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Abstract 

Rank-deficient data matrices, obtained from simulated spectrophotometric acid-base titrations of mixtures of up to four 
nucleic bases (adenine, cytosine, hypoxanthine and uracil), were analyzed by second-order multivariate curve resolution. The 
analysis of these individual mixture data matrices gives a rank value of n + 1, where II is the number of nucleic bases pre- 
sent in the system. This number is, however, lower than 2n, the number of spectrometrically active species theoretically 
present in the systems under study, since each nucleic base is expected to give two species, a protonated and a deprotonated 
species. This rank deficiency is solved when more than one titration is simultaneously analyzed by second-order multivariate 
curve resolution. Full rank recovery is achieved when the titration of the mixture of n nucleic bases and other IZ - 1 titra- 
tions, each one corresponding to a different base, are simultaneously analyzed. Results obtained by second-order multivariate 
curve resolution indicate that for a total resolution of the system full rank is necessary. However, resolution and quantitative 
determinations of individual nucleic bases in mixtures in the presence of interferences can be achieved (with a prediction 
error lower than 2% in most cases) even in the case of rank deficiency. 

Keywords: Acid-base titrations; Multivariate curve resolution (second-order); Data matrices 

1. Introduction 

The quantitative determination of mixtures of nu- 
cleic bases is of great interest. Nowadays, the most 
widely used techniques are HPLC and capillary elec- 
trophoresis, which permit the analysis of both major- 
ity and minority bases [l-6]. However, these analy- 
ses are quite time consuming and other simpler 
methods should be applied when the interest is only 
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in majority bases, as in the analysis of pharmaceuti- 
cals which contain mixtures of nucleic bases or de- 
rived compounds (nucleosides and nucleotides). 
Among these simpler methods the use of first order 
multivariate calibration for the study of a mixture of 
nucleic bases, with spectrophotometric detection, has 
been proposed [7]. The experimental data used were 
the UV spectra obtained for the different mixtures. 
Analysis of mixtures of nucleic bases could also fo- 
cus on their acid-base properties. Potentiometric 
acid-base titrations have traditionally been used for 
the quantitative analysis of mixtures of compounds 
that present acid-base properties, but this procedure 
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can only be applied successfully to very simple mix- 
tures. For the analysis of more complex mixtures, 
first-order multivariate calibration has also been pro- 
posed [8], using the potentiometric values obtained 
through acid-base titrations as the experimental data. 
However, methods based on first-order multivariate 
calibration are mainly applicable to routine analysis 
since the preparation of a calibration matrix is time- 
consuming. Furthermore, the mixtures used as stan- 
dards have to be similar (in interferences present, 
concentration ranges, etc.) to the unknown mixtures, 
in order to model correctly the relationship between 
analyte concentration and instrumental response. In 
this paper a multivariate curve resolution method is 
proposed for the analysis of mixtures of nucleic bases. 
In contrast to first-order multivariate calibration, this 
method has the advantage of simultaneously taking 
into account the spectroscopic and the acid-base be- 
haviour of the substances and is thus more highly se- 
lective. It also avoids the need for a great number of 
calibration samples, because the one containing the 
analyte of interest is enough. The method and work- 
ing conditions that are proposed here can be applied 
whenever mixtures of compounds presenting acid- 
base behaviour and absorption spectrum are to be an- 
alyzed. 

In this paper, the experimental data are obtained 
from simulated spectrophotometric acid-base titra- 
tions of mixtures of up to four nucleic bases (adenine 
A, citosine C, hypoxanthine H and uracil U), ar- 
ranged in individual single titration data matrices and 
in augmented multiple titration data matrices. The 
systems studied here are closed-reaction systems i.e. 
those where the total concentration is kept constant 
during the titration for each acid-base pair consid- 
ered. 

Multivariate curve resolution methods are com- 
monly used to resolve the components present in un- 
known mixtures. When they are applied to ordered 
data matrices, a profile on each order (mode) of the 
data matrix for each component in the mixture is re- 
covered. For instance, in the case of the multivariate 
curve resolution of a data matrix obtained in an 
acid-base spectrometric titration, two profiles are re- 
covered for each species: a pH distribution profile and 
a species spectrum. Both profiles characterize the 
species in the system and identify it. We have re- 
cently shown [9,10] that multivariate curve resolution 

can easily be extended to the study of several corre- 
lated data matrices, each obtained under different 
conditions and therefore providing independent in- 
formation. The proposed method of simultaneous 
treatment of several correlated data matrices by mul- 
tivariate curve resolution is related to other second- 
order multivariate methods such as generalized rank 
annihilation (GRAM) [ 111, trilinear decomposition 
(TLS) [12] and Tucker and Tucker restricted three- 
way data analysis methods [ 131. The proposed method 
shares some of the advantages of all these second- 
order data analysis methods such as the simultaneous 
resolution and quantification of the components in the 
analyzed mixtures and the possibility of performing 
the quantitative determinations in the presence of un- 
known and uncalibrated interferences (second order 
advantage). In previous papers, it has been shown that 
the proposed second-order multivariate curve resolu- 
tion method is a powerful tool for species resolution 
and quantification of many types of unresolved 
chemical mixtures and is especially suitable for 
chemical data structures which do not fulfil the too 
high requirements of other second-order methods, 
such as trilinearity or strict analyte bilinearity. 

This paper is intended to show the application of 
second-order multivariate curve resolution to the 
study of rank-deficient chemical data. The effects that 
rank-deficient data produce both in the resolution and 
in the quantification of unresolved mixtures are ex- 
tensively studied. The presence of a rank deficiency 
has been observed for other kinds of experimental 
data [ 14,151. The most important case is, perhaps, that 
of reacting mixtures where the number of indepen- 
dent reactions is lower than the number of response- 
active (absorbing) species. Mixtures of substances 
with acid-base behaviour (like nucleic bases) also 
give rank deficient data when spectrophotometric pH 
titrations are performed. A similar situation of a rank 
deficiency in this type of acid-base data mixtures has 
also been described [15] in the analysis of a mixture 
of three hydroxybenzaldehydes using a flow injec- 
tion analysis system with a pH gradient. 

2. Data sets under study 

The main purpose of this paper is the study of the 
effects that a rank deficiency has upon resolution and 
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Wavelength (nm) 

Fig. 1. Absorption spectra for the protonated forms of adenine Fig. 2. Absorption spectra for the deprotonated forms of adenine 

(HA), cytosine (HC), hypoxanthine (HH) and uracil (HU). (A), cytosine (C), hypoxanthine (H) and uracil (U). 

quantification when multivariate curve resolution 
methods are applied and the evaluation of the best 
strategy in these cases. Simulated data were used in 
order to better compare and understand the results 
obtained. The main advantage of this kind of data is 
that the results obtained from the mathematical treat- 
ment can be easily compared with the theoretical 
ones, since these are known. Unambiguous conclu- 
sions about the behaviour of these systems can then 
be extracted and can be applied after when real sys- 
tems are studied. 

Four nucleic bases were used: adenine, cytosine, 
hypoxanthine and uracil. For each of them only one 
acid-base equilibrium was considered, with pK, val- 
ues of 4.02, 4.56, 8.51 and 8.93, respectively. Figs. 1 
and 2 respectively show the absorption spectra for the 
protonated and deprotonated forms of the four nu- 
cleic bases considered. All the spectra are taken be- 
tween 205 and 300 nm, at 1 nm intervals. Fig. 3 in- 
cludes the concentration profiles for the four nucleic 
bases. It can be observed that the system of the four 
bases under study presents a high degree of overlap- 
ping of both spectra and distribution profiles. 

Different spectroscopic titrations were simulated, 
each containing a different mixture of nucleic bases. 
Table 1 contains the concentrations of the nucleic 
bases present in these titrations. 

The data obtained from each titration consist of the 
absorbance values measured between 205 and 300 nm 

Wavelength (nm) 

at successive pH values (between pH 2 and pH 10.4, 
at 0.4 pH intervals), which can be considered as suc- 
cessive titration points. For each titration the data are 
arranged in a matrix D, which has a number of 
columns (n) equal to the number of wavelengths used 
and a number of rows (m) equal to the number of 
titration points (i.e. pH values). For the titration of a 
single nucleic base, matrix D was calculated using the 

PH 

Fig. 3. Concentration profiles of adenine (5.00X lo-’ M), cyto- 
sine (4.17 x 10m5 M), hypoxanthine (4.55 X 10m5 M) and uracil 
(3.85 X 10-j M). HX and X (where X is A, C, H or U, see nota- 
tion in Figs. 1 and 2) refer, respectively, to the protonated and de- 
protonated forms of each nucleic base. 
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Table 1 
Composition of the individual titrations 

Titration Concentration (X lo5 M) 

number symbol adenine cytosine hypoxanthine uracil 

1 A 5 - - - 

2 c - 5 - - 

3 H - - 5 - 

4 U 5 
5 AU 5 - - 5 
6 AC 5 5 - - 

7 ACU 5 5 - 5 
8 AHU 5 - 5 5 
9 ACHU, 5 5 5 5 
10 ACHU, 5 5 25 5 
11 ACHU, 5 25 25 5 
12 ACHU, 25 25 5 25 

Lambert-Beer law in matrix form, as described be- 
low: 

D=CST 

The dimensions of these three matrices are D(m 
X n), C(m X 2) and S(n X 2). The superscript T in- 
dicates the transposed matrix. Matrix S contains the 
individual spectra of the protonated and deprotonated 
forms of the nucleic base (see Figs. 1 and 2). Matrix 
C contains the concentrations of the protonated and 
deprotonated forms of the nucleic base at the differ- 
ent pH values (see Fig. 3). Throughout the titration 
the total concentration cc,) of nucleic base was kept 
constant. At each pH value a closure condition con- 
trolled by the mass action law had to be fulfilled: the 
total concentration must be the sum of the concentra- 
tions of protonated and deprotonated nucleic base. 
From the known pK, value and for a certain total 
concentration of nucleic base the concentrations of 
protonated (BH) and deprotonated (B) base are cal- 
culated at each pH value by applying the mass action 
law: 

[BHI = ca[H+ l/(K, + [H+ I) 

PI = K&am, + D-I+ I) 
For the titrations that contain more than one nu- 

cleic base, the absorbance data are calculated as fol- 
lows: 

D = xCiST 

i=l , .-., 4, since up to four different nucleic bases 
may be present in the simulated systems under study. 
In these systems the concentrations of protonated and 
deprotonated forms for each nucleic base are related 
by their respective mass action law as mentioned 
above. It is important to note that this closure condi- 
tion is fulfilled independently for each nucleic base. 

A random error with a standard deviation of 0.001 
absorbance units was added to the absorbance data. 
No systematic error, such as baseline drift was in- 
cluded in the data. In the study of the rank of the dif- 
ferent matrices pure absorbance data free from ran- 
dom error were also analyzed. 

Since the individual matrices have the two orders 
in common i.e. they share their row and column space 
(absorbance data were obtained at the same pH and 
wavelengths values for all the individual titrations), 
the second-order multivariate curve resolution 
method can be applied to the simultaneous analysis of 
more than one data matrix. In these cases the indi- 
vidual matrices are arranged in an augmented one. 
Fig. 4 indicates the two possible structures for an 

B k ?&!l 

PHI 

Pb 

PHI 

Ph 

PHI 

PHI I I Cl 

Fig. 4. Structures for: (A) individual, (B) augmented column-wise 
and (C) augmented row-wise data matrices. Augmented matrices 
are indicated using Matlab notation: [D,; D,; D,] and [D1, D,, D3] 
refer to column-wise and row-wise augmented matrices respec- 
tively. 
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augmented matrix Daug . It can be augmented col- 
umn-wise (wavelength-wise, keeping the wavelength 
values in common> or row-wise (pH-wise, keeping 
the pH values in common). In the first case, spectra 
must be measured at the same wavelengths in all the 
submatrices; in the second one, the pH values must 
coincide. The notation used to indicate column-wise 
or row-wise augmentation is explained in Fig. 4. 

3. Data treatment 

Although more detailed descriptions are given in 
other papers [10,16-201, the main steps of the sec- 
ond-order multivariate curve resolution procedure can 
be summarized as follows: 

(1) Arrangement of the spectral individual and/or 
augmented data matrices. This step has been de- 
scribed in detail in Section 2. 

(2) Rank analysis of the data matrices for the de- 
termination of the number of species present in each 
data matrix (individual or augmented). Since the ana- 
lyzed data contain only randomly distributed error, 
the indicator function proposed by Malinowski [21] 
and the visual inspection of magnitudes of matrix 
singular values were used indistinctly. It should be 
pointed out that Malinowski’s function fails when 
other contributions such as baseline drift or hetero- 
cedastic noise are present in the data. On the other 
hand, if the chemical components make a much larger 
contribution to the data variance than noise, back- 
ground or baseline changes, the number of chemical 
components can still be estimated easily by visual in- 
spection of plots of singular values. 

(3) Initial estimation of the concentration profiles 
or of the pure spectra of these species. They can be 
indistinctly used as initial input to the alternating least 
squares (ALS) optimization. Depending on the data 
structure and data selectivity, it is easier to obtain 
more reliable estimations of either concentration pro- 
tiles or pure spectra profiles. These are derived from 
techniques based on either the detection of ‘purest’ 
variables [22,23] or evolving factor analysis [24,25]. 
Local rank analysis, by techniques such as fixed size 
moving window evolving factor analysis 1261, can be 
used to detect both selectivity and windows or re- 
gions of species existence or non- existence. 

(4) Alternating least-squares (ALS) optimization 

of the concentration profiles and of the pure spectra 
based on compliance with the Beer’s law. Depending 
on the nature and structure of the data, different con- 
straints can be applied during the optimization. Some 
of the constraints have been specifically developed 
for second-order data, in order to take advantage of 
this kind of data. These constraints will also depend 
on whether the optimization is based on concentra- 
tion or spectra initial estimations. 

The constraints which may be applied to the ALS 
optimization when concentration initial estimations 
are used (as is mostly the case in the present paper) 
are: 

(i) Concentration profiles and UV-visible spectra 
of species present in the system must be non-nega- 
tive. 

(ii) Zero concentration windows: this constraint is 
applied to the initial estimation of the concentration 
profiles of each species, by keeping to zero the con- 
centration in those regions where the species is known 
not to be present. In this way possible selective re- 
gions and possible regions where a certain species is 
known to exist and/or not exist can be fixed during 
the optimization. 

(iii) Correspondence between common species in 
the different data matrices. 

(iv> Pure spectra of common species present in 
different titrations are equal. This requires the titra- 
tions to be carried out under the same experimental 
conditions of temperature and solvent composition. 

(v) Concentration profiles of common species pre- 
sent in different titrations can have equal shapes: this 
condition is fulfilled in the case of acid-base equi- 
libria, where the shape of the species distribution 
profiles does not depend on the concentration. This 
condition, however, is not fulfilled in general for 
multiequilibria reaction based systems [ 1 S]. 

Constraints (iii), (iv) and (v) are specifically ap- 
plied to second-order data. Both constraints (iv) and 
(v) are fulfilled for second order data with a trilinear 
structure (two orders in common) [12]. For second 
order data with one order in common between matri- 
ces either constraint (iv) or constraint (v) is fulfilled, 
depending on which is the order in common. The use 
of these constraints implies an improvement of the 
resolution conditions. If the rank conditions of reso- 
lution are achieved for one species in one matrix, then 
the resolution is also obtained for the same species in 
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the other matrices (even if resolution conditions did 
not hold for this species in those matrices). Further- 
more, with the second-order multivariate curve reso- 
lution approach, the number of possible solutions is 
also highly limited. 

When spectral estimations are used, another im- 
portant constraint can be applied in addition to con- 
straints (i), (iii), (iv) and (v) described above: 

(vi) Keeping the species spectrum of a certain 
species constant during the ALS optimization; this 
constraint is applied to improve the resolution and the 
accuracy of the quantification in those cases where 
the shape of the spectrum of a certain species is pre- 
viously well known. The shape of the spectrum of this 
species is fixed during optimization and only the 
spectra of the remaining species may be modified. In 
the present study, this constraint is applied in the 
quantitative study, for the determination of the ana- 
lyte in the presence of interferences, using a pure 
standard for the analyte (this corresponds to the anal- 
ysis of augmented data matrices such as [AU; Al, 
[ACU; A] and [ACHU; A]). In such cases, the shapes 
of the spectra of the protonated and deprotonated an- 
alyte can be unambiguously recovered from the stan- 
dard data matrix and this estimation is thus the best 
result. 

(5) Quantification of the analyte is possible when 
the proposed ALS optimization method is simultane- 
ously applied to standard and unknown mixture data 
matrices, all arranged together in an augmented data 
matrix. When the matrix relative to the unknown 
sample is analyzed simultaneously with that of a 
standard, the ratio between the areas of the concen- 
tration profiles for a particular species (the proto- 
nated or the deprotonated form of a certain nucleic 
base) in the different samples will give the ratio be- 
tween the concentrations for this species in the dif- 
ferent titrations. Since one concentration (that in the 
standard) is known, the absolute concentration in the 
unknown sample can then be evaluated easily. The 
area under the concentration profile of either the pro- 
tonated or deprotonated form of the nucleic base of 
interest is also proportional to the total nucleic base 
(analyte) concentration (fulfillment of the mass ac- 
tion law). Quantification can then be performed from 
the concentration profile of either the protonated or 
deprotonated form. In this paper both concentration 
profiles are used in the quantification process. 

The ALS procedure applied in this paper is imple- 
mented in a series of MATLAB subroutines. 

4. Results and discussion 

4.1. Rank analysis 

Rank analysis of the individual and augmented 
data matrices was carried out by singular value anal- 
ysis and by Malinowski’s indicator function. This 
study was performed both on pure data and on data 
with an added random error (standard deviation 0.001 
absorbance units). 

Table 2 contains the singular values obtained for 
the different individual data matrices free from ran- 
dom error. Analogous results are obtained when ran- 
dom error is added to the data. 

A preliminary aspect to consider in the analyzed 
data is that the rank of the data matrix obtained in the 
titration of a single nucleic base (analyte) is two (see 
Table 2) since during the acid-base titration two 
species, the protonated and deprotonated forms of the 
nucleic base, are formed. Therefore, the usual as- 
sumption for bilinear data, that the analyte provides a 
rank one data matrix, fails in this case. In fact this 
situation is the common one in many reaction-based 
systems such as equilibrium and kinetic systems [ 161. 
In the literature, systems where a single analyte pro- 
vides a data matrix with a rank higher than one have 
been called non-bilinear systems [ 131 and have tradi- 
tionally been considered more difficult to resolve and 

Table 2 
Singular values for the individual data matrices ‘, free from ran- 
dom error 

A AU AC ACU AHU ACHU 

35.72 51.91 58.54 74.65 12.52 94.91 
4.80 6.85 7.74 8.74 10.47 11.16 

_b 1.83 0.65 2.13 1.79 3.83 
- - 0.44 0.34 0.38 
- - - - 0.28 
- - - - 

Theoretical number of components 

2 4 4 6 6 8 

a See text for the description of the matrix notation. 
b Hyphens indicate a zero singular value. 
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to use for quantitative determinations using current 
second-order and three-way data analysis methods. 
However, when the concept of analyte is replaced by 
the concept of chemical species, a system considered 
non-bilinear in terms of the analyte becomes bilinear 
in terms of the species. Bilinear based methods can 
then also be used for resolution and quantification of 
the species instead of the analyte. The relation be- 
tween the species and the analyte concentrations can 
be established a posteriori for a particular type of re- 
action. In the case of acid-base reactions, for exam- 
ple, it can easily be shown that the concentration of 
any of the basic or acidic species formed during the 
acid-base reaction is directly proportional to the to- 
tal concentration of the acid or base (analyte). 

reacting mixtures, in which the different concentra- 
tion profiles are linearly dependent due to the gov- 
erning equilibrium reactions, when the number of ab- 
sorbing species is higher than the number of inde- 
pendent reactions [ 141. 

The results included in Table 2 show that, with the 
exception of the data matrices with a single nucleic 
base, the rank of the matrices is lower in all the other 
cases than the total number of absorbing species pre- 
sent in each of them (rank deficiency). This is ex- 
plained by the nature of closed reaction systems [27] 
(i.e. systems in which the total concentration is kept 
constant). Data matrices of closed systems have been 
shown to be rank deficient when operations like mean 
centring or differentiation are applied to them [27]. 
Furthermore, a rank deficiency in the original data 
may occur in the specific case of closed systems with 

For an example, the four-nucleic base system has 
been chosen (matrix ACHU). The rank of this data 
matrix is five, meaning that only five independent 
sources of data variation (factors) are detected. At the 
beginning of the titration (pH 2) a mixture of the four 
protonated species is present (see Fig. 3) and de- 
scribed by a single factor. As the titration advances, 
(i.e. pH is increased) there is the successive forma- 
tion of the deprotonated forms of the four nucleic 
bases (see Fig. 3). Each deprotonation process, which 
is ruled by an equilibrium constant, is related to an 
independent source of data variation. Therefore, the 
number of independent factors must be five in agree- 
ment with the calculated rank for this matrix. This is 
also true of all the other studied matrices and it can 
be stated that for systems containing n different com- 
pounds with acid-base behaviour (and thus, n reac- 
tions and 2n absorbing species), the rank of the cor- 
responding individual data matrix will be n + 1. 

Two methods have been proposed to achieve the 
rank augmentation of a rank-deficient data matrix 
[ 141: (1) matrix augmentation by simultaneous analy- 

Table 3 
Indicator function [21] values (X 10’) for the column-wise (wavelength) augmented data matrices a, containing random error (standard devi- 
ation 0.001 a.u.) 

a b c d e f g h i 

138 105 165 123 127 212 154 154 143 
38.2 35.7 65.6 67.2 57.7 87.5 83.7 89.1 83.1 
15.9 15.4 45.8 41.8 31.8 44.8 47.1 45.9 46.6 

1.46 1.18 13.2 13.5 15.9 22.0 25.3 25.9 25.6 
1.47 1.19 1.48 8.39 8.32 3.06 15.8 16.1 15.4 
1.48 1.20 1.50 1.22 1.23 1.52 1.57 4.97 7.27 
1.49 1.22 1.51 1.24 1.24 1.53 1.24 3.24 5.03 
1.51 1.24 1.53 1.25 1.26 1.54 1.26 1.28 1.28 
1.53 1.26 1.54 1.26 1.27 1.56 1.28 1.29 1.30 

Number of significant components 

4 4 5 6 6 6 7 8 8 

Theoretical number of components 

4 4 6 6 6 8 8 8 8 

a = [AU; A], b = [AU; A; U], c = [ACU; Al, d = WU; A; Cl, e = [ACU; A, c; ul, f = [ACHU; Al, g = [ACHU; A; cl, h = 1ACHU; A; 
C; H], i = [ACHU; A; C; H; VI. 
a See text for the description of the matrix notation. 
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sis of multiple process runs, (2) matrix perturbation 
by addition of a single species or of mixtures of them 
during the process or reaction. The first approach will 
be applied here: rank augmentation can be achieved 
by simultaneous analysis of the titration matrix of the 
mixture of nucleic bases together with the titration 
matrices of single nucleic bases. Both augmented 
column-wise (wavelength-wise) or row-wise (pH- 
wise) data matrices are studied. 

protonated and deprotonated forms are constrained by 
closure and mass action law, the columns of C can- 
not change independently. For each nucleic base, if 
one of the two concentration profiles is known the 
other is automatically defined. However, each species 
is characterized by an independent spectrum and 
consequently there is no linking relationship between 
the rows of ST. 

Tables 3 and 4 give the results of the indicator 
function calculated respectively for the column-wise 
and row-wise augmented matrices in the presence of 
random error. Analogous results are obtained in the 
absence of error. The indicator function gives a mini- 
mum value for the number of independent detected 
chemical species or chemical rank. 

For all the systems studied there is an increase in 
rank when an augmented column-wise (wavelengtb- 
wise) matrix is considered. On the other hand, when 
an augmented row-wise (pH- wise) matrix is consid- 
ered its rank does not increase, independently of the 
number of single nucleic base titration matrices in- 
cluded in the augmented data matrix. 

It can be demonstrated that when a matrix Z can 
be decomposed into the product of two matrices, Z 
= PQ, then rank(Z) I rnin(rankfP), rank(Q)). In the 
case under study the rank of the experimental matrix 
must be equal or lower to that of the matrix of con- 
centration profiles since the matrix of spectra is al- 
ways of full rank. Similar conclusions were obtained 
by Amrhein et al [14]. In fact, rank analysis of the 
matrix of concentration profiles that corresponds to a 
mixture of the four nucleic bases and contains eight 
concentration profiles, gives a value of five. This 
value coincides with that obtained for the experimen- 
tal data matrix ACHU (see Table 2). 

The different effects of row-wise and column-wise 
data augmentation on the rank of the corresponding 
augmented matrices must be related to the particular 
structure of the data analyzed in the present work. 

Each individual data matrix D can be considered 
as the product of two matrices, D = CST (see above). 
Since for each nucleic base the concentrations of 

Row-wise and column-wise augmented data ma- 
trices can also be decomposed as the product of a 
matrix of concentration profiles and a matrix of spec- 
tra (Fig. 4) and consequently rank of the augmented 
data matrix is related to that of the matrix of concen- 
tration profiles. Row-wise matrices are decomposed 
in an individual matrix C which is rank-deficient due 
to the dependence between species (for a mixture of 
the four nucleic bases its rank is five). On the con- 

Table 4 
Indicator function [21] values (X lo71 for the row-wise (pH) augmented data matrices ‘, containing random error (standard deviation 0.001 
au.). 

a 

547 

b 

492 

c 

660 

d 

597 

e 

547 

f 

820 

g 

720 

h 

685 

i 

633 
177 215 204 

6.21 6.29 55.0 
6.44 6.55 6.52 
6.70 6.83 6.78 
6.97 7.13 7.07 

Number of significant components 

3 3 4 

173 213 340 297 330 310.1 
59.4 53.4 63.5 64.2 60.6 58.6 

6.62 6.61 25.9 22.7 25.0 32.0 
6.90 6.90 6.85 6.96 6.95 6.94 
7.21 7.22 7.13 7.26 7.27 7.27 

4 4 5 5 5 5 

Theoretical number of components 

4 4 6 6 6 8 8 8 8 

a = [AU, Al, b = [AU, A, Ul, c = [ACU, Al, d = [ACU, A, Cl, e = [ACU, A, C, Ul, f = [ACHU, Al, g = [ACHU, A, Cl, h = 1ACI-W A, 
C, H], i = [ACHU, A, C, H, Ul. 
a See text for the description of the matrix notation. 
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trary, column-wise augmented matrices are decom- 
posed into an augmented C matrix that consists on 
independent matrices of concentration profiles. 
Therefore, the rank of the augmented C matrix is in- 
creased when new information is included in the dif- 
ferent individual concentration matrices included in 
the augmented column-wise C matrix. As an exam- 
ple, the rank of the augmented C matrix that contains 
the rank-five matrix of the eight concentration pro- 
files of the four nucleic bases and the rank-two ma- 
trix of the two concentration profiles (protonated and 
deprotonated) of one of the nucleic bases, is six. The 
rank is increased by one because one additional con- 
centration profile (a new column in matrix C) is 
needed to explain the change in concentration of the 
protonated form of the nucleic base which is fully re- 
solved in the single nucleic base rank-two data ma- 
trix and unresolved in the four nucleic base rank-five 
data matrix. This is in agreement with the results ob- 
tained in the analysis of augmented column-wise data 
matrices such as [ACHU; A]. 

There is rank augmentation when the individual 
matrices included in the column-wise augmented one 
correspond to mixtures containing different propor- 
tions of the nucleic bases. In this paper mixtures con- 
taining a single nucleic base have been used in order 
to get rank augmentation, but analogous results are 
obtained if different mixtures containing the same 
nucleic bases are analyzed, provided that the propor- 
tion between the bases is different in each mixture. 
The inclusion of each of these individual matrices in- 
creases the rank of the previous matrix by one. It can 
be deduced that the rank of the augmented column- 
wise matrices is equal to I + k, for k < 12, where Y is 
the rank of the mixture of nucleic bases titration ma- 
trix, k is the number of different single nucleic base 
titration matrices added to the system and n is the to- 
tal number of nucleic bases contained in the mixture. 
When the information concerning n - 1 titrations of 
single different nucleic bases is included in the aug- 
mented data matrix, this matrix becomes a full rank. 

4.2. Species resolution 

4.2.1. Individual data matrices 
(a) Individual data matrices containing a single 

nucleic base: [A], [HI, [Cl or [VI. 
The resolution (i.e. recovery of spectral and con- 

centration profiles) of the individual data matrices 
containing one of the four nucleic base acid-base 
titrations (full rank two matrices) can be achieved in 
all cases without ambiguities because full selectivity 
is present in such systems [lo]: at the most acidic pH 
values only the acidic form is present and at the most 
basic pH values only the basic form is present. The 
deduction of the species distribution and spectra was 
achieved in the four cases by application of the ALS 
optimization. 

(b) Individual data matrices containing a mixture 
of nucleic bases: [AC], [ACU], [ACHU] . . . 

For individual data matrices containing a mixture 
of two or more nucleic bases, the total absence of se- 
lectivity either in the pH or in the wavelength direc- 
tion (Fig. 1, Fig. 2 and Fig. 3) and the existence of a 
rank deficiency in the data matrix, hinder resolution 
of all the species when these matrices are individu- 
ally analyzed. 

4.2.2. Augmented data matrices 
(a) Full-rank augmented column-wise data matri- 

ces: [AC; A], [ACU; A; C], [ACHU; A; C; HI.. . 
When an augmented full-rank matrix is analyzed, 

species resolution is accomplished for all the species 
present in the system, including for those species 
whose nucleic base individual titration is not in- 
cluded in the augmented matrix. As an example, a 
complete recovery of the spectra and concentration 
profiles of both adenine and cytosine is accom- 
plished from the analysis of the augmented matrix 
[AC; A], with correlations higher than 0.9999 be- 
tween the theoretical and ALS calculated spectra and 
concentration profiles. Analogous results are ob- 
tained from the analysis of any other full-rank aug- 
mented matrix. 

(b) Rank deficient augmented column-wise data 
matrices: [ACU; A], [ACHU; A], [ACHU; A; C]. . . 

A correct resolution is now achieved only for those 
species which are simultaneously present in the ma- 
trix of the mixture and in the matrix of the single nu- 
cleic base titration. As an example, when the aug- 
mented matrices [ACT-J; A] and [ACHU; A] are ana- 
lyzed, a good resolution (with correlations higher than 
0.9999) is obtained only for the protonated and de- 
protonated forms of adenine. Fig. 5 shows the con- 
centration profiles obtained from the analysis of the 
augmented matrix [ACU; A]. 
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Fig. 5. Concentration profiles obtained from the analysis of the 
augmented matrix [ACU, A]. Titration 1: Concentration profiles for 
matrix ACU and titration 2: concentration profiles for matrix A. 
HA and A refer to the protonated and deprotonated forms of ade- 
nine, respectively. 

4.3. Quantijcation 

The study of quantification with the ALS multi- 
variate curve resolution method in systems with rank 
deficiency was exhaustively analyzed for different 

mixtures of nucleic bases. The quantification of the 
analyte in the unknown mixture is performed by the 
ALS simultaneous analysis of standards and un- 
knowns. 

4.3.1. Quantijication of single analyte mixtures 
Single nucleic base titrations give single analyte 

matrices of rank two, since the acid-base titration 
gives two species, the acidic and basic forms of the 
nucleic base. When this matrix is analyzed in com- 
parison with that of a standard (containing a known 
concentration of the nucleic base to be determined), 
quantification is perfect (analysis of augmented ma- 
trices such as [A cl ; A,,]). This is a very simple sys- 
tem, in which, since there is no rank deficiency, a 
complete recovery of both the concentration and the 
spectral profiles is accomplished and quantification is 
achieved by comparison of areas of concentration 
profiles, from either the acidic or basic form of the 
nucleic base. 

4.3.2. Quantification of binary nucleic base mixtures 
When a single mixture data matrix of two nucleic 

bases is analyzed, no quantification is possible. In- 

Table 5 
Percentage of prediction error for several mixtures of nucleic bases, deduced using either concentration or spectra profiles as initial esti- 
mates. The concentration of all the nucleic bases in all the matrices is 5~10~~ M 

Analyzed matrix 

[AU; Al 
[AU; Ul 
[AC; Al 
[AC; Cl 
[ACU; A] 
[ACU; C] 
[ACU; U] 
[ACHU; A] 
[ACHU; cl 
[ACHU; HI 
[ACHU; u] 

Initial concentration estimates Initial spectra estimates 

% prediction error a % fitting error b % prediction error ’ % fitting error b 

HXc X HX X 

0.13 <O.l 0.159 0.14 <O.l 0.165 
0.14 < 0.1 0.185 < 0.1 < 0.1 0.185 

< 0.1 < 0.1 0.136 < 0.1 0.41 0.146 
< 0.1 < 0.1 0.147 0.16 0.76 0.153 
<O.l <O.l 0.141 0.25 1.15 0.146 
< 0.1 < 0.1 0.154 0.12 0.97 0.138 
<O.l < 0.1 0.145 0.23 <O.l 0.149 

0.14 0.16 0.124 0.14 1.53 0.198 
< 0.1 0.18 0.197 < 0.1 2.17 0.176 
<O.l 0.10 0.130 6.10 0.43 0.129 
<O.l 0.53 0.134 15.3 1.30 0.174 

a The percentage of prediction error is calculated as follows: % P.E. = cc* - ci)/ci * 100, where cf and ci refer respectively to the calcu- 
lated and real concentration of the nucleic base that is quantified. 
b The percentage of fitting error is calculated as follows: % F.E. = &CAd,; - dif)‘/C,E@$ * 100, where d; and dif refer respectively 
to the calculated and real absorbance data. 
’ HX and X refer respectively to the protonated and deprotonated forms of the nucleic base, which are present simultaneously in both iudi- 
vidual matrices. 



A. Izquierdodidorsa et al. / Chenwmetrics and Intelligent Laboratory Systems 38 (1997) 183-196 193 

stead, an augmented data matrix is built, where the 
information of one of the two nucleic bases is given 
at least at two independent conditions. In this case the 
rank-deficiency is completely eliminated in the aug- 
mented matrix (see rank analysis and species resolu- 
tion above) and the ambiguities in the recoveries of 
the species profiles for all the species in the different 
data matrices are almost solved. For this reason 
quantification is also achieved simply by comparing 
areas of concentration profiles of the same species in 
the different data matrices. A mixture of adenine and 
uracil (matrix AU) was chosen for the study of quan- 
tification of one of these compounds in the presence 
of the other, which acted as an interference. Firstly, 
uracil was the compound to be determined and ade- 
nine the unknown interferent. A data matrix of the 
unknown mixture was analyzed simultaneously with 
a data matrix of pure uracil of known concentration 
(augmented matrix [AU; VI>. While the mixture sam- 
ple matrix AU has a rank of three, the addition of the 
information of the standard sample matrix U in the 
column-wise augmented data matrix [AU; U] in- 
creases the rank by one. In this case rank deficiency 
is completely broken with the added information of 
the standard. 

Four spectroscopically different species are con- 
sidered in the system under study. The next step was 
the selection of the initial estimators for the concen- 
tration and spectra profiles of these species for the 
ALS optimization procedure. Both concentration and 
spectral initial estimations are used and compared. 
For uracil, the spectra or concentration profiles de- 
duced from the individual analysis of matrix U, are 
considered the initial estimators. Considering that no 
information is known about the presence or re- 
sponses in either order (concentration and spectra 
profiles) of the interferent, adenine, the initial con- 
centration estimators were obtained by evolving fac- 
tor analysis [24,25] of the sample matrix and its ini- 
tial spectral estimators were evaluated by analysis of 
the purest variables [22,23] present in the sample ma- 
trix. The results are included in Table 5. They show 
correct quantification in both cases, independently of 
the initial estimators used. Analogous results were 
obtained when adenine was the analyte to be quanti- 
fied and uracil was the unknown interference (analy- 
sis of the augmented matrix [AU; A]) and also for the 
mixtures of adenine and cytosine, which have very 

similar pK, values (analysis of augmented matrices 
[AC; A] and [AC; Cl). These results can be extended 
to the analysis of any other binary mixture of nucleic 
bases with identical results. 

4.3.3. QuantiJication of tertiary nucleic acid-base 
mixtures 

The next possible situation is the mixture of three 
nucleic bases. A mixture of three nucleic bases gives 
a rank of four and is therefore two units rank defi- 
cient. Matrix augmentation by the addition of two 
data matrices corresponding each one to the titration 
of one of the nucleic bases included in the mixture 
breaks rank deficiency and gives an augmented rank 
6 matrix, allowing the resolution and recovery of all 
the species present, even of those not included in the 
matrices of titrations of individual nucleic bases. The 
results of this case, where rank deficiency is com- 
pletely broken (adding two single nucleic base stan- 
dard matrices to the three nucleic base mixture), are 
not given here since they are equivalent to those of 
the analysis of the binary mixture with one standard. 

More interesting is the study of the tertiary mix- 
ture samples when only the information about one of 
the nucleic bases (the analyte to be determined) is in- 
cluded (matrix of single nucleic base) and the other 
nucleic two bases (four species) are the unknown in- 
terferences. In this case, rank deficiency is not elimi- 
nated (there are six species but the rank of the aug- 
mented matrix will be only five). Consequently, only 
the recovery of the concentration and spectral pro- 
files of the analyte (present in both matrices) is as- 
sured. The number of species to be considered in the 
ALS treatment will be a maximum of five. 

The results obtained from the analysis of the mix- 
ture of equimolar concentrations of adenine, cytosine 
and uracil (matrix [ACU]) when only one of these 
nucleic bases is included as standard (systems [ACU; 
A], [ACU; C] and [ACU; VI> are given in Table 5. A 
good quantification is achieved for all the nucleic 
bases present in the mixtures when either concentra- 
tion profiles or spectra are used as initial estimations. 
These results show again that although the total reso- 
lution and quantification of rank-deficient systems is 
not possible, resolution and quantification of the 
common analyte in the simultaneously analyzed ma- 
trices is still possible. 
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Table 6 
Percentage of prediction error for three mixtures that contain different concentration ratios of tbe four nucleic bases. Results obtained using 
concentration profiles as initial estimators. Tbe concentration of tire nucleic bases in tbe standard matrices is 5~10~~ M 

Concentration (X lo4 M) a [ACHU; A] [ACHU; cl [ACHU; HI [ACHU; ul 
% P.E b % P.E % P.E % P.E 

A C H U HX” x HX X HX X HX X 

0.5 0.5 2.5 0.5 0.11 0.11 <O.l 0.15 4.85 0.30 <O.l 0.63 
0.5 2.5 2.5 0.5 0.15 0.13 0.40 2.06 4.12 0.30 < 0.1 0.84 
2.5 2.5 0.5 2.5 0.50 1.96 0.45 1.38 <O.l 0.38 10.7 0.20 

a Real concentration (M X lCGO0) for the four nucleic bases in the ACHU matrix. 
b % P.E. is the percentage of prediction error (see Table 5). 
’ HX and X refer respectively to the protonated and deprotonated forms of tire nucleic base, which are present in both individual matrices. 

4.3.4. Quantification of quaternary nucleic acid-base 
mixtures 

A mixture with equimolar concentrations of ade- 
nine, cytosine, hypoxanthine and uracil was studied, 
using both concentration and spectra profiles as ini- 
tial estimations. As for tertiary systems, total resolu- 
tion and quantification is achieved for full rank aug- 
mented data matrices (i.e. augmented matrices such 
as the full rank [ACHU; A; C; HI matrix, with 8 
species, 3 analytes and 1 interferent). These results 
are obtained by applying the same principles and 
methods described above. 

More interesting again is the analysis of the rank- 
deficient augmented matrices of this quaternary sys- 
tem (for instance when only one nucleic base titra- 
tion is included in the augmented matrix, i.e. [ACHU; 
A] rank six augmented matrix). The results are shown 
in Table 5. In this more complex case, quantification 
is better when concentration profiles rather than 
spectra are used as initial estimations in the ALS op- 
timization procedure, since a selectivity constraint 
(see description of constraints in the description of the 
ALS optimization procedure) can be applied only in 
the pH direction and not in the wavelength direction, 
where the different species absorb in all the wave- 
length range. In the pH direction there is always a 
certain selective pH range for each species, acidic or 
basic, which can be exploited during the ALS opti- 
mization. For the four nucleic base system, different 
mixtures in different concentration ratios were also 
analyzed, using the concentration profiles as initial 
estimations in the ALS optimization and applying se- 
lectivity constraints. The results are included in Table 
6. It can be observed that when the concentration of 

the nucleic base in the mixture is different from that 
in the standard (5 X 10m5 M for all standards), worse 
results are obtained in certain cases. This is clearly 
related to the higher concentration extrapolation that 
must be performed using a single standard calibra- 
tion method. Quantification of the four bases in the 
different mixtures was also performed using stan- 
dards with a concentration 2.5 X low4 M giving a 
prediction error lower than 1% for all the nucleic 
bases present in the mixtures at higher concentration 
and worse results for the nucleic bases whose con- 
centration was 5 X 10e5 M. 

5. Conclusion 

Rank analysis of the data matrices obtained from 
spectrophotometric acid-base titration of nucleic 
bases showed that whenever a single nucleic base is 
analyzed, a full rank data matrix is obtained with rank 
of 2 since two species are formed during the titra- 
tion: the deprotonated and protonated forms of the 
nitrogen base. These two species are linked by a con- 
centration closure and by the constraint of the mass 
action law. On the other hand, when mixtures of nu- 
cleic bases are analyzed, rank-deficient matrices are 
obtained. Rank augmentation is achieved when aug- 
mented matrices in the spectral order are analyzed 
whereas matrix augmentation in the pH order does not 
provide any rank increase. With augmented column- 
wise matrices there is a decrease of the rank-de- 
ficiency, and eventually full rank can be achieved. 
This depends on what individual matrices are in- 
cluded in the augmented one. Thus, the selection of 
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the experiments to carry out in order to break the rank 
deficiency is a matter of choice and it is related to the 
experimental design. 

Rank deficiency is a very important hindrance to 
resolution of this kind of systems. In order to achieve 
a particular species resolution in an unknown mix- 
ture the information relative to this species can be 
added in a column-wise augmented data matrix. As it 
could be expected, a total resolution is only achieved 
when full-rank matrices, either augmented or not, are 
analyzed. 
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