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Abstract Homovanillic acid (HVA) and vanillylmandelic acid (VMA) were selectively
determined by quartz crystal nanobalance sensor in conjunction with net analyte signal
(NAS)-based method called HLA/GO. An orthogonal design was applied for the formation
of calibration and prediction sets including HVA, VMA, and some common and structurally
similar urine compounds. The selection of the optimal time range involved the calculation
of the NAS regression plot in any considered time window for each test sample. The
searching of a region with maximum linearity of NAS regression plot (minimum error
indicator) and minimum of predicted error sum of squares value was carried out by
applying a moving window strategy. Based on the obtained results, the differences on the
adsorption profiles in the time range between 1 and 300 s were used to determine mixtures
of compounds by HLA/GO method. Several figures of merit like selectivity, sensitivity,
analytical sensitivity, and limit of detection were calculated for both compounds. The
results showed that the method was successfully applied for the determination of VMA and
HVA.
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Introduction

Urinary homovanillic (4-hydroxy-3-jnethoxyphenylacetic) acid (HVA) and vanillylmandelic
(4-hydroxy-3-methoxymandelic) acid (VMA) are quantitatively the most important catabolic
products of catecholamines. Increased levels of these metabolites in urine clinically may
indicate presence of malignant tumors arising from cells of the neural crest such as
neuroblastoma and pheochromocytoma [1-3]. Identification and detection of the abnormal
levels of these metabolites in urine samples are necessary to diagnosis and therapy of these
pathologies.

A colorimetric method, based on the oxidation of VMA to vanillin, was often used in the
clinical laboratories for analysis of VMA. This method is generally free from interferences
but involves many lengthy steps of extraction [4].

High-performance liquid chromatography methods have been devised to measure VMA
and VMA levels, but developed methods have disadvantages, which include sample
pretreatment difficulties, low resolution, slow separation, and large injection volume [5]. The
limit of detection of the method was 0.12 mg L ! for VMA with a fluorometric detector [6].

A capillary zone electrophoresis method has been described for HVA and VMA
measurement in infant urine samples. In addition to pretreatment process, a concentration
step is also necessary with this method, since the concentration in the urine samples of
healthy infants is less than the detection limit [7]. Their limits of detection for HVA and
VMA were 73.76 and 35.67 mg L™, respectively.

Recently, a method based on capillary gas chromatography with flame ionization
detection was developed for routine analysis of human urine to detect VMA and HVA. In
this methodology, an internal standard is used, and the procedure involves ethyl ester
formation without isolation of the compounds of interest. However, these instruments are
prohibitively expensive [8].

Mass screening emergency for neuroblastoma in childhood demands to develop simple
and inexpensive methods with a rapid and quantitative response. Quartz crystal nano-
balance (QCN) is a sensing system based on the sorption of analyte on an adsorbent
material [9]. The QCN comprises a thin vibrating AT-cut quartz wafer sandwiched between
two metal excitation electrodes. When small amounts of mass are adsorbed at the quartz
electrode surface, the frequency of the quartz is changed according to the well-known
Sauerbrey equation [10]:

_ Am
AF = —2.26 x 10°F} (7) (1)

where AF is the measured frequency shift, Fiy the original oscillation frequency of the dry
crystal, Am the mass change, and 4 the piezoelectrically active area of the excitation
electrodes.

Due to some advantages including low cost, portability, and easy on-line analysis, the
QCN sensor is extensively used for the measurements of mass changes in a variety of
chemical and biological studies, such as determination of volatile organic compounds [11,
12] and poisonous compounds [13] and immunoassay [14, 15].
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In some cases, the major drawback of the sensors based on QCN is the lack of
selectivity, since along with the analyte, other compounds usually interfere. In other words,
there is no discrimination between the sources of the mass changes. To overcome this
shortcoming, one approach is the pattern recognition technique, which can be used for the
data processing of the QCN signals for the simultaneous determination of mixtures of
compounds. Multilinear regression, partial least squares, and net analyte signal (NAS) are
examples of multivariate analytical techniques [16—18]. The NAS for any analyte based on
spectroscopic methods is that a part of the spectrum from analyte that is orthogonal to the
space, spanned by the spectra of all constituents except the analyte. Since the NAS vector
indicates a direction only affected by changes in the analyte concentration, it can serve as a
fully selective determination of analyte. Therefore, it can be expected identification of
different chemicals from interferences [19].

The hybrid linear analysis presented by Goicoechea and Olivieri (HLA/GO) algorithm,
one of the NAS-based methods, has been successfully used for resolving multicomponent
mixtures. Goicoechea and Olivieri [20] have determined tetracycline in blood serum by
using synchronous spectrofluorimetry through the HLA/GO algorithm. This algorithm has
also been applied for the simultaneous determination of leucovorin and methotrexate, by
spectrophotometric [21] and sorbic and benzoic acids in fruit juice samples by using
spectroscopic signals [22]. HLA/GO has also been applied to the determination of binary
mixtures of amoxycillin and clavulanic acid by stopped-flow kinetic analysis [23].

To our knowledge, no study reported for the detection and determination of VMA and
HVA using QCN technique. In the present study, we report the simultaneous determination
of VMA and HVA in the solution containing some common urine analytes using
polymethylmetacrylate (PMMA)-coated QCN. NAS is utilized to process the frequency
data of the crystal at various times, based on different adsorption dynamics of VMA and
HVA on the PMMA-coated QCN.

Theory
Notation

An IxJ data matrix R composed of the calibration responses of 7 samples at J times, a Jx 1
vector s; containing the pure adsorption profile of analyte & at unit concentration, and an
Ix1 vector ¢, of calibration concentrations of analyte k£ are the used matrices and vectors
throughout the present work. The NAS for analyte & (r}) is given by the following equation:

i = [ = Rx(R4)"]r = Prasir (2)

where 7 is the adsorption profile of a given sample (when r is the profile s, of pure & at unit
concentration, Eq. 2 becomes s: = Pnusi.Sk), 1 is a JxJ unitary matrix, R4 is a Jx4
column space spanned by the adsorption profile of all other analytes except k (R*, is the
pseudoinverse of R_; and 4 is the number of factors used to build the model), and Pyas  is
a JxJ projection matrix which projects a given vector onto the NAS space.

The concentration of component & in an unknown sample is obtained from its adsorption
profile (r) as

e e (' N
= sIPsy  sIPPs; HS:HZ
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The applied method in this research involves using the mean (uncentered) calibration
profile. It is first obtained as

1

1
Feal = 7 Z Fical (4)

i=1

where 7; ¢, is the profile for the ith calibration sample. Then, the contribution of analyte & is
subtracted from the data matrix R in the following way:
_ Ck?gal (5)

Ri=R—-—
C,cal

where ¢y ¢4 1 the mean (uncentered) calibration concentration of analyte k. The calculation
of net sensitivity (s,:'< ) is then carried out with the following equation:

* ’_/'Tl
= Pruasy |- 6
5t = Puasa [ 22 ©

Selection of Time Window

In the present work, the selection of the optimum range of time window was made by
calculating an error indicator (EI) as a function of a moving window for each prediction
sample, using information of the net analyte signal regression plot (NASRP). NASRP is a
plot of the elements of the sample vector r: versus those of s: and should fit a straight line
through the origin, with random residuals and slope ¢;. Large and correlated residuals in
this plot reveal discrepancies between the measured profile (and thus in r: ) and the model
and, possibly, bias in the estimated concentration. The expression for EI used in the present

context is [23]:

1

o )] .

where s is the standard deviation from the best-fitted straight line to the NASRP (in a given
adsorption region), and N is the number of points in the latter plot.

Figures of Merit

Figures of merit have been used in the literature to study the quality of a given analytical
method. The ratio of the magnitude of the NAS vector, which is constructed to be free of
interference, to the magnitude of the pure component vector yields the selectivity (SEL).
Consequently, selectivity ranges between zero (complete overlap) and unity (no overlap).
SEL can be calculated with the following equation [24]:

s
sl

where ||s*|| is the norm of net sensitivity vector of the / analyte of interest, and ||s|| the
norm of total adsorption profile of the sample.

SEL =

(8)
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The sensitivity indicates to what extent the response due to a particular analyte varies as
a function of its concentration [24] and can be expressed as:

SEN = ||s|| 9)
The limit of detection has been calculated according to the following expression [23]:
LOD = 3|e[[|[]] (10)

where ||e]| is a measure of the instrumental noise. The instrumental noise was calculated by
recording five adsorption profiles for blank samples, calculating the norm of the NAS for
each sample and the corresponding standard deviation. Finally, the analytical sensitivity can
be considered as the most useful parameter for method comparison. The analytical
sensitivity, y, which is defined in analogy to univariate calibration as [23]

y = SEN/6r (11)

where ér is an estimation of the standard deviation of errors and may be approximated to
the above-mentioned ||¢|. However, the minimum concentration difference that is
statistically discernible by a method can be expressed as y~!(y~! = 1/y).

Materials and Methods
Reagents and Material

All reagents used in this experiment were of analytical grade. VMA, HVA, dopamine (DA),
tyrosine (Tyr), uric acid (UA), ascorbic acid (AA), and homogentistic acid (HGA) were
from Sigma Chemicals with analytical grade. PMMA was synthesized in the laboratory
according to the well-known method [25].

Instrumentation

Ten megahertz AT-cut quartz crystals with gold coating on both sides were commercially
available from the International Crystal Manufacturer (Oklahoma, USA). For QCN
experiments, a home-made apparatus was used as described in our previous work [26].

Procedures

A solution casting method was used to coat the polymer over the quartz crystal electrode.
Using a Hamilton microliter syringe (Hamilton BonaduzAG, Switzerland), 4 pL. of PMMA/
chloroform solution (0.3%, w/v) was dropped on top of the gold electrode of the quartz
crystal. A thin layer of PMMA was obtained after solvent evaporation.

An orthogonal design was applied for the formation of calibration and prediction sets
including HVA, VMA, and some common and structurally similar urine compounds.
Orthogonal design is used in order to give the most information from the analytical system
by using only a few samples. The calibration and prediction sets were prepared according to
four-level orthogonal design.

The concentrations varied in the linear range of each compound (30-250 mg L' for
VMA and HVA and 70-300 mg L' for HGA and 100-400 mg L' for DA and AA). All
solutions were filtered using a syringe filter (0.2 um) before injecting to the cell. Milli-Q
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water was used to desorb analyte and recover the electrode. All measurements were carried
out at room temperature (25°C).

Results and Discussion
Determination of Pure VMA and HVA

The polymer-coated electrode was exposed to a constant concentration of aqueous VMA
and HVA solutions (50 mg L '). Typical responses for VMA are shown in Fig. 1. The
frequency of the crystal decreased due to the adsorption of analyte to the surface of
polymer-modified electrode according to Eq. 1. The recorded responses showed that the
electrode is sensitive to VMA and HVA. The frequency of the crystal was back shifted to its
initial value by exposure to the Milli-Q water indicating the full desorption of analyte from
the electrode surface (Fig. 1).

As the concentration of analytes (VMA and HVA) increased, the magnitude of the
responses increased (Fig. 2). The obtained responses for either of compounds revealed that
the response patterns for both are different (Fig. 2). The main difference between VMA and
HVA curves appears in the differences of the slopes of the response curves. The response of
VMA reaches steady state faster than that of HVA. In other words, the response time of
VMA is shorter than HVA response.

The calibration curves were constructed by plotting the frequency shifts against the
concentration of VMA and HVA (Fig. 3). The responses were linear against VMA and
HVA concentrations in the range 30-250 mg L™ and with linear regression coefficient of
0.9858 and 0.9884 (n=4), respectively.

Determination of VMA in the Presence of Interfering Compounds

Based on the above results, the QCN sensor coated with PMMA can be employed as pure
VMA and HVA sensor. Since VMA and HVA are considered as the agents that exist in
most urine samples of neuroblastoma patients, it is necessary to investigate the cross-
sensitivity between VMA and HVA in the presence of some structurally related urine
compounds. Selected urine compounds were AA, DA, Tyr, UA, and HGA, whose
frequency shifts were recorded for quartz crystal PMMA-coated electrode upon exposure.
The most effecting interfering compounds for the detection of VMA and HVA are AA, DA,
and HGA, while no significant interference from Tyr and UA was observed. These two

Fig. 1 Typical frequency change 457 .
of PMMA modified quartz 40 1 &
crystal electrode recorded upon 354
exposure to a VMA solution 304
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b VMA solution (50 mg L"), E
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Fig. 2 Frequency changes of 120 7
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compounds were present at saturation levels because of their low solubilities in water. The
linear ranges were obtained 70-300 mg L™' for HGA and 100400 mg L™ for DA and AA.

The frequency shift obtained for quartz crystal PMMA-coated electrode upon exposure
to a mixture of HAV (50 mg L™ ")/VMA (70 mg L ")/HGA (90 mg L ')/DA (110 mg L'y
AA (130 mg L") were recorded (Fig. 4). The concentrations were selected from the linear
range of each compound. The obtained responses showed a significant change in the shape
of the frequency—time curves of VMA, including HVA and other interfering compounds
(Fig. 4). Then, NAS-based HLA/GO method was considered to develop a model for the
selective determination of VMA and HVA in the presence of urine compounds.

Optimization of HLA/GO Method

Selection of the optimum number of factors to be used within the HLA/GO algorithms
allows one to model the system with the optimum amount of information. In HLA/GO

Fig. 3 Calibration graph for 120 4 a
VMA and HVA solutions
exposed to PMMA modified 100 1

quartz crystal electrode. Exposure
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Fig. 4 PMMA modified QCN 200 1
Sensor response upon exposure 180
to a mixture of HVA (50 mg L")/ 160 4
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analysis of the calibration set, the predicted error sum of squares (PRESS) value for
prediction samples varies as a function of the number of factors. In the present work, cross-
validation has been used to select the optimum number of factors for several time intervals,
in the range comprised between 1 and 600 s.

The selection of the optimum time region caused an increase in the predictive ability of
multivariate analysis by discarding the non-informative parts of adsorption profile from the
original data. In order to select the most informative range in the adsorption profile, a
moving window strategy was applied to the calibration set.

The selection of the optimum time region for the analysis was carried out by evaluating
the best predicted values for the prediction samples and the minimum error EI values. In
this regard, using the optimized number of factors selected in each region, an EI was
calculated for each prediction sample, using information of the NASRP.

The moving window was obtained by varying both the position of the first time and the
time range. Table 1 shows the ranges of time tested, the optimum number of factors for
each region, the EI values calculated, and the predicted values for VMA and HVA. The
minimum EI value calculated using information of the NASRP indicates 1-300 s as the
most adequate time region for the analysis in this case.

Usual statistical parameters giving an indication of the quality of fit of all the data are
PRESS, square of the correlation coefficient (R%), and relative error of prediction (REP%).
They are respectively defined as:

PRESS = Z (Cact - cpred)2 (12)

Table 1 Optimization of the sensor range in the prediction of VMA and HVA in the mixture by application
of the NAS signal and evaluation of the EL

Sample  Time range Factor EI VMA'  VMA?  Error EI HVA® HVA®  Error

1 1-300 7 0.30 60 62.91 291 0.30 80 84.79 4.79
300-600 5 0.34 73.45 1345 034 63.86 —l16.14

1-600 8 0.36 69.5 9.5 0.36 88.36 8.36

2 1-300 7 0.26 140 145.5 5.5 0.26 160 163.06 3.06
300-600 5 0.17 128.68 —11.32  0.17 137.12 —22.88

1-600 8 0.14 147.01 7.01 0.14 145.24 -14.76

# Actual concentration

Y Predicted concentration
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Table 2 Calibration statistical
parameters for VMA and HVA Statical parameters VMA HVA
using HLA/GO model.

Time range 1-300 1-300
PRESS 93.51 90.29
REP% 3.89 3.24
R 0.9911 0.9921
llel] 0.36 0.32
Selectivity 0.0088 0.0066
Sensitivity 0.0206 0.0125
y 0.057 0.034
LOD 443 63.8
1/2

REP = (100> (1> 21: (Cact — Cprea) (13)

1

1 1
- Z (Cact - Cpred)z/z (Cact - 5)2 (14)

where ¢ is the average component concentration in the / calibration mixtures. The obtained
values for the present calibration are summarized in Table 2. Similar statistical parameters
are observed for both compounds. The optimized model was tested in the analysis of the
prediction set and plots of cpreq Versus ¢, were constructed (Fig. 5). As it can be seen, the

Fig. 5 Predicted versus actual
concentrations for HLA/GO 250
calibration models A VMA,
B HVA

>

2004

150

1004

Predicted HLA/GO (mg™)

50 T T T d
50 100 150 200 250

Reference concentration (mgL'l)

o)

2504

2004

1504

100

Predicted HLA/GO (mgL™")

50 T T T T T T T d
50 70 90 110 130 150 170 190 210

Reference concentration (mgL'l)

\V)
3¢ Humana Press



Appl Biochem Biotechnol (2009) 159:54-64 63

plot showed very good linearity, and the values of 0.9982 and 0.9985 were obtained as
correlation coefficient for VMA and HVA, respectively.

Figures of Merit

Selectivity, sensitivity, analytical sensitivity, and limit of detection are the most reported
figures of merit in the literature to quantify the quality of a given multivariate model.
Analysts use these parameters for characterizing, comparing, or developing new analytical
methods. HLA/GO allows the estimation of the figures of merit such as selectivity,
sensitivity, analytical sensitivity, and limit of detection in the concentration interval assayed.
In Table 2, calculated selectivity, sensitivity, y—1, and limit of detection for both
components through HLA/GO method for VMA and HVA in the samples have been
summarized.

The obtained results show the satisfactory performance of the biosensor in simultaneous
determination of VMA and HVA. However, this work is the first effort to develop a VMA
and HVA biosensor by using QCN in conjunction with HLA/GO method. Therefore,
obtained parameters could not be used in comparison studies.

Conclusion

HVA and VMA were simultaneously determined using adsorption profile data recorded
using MMA-coated QCN sensor in conjunction with HLA/GO multivariate calibration
method. Determination was based on frequency shifts of PMMA-modified quartz crystal
electrode due to the adsorption of VMA and HVA at the surface of modified electrode. The
responses were linear against VMA and HVA concentrations in the range 30250 mg L™
and with linear regression coefficient of 0.9858 and 0.9884 (n=4), respectively. The
selection of optimum time ranges for each analyte separately were performed by getting the
minimum EI, based on the minimization of the PRESS, as a function of a moving
adsorption time window. The analysis of the prediction set was used to test the optimized
model, and plots of c,eq Versus ¢, showed very good linearity. The values of 0.9982 and
0.9985 were obtained as correlation coefficient for VMA and HVA, respectively. REP% of
3.89% and 3.24% were calculated for VMA and HVA, respectively. Several figures of merit
such as sensitivity, selectivity, analytical sensitivity, and limit of detection were also
calculated.
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