
andR4 (RS4), the resolution value between lactic and acetic
acids peaks. These two pairs of peaks are the most difficult
to resolve. The optimisation of these two critical responses
can manage the final optimal conditions to some extent. This
is the reason why a further analysis on these two points was
carried out.

3.2. Optimisation of R1 and R4

With the aim of the optimisation of these responses (reso-
lution between the peaks ofl-proline andl-tartaric acid and
between lactic and acetic acid) a second-order approach was

Table 3
Estimates and statistics of the coefficients from the fitted response surface forR1 andR4

R1 R4

Coefficient t (exp.) Significant % Coefficient t (exp.) Significant %

b0 0.944 24.69 <0.01*** 0.870 62.10 <0.01***
b1 (flow rate) −0.092 −2.41 3.53* −0.010 −0.74 48.0
b2 (pH) −0.409 −10.69 <0.01*** 0.121 8.67 <0.01***
b3 (% methanol) 0.040 1.04 32.6 0.320 22.83 <0.01***
b4 (phosphate) −0.303 −7.93 <0.01*** 0.031 2.19 5.1
b11 0.011 0.15 87.5 −0.010 −0.38 71.1
b22 −0.606 −8.47 <0.01*** 0.063 2.42 3.50*
b33 0.309 4.60 0.105** −0.041 −1.66 12.5
b44 −0.095 −1.50 16.2 −0.062 −2.69 2.19*
b12 0.029 0.29 77.2 −0.058 −1.60 13.9
b13 −0.053 −0.48 64.5 −0.029 −0.71 50.2
b23 −0.656 −5.94 0.0174*** −0.002 −0.06 95.3
b14 0.294 2.56 2.72* 0.098 2.33 4.04*
b24 −0.260 −2.27 4.49* 0.046 1.09 30.4
b34 0.765 6.67 <0.01*** −0.030 −0.71 50.2

Signification: * 95%, ** 99% and *** 99.9%.

used to model the experimental data obtained. The analyses
of the variance (ANOVA) allowed to accept that the fitted
surface model described satisfactoryR1 andR4 in the exper-
imental domain. The models built are significant and there
is not lack of fit at a significance level of 0.1% (R2 = 0.972
and 0.984) forR1 andR4, respectively.

Looking at the estimates of the coefficients and the statis-
tics of Table 3, it can be done some comments. Taking
into account responseR1, the coefficientsb2 andb4 of the
computed model are very significant together with the coef-
ficientsb22, b23 andb34. This means that second order inter-
actions between factors are important and should be taken
under consideration. Considering the coefficients of the built
model forR4, onlyb2 andb3 are very significant, in this case,
second-order interaction between factors are not significant.
The study of the optimum path of the response surface for
R1 andR4 of Fig. 1, demonstrated the necessity of the use
of a more complex function that collected the combination
of responses.R1 is more sensitive to variations in the per-
centage of methanol and concentration of phosphate in the
mobile phase than to changes of the flow rate and pH of the
mobile phase. So, ifR1 must be maximised, the percentage
of methanol and the concentration of phosphate must have
low values, pH must have values close to the central value
of the experimental domain and the flow rate must tend to
less positive values.R4 is more sensitive to variations in
pH and percentage of methanol in the mobile phase than
to changes of flow rate and concentration of phosphate in
the mobile phase. The percentage of methanol in the mobile
phase and pH must have higher values, the concentration of
phosphates must have a value close to the central value and
the flow rate must tend to less positive values.

The need of a multi-objective optimisation had become
clear through the examination of the evolution of the factors
in the optimisation of these two responses.R1 andR4 are
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Fig. 1. Coordinates of the points of the plot of the optimum path of
the responseR1 (a) andR4 (b) for each factor in codified variables. (1)
Flow rate; (2) pH; (3) percentage of methanol and (4) concentration of
potassium di-hydrogen phosphate.

important and critical responses but, if we only considered
these two responses, some other peaks appeared overlapped,
the length of the chromatographic analysis increased and
some other parameters as symmetry or area values had not
desirable values. Thus, it is important the trade-off between
all the chromatographic responses related to the quality of
the analytical process. Other responses such asR5 (RS5,
acetic–citric resolution),R6 (RS6, citric–succinic resolution)
and the symmetry of some of the peaks (R14, symmetry of
proline peak orR18, symmetry of acetic acid peak) are influ-
enced by the global chromatographic conditions an cannot
be left out.

3.3. Derringer functions

In our case, the objective is to achieve a good chromato-
graphic separation with symmetrical peaks of measurable
areas to be correctly quantified. Thus, different desirabil-
ity functions, defined by the following specifications, were
chosen:

(i) For the resolution responses, linear functions were de-
fined fromR = 0.5 (zero desirability), completely un-

satisfactory resolution, toR= 1.5 (desirabilitydi = 1).
Between these two values the desirability function var-
ied linearly. The higher resolution limit was fixed in
order to not to have a too long analysis.

(ii) For the area values, triangular functions were defined;
these functions took the highest desirability value (di

= 1) for the mean data of the interval defined by the
smallest and the largest area value for each compound.
The value ofdi decreased tilldi = 0.1 when the values
of area took the maximum and minimum values of each
compound.

(iii) The symmetry responses were described as triangu-
lar functions centered onS = 1 (perfectly symmetri-
cal peak) wheredi = 1 and 0 for bothS = 0 and 2
symmetry values for which the peaks were considered
completely asymmetrical.

The overall desirabilityD was obtained by combining
single desirability functions according toEq. (3). The re-
sponsesR1 (resolution ofl-proline–tartaric acid peaks) and
R4 (resolution of lactic–acetic acid peaks) were four times
weighted due to their relevance as stated before. The rest
of resolution responses (R2, R3, R5, R6 andR7) were two
times weighted and the responses of symmetry (R14–R20)
and area values (R8–R13) were mono-weighted. Nemrod
software was used to calculate the optimal conditions. A
value of D = 0.827 was obtained after the modelling and
optimising stages.

The optimal conditions to perform the separation and
quantification ofl-proline and organic acids in vinegar to
make the overall desirability function take its maximum
value were: 0.64 ml min−1 flow rate, 2.06 pH, 8% (v/v)
methanol percentage and 0.009 M phosphate concentration
in the mobile phase; all of them computed by Nemrod-W
after the modelling stage. For these conditions, the val-
ues of the resolution values (R1–R7) ranged from 0.85
for R4 to 5.16 for R3; the area values (R8–R13) ranged
from 143.2 for l-proline to 819.7 forl-tartaric and the
symmetry factor (R14–R20) ranged from 0.305 for acetic
acid peak to 1.275 for citric acid peak. All these values
were considered acceptable for the final purposes of the
study.

The different influence of the four factors on the exper-
imental responses was evaluated going through the values
of the coefficients of the model. It can be graphically
plotted in the Pareto chart ofFig. 2 that shows the im-
portance of the different variables based on thet-student
experimental values that provide Nemrod. Even though
single coefficientsb2, b3 andb4 are significant as also are
the coefficients of the quadratic termsb22, b33 and b44,
no consideration may be done of neither of them due to
the existence of a remarkable second-order effectsb23,
b24 and b34. As these interactions are very significant,
pH, methanol percentage and phosphate concentration in
the aqueous phase are hardly correlated and its correla-
tion effects should be studied through the evaluation of
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Fig. 2. Pareto chart of main effects of the Doehlert design for global desirability.

the behaviours of a multicriteria response in the exper-
imental domain. Flow rate factor is the factor with less
influence in the global multicriteria response in the exper-
imental design due to the low value of theb1 coefficient
and the second-order interactions in which it is involved:
b12, b13 and b14. The optimisation performed allows
the collection of good chromatograms as can be seen in
Fig. 3.

Fig. 3. Chromatogram of a standard solution ofl-proline and organic acids at optimal chromatographic conditions. Peaks and concentrations(g L−1): (1)
l-proline, 0.504; (2)l(+)-tartaric, 0.511; (3)l-malic, 0.385; (4) lactic, 0.676; (5) acetic, 60.223; (6) citric, 0.733; (7) succinic, 0.633; (8)d-malic, 0.064.

3.4. Method validation

Once the chromatographic method had been developed
and optimised, it must be validated. The validation of an
analytical method verifies that the characteristics of the
method satisfy the requirements of the application domain.
The validation study was performed on each individual
compound, on standard mixtures of the eight substances or
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Table 4
Characteristics of the calibration curves

Compound Linear range (g L−1) Correlation coefficient Linearity (LOL, %) Slope± S.D. Intercept± S.D.

l-Proline 0.105–4.040 0.9991 97.2 266.65± 2.84 −6.37 ± 5.72
l(+)-Tartaric acid 0.127–4.040 0.9999 96.6 1016.95± 3.36 16.07± 6.93
l-Malic acid 0.033–1.749 0.9995 94.5 632.01± 5.53 −4.71 ± 4.99
Lactic acid 0.104–3.110 0.9993 96.9 331.49± 3.14 −0.05 ± 5.13
Acetic acid 40.508–80.352 0.9998 98.3 377.65± 1.69 549.07± 105.68
Citric acid 0.065–3.600 0.9997 95.8 739.58± 4.17 −10.67± 7.42
Succinic acid 0.061–1.304 0.9985 94.7 384.71± 5.28 −16.20± 3.99
d-Malic acid 0.005–0.291 0.9907 73.6 694.51± 26.45 −8.54 ± 3.96

on commercial vinegar samples depending on the studied
parameter.

3.4.1. Linearity, response function and calibration curves
Five concentration levels were tested in triplicate; these

concentrations correspond to the expected values in commer-
cial vinegar without any dilution. This study was performed
on individual substances. The linearity range studied for
each compound is shown inTable 4. An excellent linearity
was obtained in all cases with correlation coefficients higher
than 0.999. This was also corroborated by the ‘on-line’ lin-
earity (LOL). This parameter was determined by using the
following equation where RSD (m) is the relative standard
deviation of the slope (expressed in %) and is the degree of
dispersion of the data around the calibration line:

LOL (%) = 100− RSD(m) (8)

The calibration parameters were validated by means of
ANOVA and graphical analysis of residuals were made.
Confidence intervals were also calculated for each pa-
rameter with a significance level of 5%. The correlation
coefficient appears inTable 4, the lack-of-fit test was not
significant which meant that the linear models described
accurately the experimental data and the residuals analysis
revealed that the residuals were homogeneously distributed.

3.4.2. Sensitivity
IUPAC [26] and ISO[27] define the instrumental response

sensitivity as the slope of the calibration line because a
method with a large slope is better able to discriminate be-
tween small differences in analyte content. It is also impor-

Table 5
Sensitivity and detection and quantification limits

Compound Analytical
sensitivity (g L−1)

Instrumental
sensitivity (g L−1)

Detection limit
(LOD, (g L−1)

Quantification limit
(LOQ, g L−1)

l-Proline 0.061 266.65 0.088 0.294
l(+)-Tartaric acid 0.019 1016.95 0.020 0.068
l-Malic acid 0.050 632.01 0.031 0.104
Lactic acid 0.054 331.49 0.047 0.155
Acetic acid 0.026 377.65 0.840 2.798
Citric acid 0.033 739.58 0.045 0.148
Succinic acid 0.079 384.71 0.073 0.244
d-Malic acid 0.219 694.51 0.029 0.098

tant that the standard deviation on the slope and the risks
α andβ to assert the smallest differenced that can be dis-
tinguished between two signals. To determine the smallest
differenced it should be related signal to concentration us-
ing the slopem. The following equation can be proposed for
the sensitivity:

d = (t1−α/2 + t1−β)s
√

2

(
1

m

)
(9)

where thet-values are determined forα = 0.05 (two-sided)
andβ = 0.05 (one-sided) for the number of degrees of free-
dom with whichs was determined. As in relevant precision
measure (repeatability)swas determined with 10 determina-
tions, thent1−α/2 = 2.26 andt1−β = 1.83 so the difference
d can be calculated:

d = 5.76s

m
(10)

Sometimesd value is also known as analytical sensitivity
while the value of the slope of the calibration curve is the
instrumental sensitivity.Table 5shows the values of analyti-
cal and instrumental sensitivities.l-Tartaric and acetic acids
are the compounds that show the fewest sensitivity values,
0.019 and 0.026 respectively.

3.4.3. Detection and quantification limits
The limits of detection (LOD) (three times the relative

standard deviation of the value of the intercept divided
by the value of the slope of the calibration curve) and
quantification (LOQ) (10 times the limit of detection value
calculated, divided by 3) obtained allow the correct determi-
nation of these compounds in real vinegar samples, taking
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Table 6
Recovery study

Compound Recovery level 1
(%, m/m)

tcal Recovery level 2
(%, m/m)

Rm
a (%, m/m) tcal ttheo

l-Proline 101.1 1.535 103.5 102.3 1.736 1.833
l(+)-Tartaric acid 100.8 1.572 102.5 101.7 1.426 1.833
l-Malic acid 98.1 1.533 102.4 100.3 1.716 1.833
Lactic acid 97.6 0.610 100.6 99.1 0.485 1.833
Acetic acid 98.4 1.227 98.9 98.7 1.065 1.833
Citric acid 99.3 0.605 98.0 98.7 1.762 1.833
Succinic acid 103.6 1.828 100.2 101.9 0.210 1.833
d-Malic acid 101.9 0.893 98.7 100.3 1.479 1.833

a Rm is the mean recovery percentage (m/m).

into account the concentrations found for them from[28,29].
The LOD and LOQ inTable 5are values calculated from
the calibration curve. Both parameters, the detection and
quantification limits, were verified in real vinegar samples.
Quantification limits were checked by verifying the repeata-
bility and reproducibility of the individual determinations of
the compounds in real vinegar samples and detection limits
were checked by the observation of detection signal in the
chromatogram.

3.4.4. Accuracy and recovery studies
In order to check the accuracy of this analytical method,

the technique of standard additions was used. A repre-
sentative sample of commercial wine vinegar was used as
matrix, the concentration of the eight compounds in the
sample were determined and known quantities of a global
standard solution were added at two levels: 75 and 125% of
the concentrations in the commercial vinegar sample. The
average recovery (Rm) was calculated for each compound
as the mean value obtained by two different additions of
the compounds studied. Each sample was injected 10 times.
The average recovery ranged from 98.7± 0.4 to 98.7±
0.9 for acetic acid and citric acid, respectively, and 102.3
± 1.7% for l-proline. The acceptance criterion proposed
was the Student’st-test applied to the average recovery.
The null hypothesis (the recovery is close to unity and
the method is accurate) was accepted at a significance
level of 5%. The recovery values are collected in table in
Table 6.

3.4.5. Precision: repeatability and reproducibility
A test solution of a mixture of the eight compounds

studied was used for verifying the instrument preci-
sion (injection repeatability) and the intra-assay precision
(within-laboratory reproducibility or intermediate injection
precision).

The instrument precision (repeatability) expressed as
a relative standard deviation (RSD%) or variation coeffi-
cient (CV) was evaluated from 10 successive injections
and yielded values that ranged from 0.05% for acetic
acid to 5.2% ford-malic acid. The intra-assay precision

(within-laboratory reproducibility) was tested for 10 work-
ing days by injecting the same test solution three times a
day. The values obtained ranged from 0.1% for acetic acid
to 5.2% for proline.

The acceptance criterion proposed was Horwitz’s varia-
tion coefficient. Horwitz’s formula relates RSD to the con-
centration of the analyte. This relationship is widely used to
predict what a reasonable variation coefficient ought to be
for a given analyte concentration[30,31].

In our case, the variation coefficients obtained are lower
than the Horwitz’s variation coefficients proposed as refer-
ence and thus we can conclude that the method proposed
has a high repeatability and reproducibility. The results are
shown inTable 7.

3.4.6. Specificity and selectivity
The chromatogram of a standard solution is depicted in

Fig. 3. It shows a mixture of all the acids andl-proline in
an aqueous solution at concentrations close to those usu-
ally found in wine vinegar. The specificity criterion tries
to demonstrate that the result of the method is not affected
by the presence of interferences. These parameters were
evaluated using peak purity studies that indicate if the
compound elutes without any other interfering compounds.
The purity analyses of the chromatographic peaks were im-
plemented with the software HP ChemStation rev.A.06.03
by means of spectra superposition in three points through

Table 7
Repeatability and reproducibility studies

Compound Repeatability,
RSD (%)

Reproducibility,
RSD (%)

Horwitz
% CV

l-Proline 0.4 5.2 6.3
l(+)-Tartaric acid 0.1 0.7 6.3
l-Malic acid 0.1 0.5 6.5
Lactic acid 1.4 1.0 6.0
Acetic acid 0.05 0.1 3.2
Citric acid 0.1 1.6 5.9
Succinic acid 0.2 0.8 6.1
d-Malic acid 5.2 2.5 8.6

RSD is the residual standard deviation and CV the variation coefficient.
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Fig. 4. Peak purity study of acetic acid for one commercial wine vinegar sample.

each chromatographic signal (the upslope, the apex and
the downslope spectra)[32]. In the present case, impuri-
ties that might be found, could be some interferences due
to the complexity of the vinegar matrix injected directly.
For this reason, the results of the purity test for each chro-
matographic peak in the mixture were compared with those
obtained with the individual components. Purity thresh-
old was set at 990, so, peaks were considered pure when
matched factors were superior to 99%. Peak purity test was
performed over each peak to verify that it fulfilled the purity
requirements. An example is shown inFig. 4 for acetic acid
peak.

3.4.7. Robustness
It was studied to detect possible critical experimental

parameters that have a large effect on the results than other
parameters. Controlling such parameters may lead to a
better reproducibility and to avoid sources of laboratory
bias.

As it was stated in the analysis of the Pareto’s chart in
Fig. 2, flow rate is the factor with less influence in the
chromatographic system whereas the interactions between
the other three factors were relevant. That conclusions
were taken into account when the robustness study was
done.

Experimental conditions were randomly changed: pH of
eluent 2.06± 0.05 units, flow rate 0.64± 0.05 ml min−1,
phosphate concentration in aqueous solution 0.009±
0.001 M, percentage of methanol in mobile phase 8± 1%
(v/v) and column temperature 25± 2◦C. Unaffected results

in the peak quantification were observed so the method was
considered robust.

Two analyses were done at experimental conditions I
(pH 2.11, flow rate 0.69 ml min−1, phosphate concentration
0.008 M, methanol 9% (v/v) and temperature 27◦C) and ex-
perimental conditions II (pH 2.01, flow rate 0.59 ml min−1,
phosphate concentration 0.010 M, methanol 7% (v/v) and
temperature 23◦C) and the concentration ofl-proline and
organic acids were in both cases statistically equivalent to
the result obtained with the optimal conditions. Thus, the
method can be considered robust.

3.5. Determination ofl- proline and organic acids in
vinegar samples

The method optimised and validated was applied to differ-
ent vinegar samples directly taken from the market and the
industry.Table 8shows the maximum and minimum values
registered for each type of sample and for each compound
in the total amount of samples analysed.Fig. 5A shows a
typical white wine vinegar whereasFig. 5Bshows the chro-
matogram of a typical alcohol vinegar where the only or-
ganic acid present is acetic acid. There are also traces of
succinic andd-malic acids.

Synthetic vinegar mixtures of wine and alcohol vinegar
were made in the laboratory and the analyses stressed the
relevance of thel-proline and organic acids values to de-
tect a potential fraudulent vinegar. The amount of these
compounds in alcohol vinegar is far away from the amount
in wine vinegar and a low value or even a lack of them
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Table 8
Ranges of concentration ofl-proline and organic acids in different vinegar samples

Vinegar sample N Range Compounds

l-Proline l(+)-Tartaric acid l-Malic acid Lactic acid Acetic acid Citric acid Succinic acid d-Malic acid

White wine vinegar 33 Maximum 22.09± 0.30 1.58± 0.03 1.03± 0.01 1.61± 0.01 62.31± 0.08 1.11± 0.01 1.62± 0.01 2.16± 0.01
Minimum 1.01± 0.11 0.33± 0.01 0.18± 0.01 0.16± 0.01 58.20± 0.08 nd 0.18± 0.02 nq

Red wine vinegar 13 Maximum 24.87± 0.17 1.46± 0.01 1.08± 0.01 0.94± 0.03 69.30± 0.06 1.53± 0.01 1.23± 0.01 2.69± 0.02
Minimum 1.69± 0.15 0.41± 0.03 0.18± 0.01 0.14± 0.03 57.80± 0.08 nq 0.27± 0.03 0.25± 0.01

Alcohol vinegar 5 Maximum nd nd nq nq 60.97± 0.02 nd nq nq
Minimum nd nd 50.99± 0.01

Malt vinegar 3 Maximum 7.74± 0.09 nd nq 4.66± 0.05 48.78± 0.03 0.33± 0.03 8.51± 0.04 nq
Minimum 1.02± 0.01 nd nq 50.61± 0.08 nd 0.33± 0.01 nd

Cider vinegar 11 Maximum 8.85± 0.34 0.82± 0.03 2.38± 0.01 2.44± 0.01 52.87± 0.11 1.30± 0.04 1.79± 0.05 0.24± 0.01
Minimum nd nd 0.10± 0.01 1.12± 0.01 48.63± 0.03 nq 0.51± 0.11 nq

Mixture I 1 0.46± 0.01 0.16± 0.01 0.18± 0.01 0.37± 0.01 60.23± 0.04 nq 0.35± 0.01 nq

Results expressed as mean± 95% confidence interval. nd is not detectable, values under the LOD and nq is not quantifiable, values under the LOQ.
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Fig. 5. Chromatograms of a white wine vinegar (A) and an alcohol vinegar (B) at optimal chromatographic conditions. Peaks: (1)l-proline, (2)
l(+)-tartaric, (3)l-malic, (4) lactic, (5) acetic, (6) citric, (7) succinic; (8)d-malic.

suggests an alteration. InTable 8can be observed a notable
decrease ofl-proline,l- andd-malic, lactic, citric and suc-
cinic acids in the mixture that can be quantified.

Cider vinegar has an astringent taste and aromas reminis-
cent of fruits. The total acidity in commercial samples must
reach values of up to 5◦. This kind of vinegar is characterised
by the absence of tartaric acid. In some of the samples the

content ofl-proline was also very low. On the contrary,
lactic acid content was higher than in a typical wine vinegar
(Fig. 6A).

Malt vinegar is a bitter vinegar with a large amount of
lactic acid, even more abundant than in cider vinegar sam-
ples. Malt vinegar samples are characterised by the lack of
l-tartaric andl andd-malic acids (Fig. 6B).
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Fig. 6. Chromatogram of a cider vinegar (A) and a malt vinegar (B) at optimal chromatographic conditions. Peaks: (1)l-proline, (2)l(+)-tartaric, (3)
l-malic, (4) lactic, (5) acetic, (6) citric, (7) succinic, (8)d-malic.

4. Conclusions

The multicriteria strategy proposed for optimisation of
the chromatographic analysis ofl-proline and organic acids
in vinegar, permits the collection of quality chromatograms
used for the quantification ofl-proline and organic acids in
vinegar. Besides, the aim of this study allows to obtain inter-

esting data that make new ways to detect fraudulent vinegar
mixtures of vinegar samples or to control the fermentation
process through the study of the changes in the concen-
tration of l-proline and organic acids. No pre-treatment is
needed and the validation results are satisfactory. Therefore,
the analysis is not time-consuming and suitable for the final
purpose of the research.
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