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Oxidase Inhibition

ABSTRACT Two automatic sequential injection analysis methodologies
were developed for the enzymatic determination of allopurinol in pharma-
ceutical formulations. Both methodologies were based on the inhibition by
allopurinol of the reaction catalysed by xanthine oxidase, assessed by spec-
trophotometric detection of the reaction product (uric acid) at 295 nm. One
methodology was established after a single readout at a fixed time while the
other was based on the decrease of the rate of formation of uric acid upon
monitoring the absorbance change. The analytical performance of both
methodologies was validated, providing low environmental impact tools
for assessment of allopurinol in drugs.

KEYWORDS allopurinol, automation, enzymatic determination, Green
Analytical Chemistry, sequential injection analysis, xanthine oxidase inhibitor

INTRODUCTION

Allopurinol (4-hydroxypyrazolo[3,4-dlpyrimidine) is widely used in the
management of chronic gout and hyperuricaemia, due to its capacity to
inhibit the enzyme xanthine oxidase (XO). This metal flavoprotein is the last
enzyme in the pathway for the degradation of purine derivatives, where it
catalyzes the oxidation of hypoxanthine and xanthine to uric acid."!! Further-
more, the increasing interest in pharmaceutical compounds that may inter-
fere on the in vivo oxidant status has led to studies for putative effects of
allopurinol upon organ reperfusion injuries or upon disorders where endo-
genous antioxidant mechanisms are compromised, such as coronary heart
disease,*? diabetes,"” and cirrhosis.”

In this context, a variety of methods based on titrimetry,[6] spectrophotome-
try,[779] ﬂuorimetry,[w] electrochemistry,[“*m electrochemiluminescence,™™
and phosphorescence[16] are available for determination of allopurinol in phar-
maceutical formulations. Methods for multi-analyte determination (including
allopurinol) based on capillary electrophoresis " or HPLC with UV detection!®
have also been described. However, the majority of the methods described until
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now are not suitable for rapid quantification of
allopurinol and some of them may raise occupational

health issues because they require toxic reagents ' or

they rely on the dropping-mercury electrode."!?
Furthermore, they are not suitable for routine anal-
ysis, where fast and not labor-intensive protocols are
mandatory. These requirements can be fulfilled by
automated methods resorting to flow injection analysis
(FIA).[19] In fact, FIA systems for determination of
allopurinol have been described,"*™ but some of
them were not applied to real samples.">'”

FIA has evolved to sequential injection analysis
(SI1A),2%21 3 computer-controlled approach where
small amounts (5 to 500 uL) of sample and reagents
are stacked in a holding coil by sequential aspiration.
After flow reversal, the solutions are mixed by
dispersion of the adjacent segments before reaching
the detection system. This type of flow system is
suitable for enzymatic-based analysis, performed
either in a homogeneous (solution)**?* or heteroge-
neous (immobilized)?***' media. Furthermore, as
computer control of the manifold is inherent to
SIA, kinetic protocols based on flow stop measure-
ments can be easily implemented.[ZG_ZS] Another
attractive aspect SIA methodologies is the consump-
tion of low amounts of reagents and the consequent
generation of a low volume of effluents, making this
technique suitable for the implementation of Green
Analytical Chemistry.*”’

Therefore, the aim of this work was to develop an
automatic enzymatically based methodology for
determination of allopurinol using sequential
injection analysis. The methodology was based on
the inhibition by allopurinol of the reaction catalyzed
by xanthine oxidase, monitored in this case by
spectrophotometric detection of uric acid formed at
295nm. Two approaches, one based on a single
readout at a fixed-time after reaction and another
based on kinetic measurements, were developed
and critically compared regarding their analytical
performance and application to pharmaceutical
formulations.

MATERIALS AND METHODS
Reagents and Solutions

All solutions were prepared with water from a
Milli-Q system (resistivity >18 M€ cm) and chemicals

C. I. C. Silvestre et al.

of analytical reagent grade quality with no further
purification. All reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

The buffer/carrier solution was prepared by
dissolving 8.9g of Na,HPO,-2H,O in 100mL of
EDTA 1mM. After that, the volume was made up
to 1L with water and pH was adjusted to 7.8 by
dropwise addition of 2.0 M HCI solution.

Xanthine oxidase (EC 1.1.3.22) from bovine milk
(ref. X-1875, 18 mgmL ", 0.6 unitsmg ™ ") was also pur-
chased from Sigma (St. Louis, MO, USA). The enzyme
solution was prepared daily by dissolving 137 puL and
103 pL of commercial enzyme, for fixed-time or kinetic
methods, respectively, in 5mL of buffer solution.

Working standard solutions of allopurinol were
prepared daily by rigorous dilution of 1.50 mM stock
solution using buffer solution.

Xanthine solution (75puM) was prepared by
weighing it and dissolving the appropriate amount
in 250 uL. of NaOH 0.1 M, followed by the addition
of 750 uL of water. After that, an aliquot of this
solution was diluted up to 250 mL with the buffer
solution. Other xanthine solutions (25 and 50 pM)
were prepared in a similar way.

Apparatus

The solutions were propelled by a Gilson
(Villiers-le-Bel, France) Minipuls 3 peristaltic pump,
equipped with Gilson PVC pumping tubes (1.30 or
1.02 mm i.d. for fixed-time or kinetic method, respec-
tively). This pump was connected to the central
channel of an eight-port electrically actuated selec-
tion valve (C15-3118E, Valco VICI, Houston, TX).

A Thermo-Spectronic (Cambridge, U.K.) Helios y
UV-vis spectrophotometer equipped with a thermo-
static cell holder and a model 178.710 QS Hellma
(Millheim/Baden, Germany) flow-through cuvette
(internal volume of 80puL, optical path of 10 mm)
was used. The wavelength was set at 295nm.
Temperature was maintained by circulating water
through the cuvette holder using a thermostatic bath
(I. S. Co GTR 190, Milan, Italy).

Omnifit (Cambridge, U.K.) polytetrafluoroethylene
(PTFE) tubing (0.8 mm i.d.) and Gilson end-fittings
and connectors were used to assemble the manifold.

A personal computer, equipped with an Advantech
(Taipei, Taiwan) PCL-818L interface card, running
laboratory-made software written in QuickBasic 4.5
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(Microsoft), controlled the position of the selection
valve, the flow direction, the rotation speed, and the
time during which the peristaltic pump was activated.
Data acquisition was performed by conversion of ana-
logue to digital signal at 4 Hz using the same software.
Analytical signals were also recorded in paper using a
Kipp & Zonen (Delft, The Netherlands) BD 111 strip
chart recorder.

For the reference procedure, the spectrophoto-
metric measurements were carried out at 250 nm
using the referred UV-VIS spectrophotometer.

Manifold and Procedure

The components of the sequential injection system
were assembled as depicted in Fig. 1. The holding
coil (HC) was 200 cm long, whereas the mixing coil
(MCO), located between the selection valve and the
detector, was 150cm long for the fixed-time
approach or 60 cm long for the kinetic-based system.
Other tubes connected to the selection valve were
30 cm long.

The protocol sequence for the fixed-time-based
determination of allopurinol is presented in Table 1.
The analytical cycle comprised the sequential aspira-
tion of xanthine, sample, and XO into the holding
coil; after flow reversal, the zones were propelled
to the spectrophotometer, where a transient signal
corresponding to the wuric acid produced was
registered (Figs. 2a—c).

For the kinetic-based approach, the protocol
sequence is indicated in Table 2. The three first steps
were similar to those performed in the fixed-time
method (Figs. 2a, b). After that, the flow was reversed

FIGURE 1 Sequential injection manifold for the enzymatic
determination of allopurinol. C: carrier (buffer solution); P: peri-
staltic pump; HC: holding coil; SV: selection valve; XO: xanthine
oxidase solution; X: xanthine solution; S: sample or allopurinol
standard; MC: mixing coil; D: spectrophotometer (A = 295nm),
W: waste.
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TABLE 1 Protocol Sequence for SIA Fixed-Time Based
Enzymatic Determination of Allopurinol

Valve  Operation Flow rate Volume

position time (s) (mLmin~") (uL) Description

1 20 1.2 400 Xanthine aspiration
into HC
2 5 1.2 100 Sample/standard
aspiration into HC
3 15 1.2 300 Xanthine oxidase
aspiration into HC
4 200 0.9 3000 Propulsion of HC
content toward
the detector,
signal acquisition
—
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FIGURE 2 Schematic representation of sequential injection
operation, comprising the aspiration of solutions into the holding
coil (a) and detection of reaction product (b), with different analy-
tical output for fixed-time (c) or kinetic (d) methodologies. X:
xanthine solution; S: sample or allopurinol standard; XO:
xanthine oxidase solution; P: reaction product (uric acid); C;:
allopurinol concentration; Abs: absorbance.
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TABLE 2 Protocol Sequence for SIA Kinetic Based Enzymatic
Determination of Allopurinol

Valve Operation Flow rate Volume

position time (s) (mLmin~") (uL) Description

1 12.81 1.9 400 Xanthine aspiration
into HC

2 1.57 1.9 50 Sample/standard
aspiration into HC

3 3.18 1.9 100 Xanthine oxidase
aspiration into HC

4 11.5 3.8 720 Propulsion of HC
content toward the
detector

4 45 — —  Stop period, signal
acquisition

4 32 3.8 2000 Dispense carrier to

wash flow cell

and the combined reagent + sample zone was
propelled up to the spectrophotometer flow cell.
The flow was then stopped and the increase of absor-
bance due to the production of uric acid was moni-
tored during a preset period of time (Fig. 2d).
Thereafter, the peristaltic pump was reactivated,
and the flow cell was washed by the carrier solution.

Sample Treatment

Commercial tablets with a nominal content of 100
or 300mg of allopurinol were analyzed. For this,
twenty tablets were weighted and finely grounded.
After that, an aliquot of 200mg was dissolved in
250 mL of buffer solution. This solution was filtered
and further diluted 60 or 200 times for determination
using the fixed-time or the kinetic methodology,
respectively.

Reference Method

For comparison purposes, the determination of
allopurinol in pharmaceutical formulations was also
performed according to the British Pharmaco-
poeia.®®” The methodology consisted in weighing
and grounding twenty tablets. An aliquot of the pow-
der obtained, containing about 100 mg of allopuri-
nol, was further dissolved in 20mL of NaOH 0.05M
with continuous stirring during 20 min. Afterward,
80 mL of HCI 0.1 M were added to this solution. After
10 min with continuous stirring, the volume of the
previous solution was made up to 250 mL with HCI
0.1M. This solution was then filtered and diluted

C. I. C. Silvestre et al.

25 times wusing HCl 0.1M before absorbance
measurement at 250nm. The concentration was
calculated by direct application of Beer’s Law, consid-
ering the molar absorptivity as 7.66 x 10°M ' cm ™!

and the optical path length as 1.00 cm.

RESULTS AND DISCUSSION

In the development of the fixed-time and kinetic
methodologies, several studies concerning both
physical and chemical parameters were performed
in order to improve the performance of the systems,
namely the signal amplitude, sensitivity, accuracy,
repeatability, and determination rate. These features
influenced the choices made during the optimization
of the sequential injection systems, which was
carried out using the univariate method.

Development of Fixed-Time Method

The first methodology developed was designated
by fixed-time method as it was based on the maxi-
mum value of absorbance obtained from the tran-
sient signal due to uric acid formation after a
pre-fixed reaction time (Fig. 2¢). The initial condi-
tions for studying this methodology were as follows:
aspiration flow rate of 1.2mLmin""; propulsion flow
rate of 0.69mLmin '; xanthine concentration of
50 uM; xanthine volume of 400 pL; sample/allopurinol
volume of 100 pL; XO concentration of 0.148 UmL ™ *;
XO volume of 100pL. The first studies aimed the
maximization of the blank signal (absence of
allopurinol) in order to enhance the sensitivity as the
presence of allopurinol causes a decrease of this
signal.

The first parameter studied was the length of the
mixing coil, which in this case conditioned the reac-
tion time and, consequently, the extension of uric
acid formation. Three coils were tested (100, 150,
and 200 cm), corresponding to reaction times of 44,
65, and 87s, respectively. The peak height of the
blank signal increased about 17% and 24% for 150
and 200 cm when compared to 100 cm coil. There-
fore, further experiments were performed using the
150cm coil as a compromise between the signal
amplitude and the analysis time.

The concentration of xanthine and XO solutions
were studied simultaneously. The xanthine concen-
tration was varied between 25 and 100uM while
the XO concentration was tested at 0.148 and
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0.296 UmL™". For both XO concentrations tested, the
analytical signal obtained for xanthine concentrations
of 25 and 50 uM were 60% and 83% of that obtained
for 75uM of xanthine. The 100 uM solution was not
tested since precipitation occurred a few minutes after
its preparation. On the other hand, for all xanthine
solutions tested, an increase of 65% was observed in
the analytical signal for the highest XO concentration.
Therefore, the concentration values were fixed at
75 uM for xanthine and 0.296 UmL ™" for XO.

Next, the influence of the volume of xanthine solu-
tion was studied. The blank analytical signal increased
up to 400 puL. In fact, when the carrier solution was
replaced by a xanthine solution, an analytical signal
similar to that of 400 uL was obtained, indicating that
a volume larger than that would not enhance the sig-
nal. Fixing the volume of xanthine at 400 pL, the
volume of XO solution was then varied. The blank
analytical signal increased up to 300 pL, which was
applied for further experiments.

Using these conditions, allopurinol standards
between 10 and 750 uM were analyzed. A linear
dependency between maximum peak height and
allopurinol concentration was attained between 25
and 75uM. Within this concentration range, the
volume of sample/allopurinol was studied between
50 and 200 pL. For these values, calibration curves
were established providing slope values of
—1.85%x107°, —2.27%x 1072, and —1.34x 10 > uM !
for volumes of 50, 100, and 200 puL, respectively.
The maximum sensitivity was attained for 100 pL.
The sensitivity was 82% lower for 50 uL because less
allopurinol was present. Although more allopurinol
was available in the 200 pL experiment, the distance

between the other two zones (xanthine and XO) was
increased (Fig. 2a), providing a lower calibration
slope. Furthermore, using 100 pL volume of allopuri-
nol, the order of solution aspiration was modified by
exchanging the xanthine solution with the allopurinol
solution. Results showed that, despite the increase of
the absolute value of the analytical signals, this altera-
tion of aspiration order provided a lower sensitivity
(slope of —6.50 x 1074 uM_l). The increase in the
absolute value of analytical signal is caused by the
lower dispersion suffered by the xanthine segment
in this case and the decrease in sensitivity is caused
by the higher dispersion of the allopurinol solution,
as the large aliquot of xanthine was placed between
the XO and the allopurinol segment. Hence, the
aspiration order was maintained as before.

The influence of temperature was investigated by
increasing the temperature of the mixing coil and
of the cell holder. For 37°C there was formation of
numerous air bubbles inside the flow conduits that
impaired the spectrophotometric measurement. For
23°C (room temperature) and 30°C, slope values of
—2.12x 107 and —3.94 x 107> pM ™" were obtained.
Therefore, the temperature chosen for further experi-
ments was 30°C as it originated a higher sensitivity.

Finally, with the goal of increasing the determina-
tion rate, the propulsion flow rate was evaluated
between 0.69 and 1.3 mLmin"'. The sensitivity was
the same up to 0.9mLmin ' and it decreased for
higher flow rates. Therefore, the propulsion flow rate
chosen was 0.9mLmin" " since it allowed a higher
determination rate and it did not compromise the
sensitivity. The conditions tested and the final values
chosen are summarized in Table 3.

TABLE 3 Range of Values Used in the Study of the SIA System Variables for Fixed-Time and Kinetic Methods and Chosen Conditions

for its Operation

Fixed-time method Kinetic method

Parameter Range Chosen values Range Chosen values
Xanthine concentration (uM) 25-100 75 25-100 75
Xanthine volume (uL) 100-400 400 100-500 400
Xanthine oxidase concentration (UmL™") 0.148; 0.296 0.296 0.074-0.592 0.222
Xanthine oxidase volume (uL) 100-400 300 — 100
Sample volume (uL) 50-200 100 — 50
Temperature (°C) 23-37 30 25-50 30
Propulsion flow rate (mLmin~") 0.69-1.3 0.9 — 3.8
Aspiration flow rate (mL min~") — 1.2 — 1.9
Time interval for propelling HC content to detector (s) — — 7-14 11.5

Time period for signal acquisition (s)

— — — 0-45
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Development of Kinetic Method

In this case, the determination of allopurinol was
based on the decrease in the rate of formation of uric
acid, catalyzed by XO (Fig. 2d). The production of uric
acid was followed by measuring the absorbance
change at 295nm during a pre-set time interval. The
rate of reaction was determined by plotting the absor-
bance values versus time and by calculating the slope
when the relation between them was linear
(R>0.995). Calibration curves were established by
plotting the rate of reaction versus concentration of
allopurinol.

The manifold was similar to that applied in the pre-
vious section, except for the shorter reaction coil
(now 60cm) that was not subjected to temperature
control. Other operational parameters were also chan-
ged, namely the aspiration flow rate (1.9 mLmin ™),
the propulsion flow rate (3.8mLmin~ "), the sample
volume (50 puL), and the XO volume (100 pL).

The utilization of higher flow rates and a shorter
mixing coil are necessary to enable the observation
of the reaction development. Otherwise, it would
take more time for the reaction mixture to reach
the detector and a plateau would be observed, corre-
sponding to an equilibrium/end-point measurement.

As discussed before,*”?¥ zone overlapping is
essential to attain suitable mixing conditions in SIA.
Therefore, the solutions were aspirated into the HC
in the following order: 400 pul. of xanthine (75 uM),
50 uL of sample/standard, and 100 puL of enzyme
(0.148 UmL ™). This sequence was chosen by taking
into consideration that the enzyme should be the last
reagent to be aspirated in order to minimize its dilu-
tion, and also that the plug of solution placed
between the other two segments should be as small
as possible to allow suitable overlap of the three
original zones.

The study of the parameters influencing the sys-
tem performance was carried out taking into consid-
eration two aspects: first, the existence of a linear
relationship between absorbance and time during
the period of signal acquisition as the rate of reaction
was calculated from the slope of this graph; second,
the influence on the sensitivity, assessed as the rate
of reaction value (using a single standard) or as the
slope of the calibration curve (rate of reaction versus
concentration of allopurinol, when several standards
were used).

C. I. C. Silvestre et al.

The first step in the optimization of the kinetic
method was the study of the time interval during
which the pump was activated before reaction mon-
itoring. This was an important parameter in the
system design, as it defined the portion of the over-
lapped zones (xanthine/sample/enzyme) present
in the flow cell during the flow stop step. This inter-
val was studied between 7 and 14s, by injecting
water instead of allopurinol (maximum signal). Since
the highest reaction rate values were attained for 11
(424 x10°s Hand 125 (4.04 x 102 s™ ), the inter-
mediate values 10.5 and 11.5s were also tested. In
this case, the highest value of reaction rate was
obtained for 11.5s (4.60 x 10 s~ "), which was
applied in the following experiments.

Temperature increase has a drastic effect in
enzyme kinetics as it increases the rate of reaction
as well as deactivates the enzyme. In the proposed
system, temperature studies were carried out by
changing the temperature of the cell holder between
25 and 50°C. The highest rate of reaction was
obtained at 30°C, and a similar value was also
attained at 35°C. Above this temperature, the rate of
reaction decreased, indicating possible inactivation
of the enzyme.®" Therefore, further experiments
were performed at 30°C.

The volume of xanthine solution was varied
between 100 and 500 pL, using two allopurinol stan-
dards (37.5 and 62.5uM). For both concentrations,
the reaction rate increased up to 400puL (1.91 X
105" and 9.27 x 10 *s™, respectively), remain-
ing stable for larger volumes. Therefore, the chosen
value was 400 puL.

The xanthine concentration was evaluated
between 25 and 75 puM, using several allopurinol stan-
dards (10-75 uM). Comparing the results obtained for
the same allopurinol standard, it was observed that
the highest reaction rate was attained at 75uM of
xanthine. For instance, for the 10uM allopurinol
standard, the reaction rates were 2.54x 10 °s '
2.24x10%s ' and 1.90 x 102 s~ !, for xanthine con-
centrations of 75, 50, and 25 uM, respectively. There-
fore, the xanthine concentration was fixed at 75 pM.

The XO concentration was investigated between
0.074 and 0.592UmL™", in the presence (10 and
50 uM) and absence of allopurinol. Considering the
whole interval of reaction monitoring (45 s), the rela-
tion between absorbance and time was linear for the
lowest concentrations of enzyme tested (0.074,
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0.148, and 0.222UmL™ Y. For the enzyme solutions
containing 0.296 and 0.592UmL ™" this relation was
linear in the first 30 and 15, respectively. For these
two solutions, it was verified that the formation of a
deposit in the enzyme container and poor repeatabil-
ity within replicate measurements were probably due
to protein settling in the reservoir flask. Considering
the other solutions, the highest reaction rate values
were obtained for the 0.222UmL ™" solution. In fact,
the sensitivity (slope of the calibration curve) was
also higher for this solution: —4.81x 10 >s 'uM ™"
compared to —3.51x10 s 'uM™' obtained for
the 0.148 UmL "' solution. Therefore, the concentra-
tion of XO was fixed at 0.222 UmL ™ '. The conditions
tested and the final values chosen are also summar-
ized in Table 3.

Validation of the Proposed
Methodologies

The performance of the sequential injection sys-
tems for the determination of allopurinol in phar-
maceutical formulations was evaluated regarding
selectivity, linearity, application range, repeatability,
detection limit, determination rate (Table 4), and
accuracy (Table 5).

Selectivity was assessed by evaluating the interfer-
ence of the excipients present in the target pharma-
ceutical formulations. Solutions containing 50 pM
(6.8mgL ™" of allopurinol and a 100-fold excess of
the potential interfering species were analyzed. The
absence of interference was considered as long as
the analytical signal obtained for this solution was
lower than +3% of that attained by a 50 uM of allo-
purinol solution. No interference was found for aero-
sil 200 (5mM), lactose (5mM), talc (680 mg L,
magnesium stearate (5mM), starch (680 mg L_l),
monocrystalline cellulose (680mgL™"), povidone
(680mgL™" and sodium  starch  glycolate
(680mgL ™). Therefore, it can be concluded that
the sample matrix does not produce any significant
interference in the proposed methodologies.

Calibration curves were established by plotting the
absorbance value (single-point method) or the rate
of reaction (kinetic method) versus concentration
of allopurinol and typical values are given in
Table 4 (N=15). For the single-point method, linear-
ity was lost for concentrations higher than 75 uM.
The slope value was significantly different from zero
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TABLE 4 Figures of Merit for the Proposed SIA Methods

Fixed-time Kinetic
method method
Calibration curve
Slope? —0.00237 £ 0.00016°(—6.30 + 0.22) x 10~>¢
Intercept® 0.426+0.008°  (4.48-+0.04) x 1073¢
Correlation —0.9941 —0.9984
coefficient
Application 25-75 5-25
range (uM)
Repeatability
Method <2.4% <9.2%
precision
(intra-assay)
Method <5.2% <5.5%
precision
(inter-assay)
Detection limit 6.2 1.3
(M)
Quantification 20.7 4.3
limit (uM)
Determination 15 34
rate (h™")

@Mean = limits of confidence (¢ =0.05, N=15).
by um,
‘In absorbance units.

9n absorbance units s~ pM~".

€In absorbance units s'.

(|texp| =131 > 1, =2.16; 2=0.05) and it did not
include the zero value in its confidence interval
(¢ =0.05), thus indicating proportionality. In addi-
tion, the residuals distribution exhibited a random
behavior. As the method was based on the inhibition
of the analytical signal, the intercept value was also
significantly different from zero (|fexp| =434 >t =
2.16; o =0.05).

For the kinetic method, linearity was lost for con-
centrations higher than 25 uM. The slope value was
also significantly different from zero (|feyp|=230
>t =2.16; «=0.05) and it does not include the
zero value in its confidence interval (¢« =0.05). The
residuals distribution also exhibited a random beha-
vior. As expected, the intercept value was also
significantly different from zero (|fex,| = 1010 > #,, =
2.16; o =0.05).

Concerning the repeatability of the methods, the
intra-assay precision was estimated by calculating
the relative standard deviation from three and five
consecutive injections of each sample analyzed
(N=7), for the fixed-time and kinetic methods,

Indirect Sequential Injection Enzymatic
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TABLE 5 Results (Mean Value + Standard Deviation, in mg) Obtained by Fixed-Time Method (SlA,), Kinetic Method (SIAy,) and
Reference Method, and Values of Relative Deviation (RD; %) Between Each Proposed Method and the Reference Method

Sample Reference method SIA¢ix % RD (SIAfix) SIAkin % RD (SIAkin)
Ratiopharm 300 mg 298.9+0.0 299.1+7.2 +0.1 294.2+9.0 -1.6
Zyloric 300 mg 302.540.2 301.7+5.6 -0.3 297.6+27.5 -1.6
Uriprim 300 mg 297.94+0.3 307.5+2.4 +3.2 280.14+19.1 -6.0
Zurim 300 mg 292.0+0.3 301.1+6.4 +3.1 272.6+6.9 —6.6
Zurim 100 mg 97.3+0.1 93.6+0.8 -3.8 107.1+9.8 +10.1
Zyloric 100 mg 97.3+0.1 101.2+0.8 +4.0 88.8+ 1.1 -8.7
Uriprim 100 mg 101.4+0.1 99.9+1.9 -1.5 104.9+3.5 +3.6

respectively. Values ranging from 0.8% and 2.4%,
and from 1.2% and 9.2% were obtained for the
fixed-time and kinetic methods, respectively. The
inter-assay precision was calculated for two samples,
analyzed at different days. RSD values lower than
5.2% and 5.5% were attained for the fixed-time and
kinetic methods, respectively.

In order to evaluate the accuracy of the proposed
systems, samples of pharmaceutical formulations were
analyzed (N=7). The results were compared with
those obtained by the reference procedure (Table 5).
The results obtained with the proposed methodologies
were in a good agreement with the reference method
(relative deviations, RD < 4% for fixed-time method
and RD < 10% for kinetic based method). Clearly, the
fixed-time method provided more accurate results
and the repeatability was also better, considering the
values obtained for the samples analyzed.

For comparison purposes, paired /-test was per-
formed and |¢| values of 1.21 and 1.50 were obtained
when the fixed-time or the kinetic method was com-
pared to the reference batch method. The compari-
son between those values with the tabulated
Ip —0.05, df.—6 = 2.45 indicated no statistically signif-
icant difference for the mean concentrations
obtained by each proposed method and the refer-
ence method.

The determination rate was calculated by adding
the time taken by each step of the protocol
sequence. Therefore, the time required for a com-
plete analytical cycle was 240 and 106 s, correspond-
ing to 15 and 34 determinations per hour for the
fixed-time and kinetic methods, respectively.

CONCLUSIONS

The proposed sequential injection system allowed
fast and reliable determination of allopurinol, and it

C. I. C. Silvestre et al.

was shown to be useful for quality control purposes
in pharmaceutical formulations. Furthermore, this
work also accounts for the adequacy of SIA to
enzymatic analysis, allowing the easy implementa-
tion of time-based approaches by taking advantage
of its inherent computer control. It should also be
emphasized that the methodologies proposed here
follow Green Analytical Chemistry principles by not
using toxic reagents as they rely on enzymatic analy-
sis with direct spectroscopic detection of the reaction
product, without the need of further derivatization.
In the SIA systems proposed here, enzymes were
applied in solution. In a straightforward view, the uti-
lization of immobilized enzymes may present a
greener alternative when compared to the utilization
of enzymes in solution. However, from our previous
experience with immobilized enzymes, the reactors
have a short life (about one week, generally).
Furthermore, several reagents are required for immo-
bilization, most of them not being environmentally
friendly. Considering that a typical enzymatic reactor
lasts about one week, that the quantity of enzyme
immobilized may vary from 200 to 1000 pL, and that
the SIA systems require about 100-140 pL per day of
commercial enzyme, the total enzyme consumption
would be about 700 uL per week, which is compar-
able to the consumption of immobilized enzyme.
Compared to the reference method described by

the British Pharmacopoeia,[sm

the proposed SIA
systems are faster, with analysis time of 2 to 4 min,
which is at least 10 times less than the time taken
by the batch procedure. Furthermore, the SIA
systems are also a greener alternative to the refer-
ence procedure. Besides the ‘“green” advantages
inherent to automation (the utilization of less materi-
als, namely those that are disposable or that must be
washed or cleaned, for instance), the SIA procedure
produces about 3 mL of effluent per assay while the
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reference method originates 300mL. For both
methods, sample dissolution is required, which
produces about 250-270 mL of effluent, which may
be reduced by taking a smaller aliquot of drug
sample. Concerning reagent consumption, the SIA
procedures require micro-amounts of the reagents
involved (UL of puM solutions). In fact, SIA proce-
dures consume 400 pL of 75uM xanthine solution
and 300 or 100uL of 0.3U/mL xanthine oxidase
solution per assay while the reference procedure
requires 20 mL of NaOH 0.05M and 250 mL of HCI
0.1M. As a possible disadvantage, the linear
response ranges of the SIA methods are narrower
than that obtained by the reference method. How-
ever, as the concentration expected in drug samples
is generally known, it is not difficult to apply a
dilution factor that matches the determination range.
Compared to previously described FIA methods, the
proposed systems are a more environmentally friendly
alternative to the FIA system proposed by Cataldi
et al.," which used a mercury electrode. Despite
the better sensitivity and lower detection limit, the
FIA system proposed by Chi et al."* was not applied
to any sample. In contrast, both methods proposed
here were successfully applied to real samples, with
results statistically comparable to the British Pharmaco-
poeia procedure. Compared to the electrochemical
FIA procedure proposed by Zen et al."™ based on
the inhibition of oxidation of ascorbate, a lower deter-
mination frequency and a narrower working range
were attained by the SIA systems. Nevertheless, the
strategy proposed here, based on the in vivo action
of allopurinol, provides information not only about
the quantity of this compound but also about its
activity, a value-added asset for quality control.
Considering the system proposed by Martin and
Rechnitz,"* which is also based on the catalytic activity
of xanthine oxidase (but using allopurinol as sub-
strate), the lifetime of the biosensor described is limited
to a few days, with decreasing sensitivity along conse-
cutive working days. This limitation was overcome in
the present work by the utilization of enzymes in solu-
tion. This strategy, combined to the low reagent con-
sumption associated to SIA, makes the proposed
methodologies affordable when compared to FIA,
where the reagents are consumed continuously.
Finally, comparing the two methods proposed
here, better results were obtained by the fixed-time
approach regarding precision and accuracy. On the

349

other hand, the kinetic-based method presented a
higher determination rate, offering a suitable tool
for screening analysis, where a high throughput is
more relevant than an excellent precision.
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